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Preface

In view of the rising public concerns about economic and ecological consequences
of agricultural chemicals, the emphasis on crop improvement strategies has grad-
ually been shifting from chemical to non-chemical approaches for sustainable
agriculture. Soil amendment is one such approach that can play a significant role
in building up soil fertility and improving soil health for sustainable agriculture.
Various research reports have convincingly established the role of organic amend-
ments in improving plant growth, health, and yield. In addition, organic amend-
ments contribute to enhancing soil suppressiveness.

Soil suppressiveness is often attributed to activity of soil microorganisms or
microbial metabolites. However, physicochemical properties of soil, including pH,
organic matter, and clay content, can also contribute to the suppression of plant
diseases directly or indirectly through their influence on soil microbial activity. It is
therefore important to know the influence of soil physicochemical properties on
disease suppression. Although one set of physicochemical attributes of soil consid-
ered as suppressive for a disease may be conducive for other one. It is therefore
equally important to understand the physicochemical characteristics of soil which
are unfavourable to the specific disease development. It has also been established
that some of the soil-borne plant diseases can be effectively managed through
organic amendments. It is, therefore, equally imperative to understand the relation-
ship between organic amendments and soil suppressiveness. Despite being a very
significant area from the view point of plant disease management through sustain-
able means, literature is scanty on the topic. The main objective of the present
volume Organic Amendments and Soil Suppressiveness in Plant Disease Manage-
ment is to make efforts to fill this gap by synthesising the literature on various
aspects of organic amendments and soil suppressiveness in order to utilise potential
of these phenomena more effectively and efficiently in sustainable agriculture.

The present volume has four parts with a total of 25 chapters. Part I deals with
general paradigms and mechanisms of soil suppressiveness, comprising eight
chapters. Parts II and III focus on concepts in plant disease management involving
microbial soil suppressiveness and organic amendments, respectively. Part IV
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elaborates various combinatorial approaches in plant disease management. Each
chapter in these parts provides an overview of the topic, current knowledge and
recent developments, conclusions, and directions for future research following an
in-depth and critical analysis of the literature.

In Chap. 1, George. M. Kariuki, Lilian K. Muriuki, and Emma M. Kibiro discuss
how suppressive soils affect or influence plant pathogens’ suppression in the soil
and how they contribute to agricultural productivity. Chaney C. G. St. Martin in
Chap. 2 provides a detailed account of current knowledge on enhancing soil
suppressiveness using compost and compost tea, along with predictors and mecha-
nisms of disease suppression and factors affecting the efficacy of compost and
compost tea. Furthermore, the potential application of molecular tools for better
understanding the relationship between microbial properties of compost and com-
post tea and soil suppressiveness is highlighted and core areas for research identi-
fied in Chap. 2. In Chap. 3, D. P. Singh reviews the information on research done on
soils and crop health of rice-wheat system under conservation agriculture. Agro-
nomic strategies for developing disease-suppressive soils for improved soil and
plant health and productivity as well as for environmental benefits are discussed in
Chap. 4 by R. S. Yadav, Jitendra Panwar, H. N. Meena, P. P. Thirumalaisamy, and
R. L. Meena. In Chap. 5, Prashant P. Jambhulkar, Mahaveer Sharma, Dilip
Lakshman, and Pratibha Sharma discuss natural mechanisms of soil suppressive-
ness against diseases caused by Fusarium, Rhizoctonia, Pythium, and Phyto-
phthora. The pea footrot disease symptoms and assessment, molecular basis of
pea footrot disease, and the potential role of agricultural soil health indices in pea
footrot disease suppressiveness are discussed by Ebimieowei Etebu in Chap. 6.
Subsequently, Chap. 7 contributed by Phatu W. Mashela, Zakheleni P. Dube, and
Kgabo M. Pofu provides the dosage model as an alternative strategy in managing
plant parasitic nematodes with specific reference to addressing efficacy, phyto-
toxicity, and inconsistent result issues of phytonematicides. Chapter 8 by Silvana
Pompeia Val-Moraes focuses on recent progress towards unravelling the microbial
basis of suppressive soils. In Chap. 9, Mona Kilany, Essam H. Ibrahim, Saad Al
Amry, Sulaiman Al Roman, and Sazada Siddiqui present recent advances and
findings regarding the role of beneficial microbes in the pythium damping-off
disease suppression and the biological aspects highlighting the mechanisms of
action of biocontrol process. Interaction of rhizobia with soil suppressiveness
factors has been discussed at length by Kim Reilly in Chap. 10. In subsequent
chapter, an overview of the biocontrol potential of opportunistic as well as AM
fungi on the growth and improvement of various crop plants and population of plant
parasitic nematodes in different pathosystems has been provided by Mohd. Sayeed
Akhtar, Jitendra Panwar, Siti Nor Akmar Abdullah, and Yasmeen Siddiqui. This
chapter also focuses on the cost-effective technologies used for the mass propa-
gation of opportunistic fungi and AM fungi and their ample application in the
expansion of practical control system desired for the sustainable agricultural prac-
tices. In Chap. 12, different aspects of microbial soil suppressiveness and their
impact on wilt disease have been discussed in detail by M. K. Mahatma and
L. Mahatma. Chapter 13 by Erin Rosskopf, Paula Serrano-Pérez, Jason Hong,
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Utsala Shrestha, Maria del Carmen Rodriguez-Molina, Kendall Martin, Nancy
Kokalis-Burelle, Carol Shennan, Joji Muramoto, and David Butler summarises
the research that has been conducted on anaerobic soil disinfestations (ASD) around
the world and to suggest research areas that are of interest and importance for the
future. Topics of their discussion also include the impact that amendment choice
and temperature have on generating anaerobic conditions; how the process of ASD
changes soil chemistry; changes in the microbial community as a result of ASD and
the role microbes play in anaerobicity; and what is currently known about creating a
disease-suppressive soil using this method. Chapter 14 by Yasmeen Siddiqui,
Yuvarani Naidu, and Asgar Ali highlights the potentiality of harnessing microbial
diversity utilising compost and compost teas for mitigation of fungal diseases of
fruits and vegetables in an eco-friendly manner. Yurdagul Simsek-Ersahin in
Chap. 15 provides an overview of the current understanding of the influence of
vermicompost products, solid or liquefied, on fusarium diseases. In Chap. 16,
Christel Baum, Bettina Eichler-Lobermann, and Katarzyna Hrynkiewicz provide
an overview on the causal agents of suppression of fusarium wilt evaluating the
quality of different organic amendments. Further it aims to facilitate a selection and
optimisation of the use of organic amendments in the arable management by
reviewing the actual state of knowledge. In Chap. 17, Sazada Siddiqui, Saad
Alamri, Sulaiman Alrumman, Mukesh K. Meghvansi, K. K. Chaudhary, Mona
Kilany, and Kamal Prasad discuss the role of micronutrients, which can lead to a
less disease-favourable environment and increase host plant resistance. The chapter
carries out a critical analysis of various factors responsible for the suppression of
certain plant fungal diseases due to micronutrients and determines key areas where
sincere research efforts are still needed to develop strategies for manipulating
micronutrient application in such a way that it could be more efficiently utilised
in managing soil-borne plant fungal diseases. L. Grantina-Ievina, V. Nikolajeva,
N. Rostoks, I. Skrabule, L. Zarina, A. Pogulis, and G. Ievinsh in Chap. 18 provide
an analysis of the impact of organic amendments, i.e. green manure and
vermicompost on the soil microorganisms and plant growth and health in condi-
tions of organic agriculture of Northern temperate climate. In Chap. 19, Henok
Kurabachew discusses the impact of silicon amendment on suppression of bacterial
wilt caused by Ralstonia solanacearum in Solanaceous crops. In Chap. 20, various
facets of suppression of soil-borne plant pathogens by cruciferous residues have
been discussed by Ritu Mawar and Satish Lodha. In Chap. 21, Santiago Larregla del
Palacio, Maria del Mar Guerrero Diaz, Sorkunde Mendarte Azkue, and Alfredo
Lacasa Plasencia critically review the mechanisms involved in disease suppression
and the organic amendment management strategies for the control of protected
pepper crops’ soil-borne diseases and soil fatigue. Chapter 22 by David Ruano-
Rosa and Jesis Mercado-Blanco provides a brief overview on research efforts
devoted to the use of biological control agents (BCAs) and organic amendments
(OAs) against soil-borne diseases within integrated disease management strategies.
More specifically, this chapter focuses on the ad hoc combination of BCAs and OAs
and discuss aspects such as how these approaches may influence soil microbial
communities or the suitability of using OAs as carriers to develop more stable and
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effective formulations of BCAs. Chapter 23 by Mohammad Haneef Khan, M. K.
Meghvansi, Rajeev Gupta, K. K. Chaudhary, Kamal Prasad, Sazada Siddiqui, Vijay
Veer, and Ajit Varma highlights the potential of individual and combined approach
of vermiwash and AM fungi with a particular emphasis on understanding the
possible underlying molecular mechanisms involved in the suppression of plant
diseases. Chapter 24 by Massimo Pugliese, Giovanna Gilardi, Angelo Garibaldi,
and Maria Lodovica Gullino focuses on the use of organic amendments, compost in
particular, and soil suppressiveness for the management of diseases of vegetable
and ornamental crops. In Chap. 25, a study conducted by Yohichi Matsubara, Jia
Liu, and Tomohiro Okada on suppression of fusarium crown rot and the changes in
free amino acid contents in mycorrhizal asparagus plants with NaCl treatment is
discussed in order to clarify the mechanisms of disease tolerance.

The editors would like to express sincere gratitude to all the contributors for
submitting their work and timely responding to all the post-submission editorial
queries. We have received numerous insightful and constructive inputs from the
researchers all across the world on this subject while editing this book for which we
are sincerely grateful to them. Dr. Mukesh K. Meghvansi takes this opportunity to
express his deep sense of gratitude to Dr. Vijay Veer, Director, Defence Research
Laboratory, Tezpur, for his constant support, encouragement, and guidance.
Dr. Meghvansi wishes to thank Mrs. Manju Meghvansi (wife) and Miss Lakshita
Meghvansi (daughter) for their unconditional love, patience, understanding, and
moral support while editing this volume. Last but not the least, we thank all the staff
members of Springer Heidelberg, especially Dr. Jutta Lindenborn, project coordi-
nator (Springer Books—Life Sciences and Biomedicine), for their critical evalu-
ation, constant support, and encouragement.

Assam, India Mukesh K. Meghvansi
Uttar Pradesh, India Ajit Varma
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Part I
Soil Suppressiveness: Paradigms
and Mechanisms



Chapter 1
The Impact of Suppressive Soils on Plant
Pathogens and Agricultural Productivity

George M. Kariuki, Lilian K. Muriuki, and Emma M. Kibiro

1.1 Introduction

Soil is a key element of agricultural production, which comprises of complex blend
of organic and inorganic matter, including different species, the majority of which
have not been described. A number of the organisms are pests that result in
important crop losses as others carry out environmental activities such as aeration,
biological pest control, drainage, and water and nutrient cycling. Soil is the
foundation of sustainable agriculture and provides the physical support upon
which majority of other human activities rely on (Singh 2013).

Agricultural soils that are suppressive to soilborne plant pathogens exist all over
the world (Weller et al. 2002), and the biological basis of suppressiveness has been
depicted for majority of the soils. The suppressive soil concept was initially
introduced by Menzies (1959) who used the term in the description of the soils
that inhibited Streptomyces potato scab (Weller et al. 2002). Suppressive soils have
been referred to as soils in which there cannot be establishment or persistence of
pathogen (Shurtleff and Averre 1997), there can be establishment of the pathogen
but it causes little or no damage, or there can be establishment of the pathogen and
development of disease but the disease is less significant, even though the pathogen
may persist in the soil or soils in which some diseases are inhibited because of the
presence, in the soil, of microbes that act antagonistically against the pathogen or
pathogens (Baker and Cook 1974). On the contrary, conducive soils are ones in
which disease occurs readily. Pathogen suppression is termed as the inhibition of
saprophytic survival or growth of the pathogen in the soil, while disease
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suppression is the inhibition of the parasitic growth of the pathogen (Simon and
Sivasithamparam 1989).

Soil suppressiveness is associated with the level of fertility, types, and numbers
of soil organisms, as well as nature of the soil texture and drainage. Mechanisms
through which soilborne pathogens are affected by rhizosphere microorganisms
have been keyed out and include consumption of pathogen stimulatory compounds,
antibiotic compound production, direct parasitism, (micro)nutrients competition, as
well as production of lytic enzymes (Lugtenberg and Kamilova 2009). Suppressive
soils are essential in agricultural production since severity or occurrence of disease
is less than expected for the dominating environment or in comparison to that in
surrounding soil that reciprocally results in higher crop yields. Suppressive soils are
the best natural examples in which the natural microflora efficaciously offers
protection to plants against pathogens. Various pathogens for which suppressive
soils have been demonstrated include fungi such as Pythium splendens (Kao and Ko
1983), Fusarium oxysporum (Alabouvette et al. 1993), Gaeumannomyces graminis
var. tritici (Horby 1998), Aphanomyces euteiches (Persson et al. 1999),
Phytophthora cinnamomi (Ko and Shiroma 1989), Thielaviopsis basicola (Stutz
et al. 1986), Phytophthora infestans (Andrivon 1994), Pythium ultimum (Martin
and Hancock 1986), Plasmodiophora brassicae (Murakami et al. 2000), and Rhizo-
ctonia solani (Lucas et al. 1993); nematodes such as Heterodera schachtii,
H. avenae, Criconemella xenoplax, and Meloidogyne spp.; and bacteria such as
Ralstonia solanacearum and Streptomyces scabies (Haas and Défago 2005).

The main objective of this chapter is to describe how suppressive soils affect or
influence plant pathogen suppression in the soil and how they contribute to agri-
cultural productivity. We have discussed different types of soil suppressiveness and
factors that influence them. Different types of suppressive soils which include
fungi-suppressive soils, bacteria-suppressive soils, and nematode-suppressive
soils have also been discussed highlighting the contribution of these types of soils
to agricultural productivity.

1.2 TImpact of Soil Health on Agriculture

Soil health is termed as the soil’s capacity to function as a critical living system,
within ecosystem and land-use boundaries, in order to sustain productivity of
animals and plants, enhance or maintain air and water quality, as well as enhance
animal and plant health. Soil health is critical to crop production. Since it is fragile
and finite, soil is an important resource that needs special care from its users.
Majority of crop and soil management systems today are not sustainable. On the
one hand, overutilization of fertilizer has resulted in nitrogen deposition, which is a
threat to the sustainability of an approximated 70 % of nature (Hettelingh
et al. 2008). On the other hand, in most regions of sub-Saharan Africa, the
underutilization of fertilizer entails that soil nutrients exported together with
crops fail to be replenished, resulting in the degradation of soil, as well as decrease
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in yields. The aim of sustainable agriculture is to meet the demands of the present
with no compromise of the productive potential for the following generations.
Rational soil use practices ought to permit environmentally and economically
sustainable yields that will just be attained with the recovery or maintenance of
the soil health.

Different management and land uses impact the soil and the production systems’
sustainability. Tillage systems grounded on disking and plowing in the tropical area
lead to the reduction in soil organic matter, as well as rise in the process of erosion.
This causes physical, chemical, and biological modifications in the characteristics
of the soil, which promote the reliance on external inputs and accordingly enhance
costs of production, resulting in environmental effects. Less impacting cropping
systems, on the other hand, depend more on biological processes for sustainability
(Kaschuk et al. 2010). Sustainable ecosystems, whether agricultural or natural,
depend on the nutrient flux across trophic levels that are primarily intermediated
by microorganisms and soil fauna (Chen et al. 2003). The microbial community and
soil fauna are regarded as critical in any ecosystem through soil organic matter
decomposition, cycling of nutrients, and affecting the soil’s physical and chemical
characteristics, with direct impacts on sustainability and soil fertility.

1.3 Types of Soil Suppressiveness

1.3.1 General Suppressiveness

General suppressiveness is termed as the widespread but confined ability of soils to
inhibit the activity or growth of soilborne pathogens. It can as well be termed as
nonspecific antagonism or biological buffering (Weller et al. 2002). General sup-
pression is associated with the soil’s total microbial biomass that engages in a
competition with the pathogen for resources or results in suppression via more
direct types of antagonism. It is frequently promoted by some agronomic practices,
the addition of organic matter, or the accumulation of soil fertility (Rovira and
Wildermuth 1981) all of which can enhance soil microbial activity. General
suppression results from several organisms and cannot be transferred between
soils (Rovira and Wildermuth 1981). Typically, in suppressive soils, inhibition is
caused by the accumulative impacts of complex relationships between the pathogen
and other factors. Soil suppressiveness has been ascribed to either or combination of
biotic and abiotic factors, and it differs from a single pathogen to another (Weller
et al. 2002). These factors cause antagonism against pathogens either through
production of antibiotics, competition for food, secretion of lytic enzymes, or via
direct parasitizing of the pathogens suppressing them from surpassing the levels of
economic threshold. A number of the antagonistic microorganisms, which are
known to raise suppressiveness in soils, include fungi, for instance, Penicillium,
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Sporidesmium, and Trichoderma spp., or bacteria belonging to the genera Strepto-
myces, Pseudomonas, and Bacillus (Rani and Sudini 2013).

Components of suppressive soils added to conducive soil can decrease the
amount of disease through introduction of microorganisms that are antagonistic to
the pathogen. Amendment of soil with soil containing a strain of Streptomyces spp.
that is antagonistic to the cause of potato scab has been demonstrated to cause
significant reduction in potato scab. Phytophthora root rot of papaya was managed
by planting papaya seedlings in suppressive soil put in holes in the orchard soil that
was infested with the P. palmivora (Rani and Sudini 2013).

Planting the same crop, continuously, in a conducive soil results in raised
microbial populations that are antagonistic to a number of pathogens. For instance,
continuous wheat cultivation has been demonstrated to result in a decrease in take-
all of wheat. Continuous watermelon cropping also permits the accumulation of
antagonistic Fusarium spp. associated with the one causing watermelon Fusarium
wilt that leads to a decrease in Fusarium wilt. Such was as well demonstrated in the
accumulation of soil suppressiveness to root-knot nematodes of peanut in Florida,
USA (Kariuki and Dickson 2007).

1.3.2 Specific Suppressiveness

This form of soil suppression arises from a direct inhibition of a known pathogen by
one organism. There are incidences where an agent of biological control is intro-
duced into the soil for the specific reduction in occurrence of the disease. Specific
suppressiveness owes its activity to the impacts of individual or select groups of
microorganisms. Specific suppressiveness can be transferred to conducive soil with
small portions of soil, and this makes the nature of soil suppressiveness to be
considered as biological (Shipton et al. 1973; Kariuki and Dickson 2007). Trans-
ferability of suppressiveness indicates specific soil suppressiveness against nema-
todes that are parasitic (Kerry 1988), especially when the antagonists of the
nematode are not culturable or are not known. Based on a report by Mankau
(1975), greenhouse soil amendment, which has been steam-sterilized, with soil
infested with Pasteuria penetrans led to Meloidogyne incognita suppression by the
obligate parasitic nematode. The transfer of 20 to 53-pm fraction of soil obtained
from northern Europe, which comprised of Nematophthora gynophila, to
Heterodera avenae-infested South Australia soils led to infection of the nematodes
by fungi (Stirling and Kerry 1983).

The approach of soil transfer is particularly helpful when the active organisms
have not yet been keyed out. For instance, soil transferability exhibited the bio-
logical nature for peach orchard soil that is Criconemella xenoplax-suppressive when
5 % of the orchard soil, which was not steamed, was blended into the peach orchard
soil that had been subjected to steaming (Kluepfel et al. 1993). This form of transfer
in H. schachtii-suppressive soil was attained in a field experiment with 1 and 10 %
suppressive soil, while in the greenhouse it was achieved with as little as 0.1 %
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Fig. 1.1 Hyphae of
Trichoderma spp. wrapped
around the pathogenic
fungus Rhizoctonia
(Source: Hamid 2011)

suppressive soil to conducive (Westphal and Becker 2001). Soil suppressiveness
onset was monitored, in the field experiment, with an infective J2 bioassay in field
plots. Suppressiveness rose in the plots subjected to 10 % transfer in initially
conducive plots more quickly than in the plots with 1 % transfer. It was as well
indistinguishable from the suppressive control following a shorter incubation in the
higher soil treatment of soil amendment than in the lower one. This observation
offered additional proof of the nematode suppression’s biological nature. There is
occurrence of less root rot, as well as corresponding feeding sites’ loss when test soil
is being diluted. However, when a suppressive soil is being diluted, impacts on
the reproduction of nematode are still measurable. For instance, in H. schachtii-
suppressive soil, the number of eggs for each cyst was about 40, while there were
nearly 120 in conducive soil (Westphal and Becker 2001) (Fig. 1.1).

1.4 TImpact of Abiotic Factors on Soil Suppressiveness

The pH of the soil, level of calcium, nitrogen form, and the availability of other
nutrients in the soil are important in soil suppressiveness playing key functions in
the management of diseases. Sufficient crop nutrition renders plants more resistant
to or tolerant of disease. The status of nutrients of the soil, as well as the application
of certain amendments and fertilizers, can significantly impact the environment of
the pathogen. For instance, in potato scab, the disease has more severity in soils
with levels of pH of more than 5.2, while the disease is significantly inhibited with
levels less than 5.2. Sulfur and ammonium nitrogen sources also lower the severity
and occurrence of potato scab since they lower the soil pH, rendering it
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unconducive for the establishment of the pathogen. On the contrary, practices such
as soil liming enhance disease severity. Soilborne diseases resulting from Pythium
spp., for instance, damping off in peanuts, wheat, beans, soybeans, peppers, peas,
sugar beets, tomatoes, snap dragons, as well as onions, cannot be managed by
calcium availability in the soil. It has been reported that amendment of the soil with
calcium and adding alfalfa meal to raise microbial populations significantly
reduced damping off in cucumbers. Sufficient calcium levels have as well been
found to lower crucifers’ clubroot. The disease is suppressed in neutral to margin-
ally alkaline soils with a pH of 6.7-7.2 (Campbell and Greathead 1990). In crops
such as melons, cottons, tomatoes, as well as a number of ornamentals, sufficient
levels of calcium, and soil pH increase, have been demonstrated to lower Fusarium
spp. infestation levels (Jones et al. 1989) resulting in raised yields.

Nitrogen fertilizers have been demonstrated to inhibit tomato’s Fusarium wilt
since they have the tendency of raising the pH levels around the root zone, unlike
the ammonia fertilizers, which enhance severity of the disease. Studies on tomatoes
have demonstrated that the application of nitrate nitrogen in high-pH soil leads to
even better wilt control (Woltz and Jones 1973). Levels of Fusarium disease have
been shown to reduce by the use of calcium nitrate in comparison to ammonium
nitrate. Nevertheless, ammoniacal nitrogen uptake has been shown to enhance plant
manganese uptake, as well as reducing take-all disease. The same findings were
attained in Verticillium wilt in potatoes, as well as corn stalk rot (Hamid 2011).

Adding potassium into the soil results in disease suppressiveness, as well as
increase in yields. It was revealed that high levels of potassium lowered incidences
of Fusarium wilt in tomatoes, as well as Verticillium wilt in cotton (Foster and Walker
1947). It was shown that cotton soils containing between 200 and 300 pounds of
potassium for each acre had plants with between 22 and 62 % leaf infections, whereas
levels of soil test of more than 300 pounds for each acre had an infection rate of
between zero and 30 % (Obrien-Wray 1995). Amendment of agricultural soils, as well
as soilless growing media with organic matter, enhances natural soil suppressiveness
against soilborne pathogens, provides plant nutrients, and enhances biological and
physicochemical features (Veeken et al. 2005; Janvier et al. 2007). Reciprocally, the
quality of the soil also impacts plant health, as well as crop production.

There has been effective application of compost in high-value crops, in the
nursery industry, as well as in mixtures of potting soil for root rot diseases’ control.
Successful suppression of disease by use of compost has been less common in soils
than in potting mixtures. These have significant implications for management of
soil and nutrient, as well as plant health and management of pests. In a research
carried out at the University of Florida, field experiments demonstrated disease
inhibition effects of compost and sewage sludge, subjected to heat treatment, on
southern peas and snap beans (Ozores-Hampton et al. 1994). The compost used at
36 or 72 tons for each acre and the sludge at 0.67 and 1.33 tons for each acre
produced larger beans and 25 % higher yields at the two rates of application than
those from regions without compost application. In regions treated with sludge, the
disease was decreased but nearly gotten rid of where compost had been used. In the
portion of field where compost was not used, leaf death and leaf wilting were,
however, pronounced.
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Fig. 1.2 Compost-amended soils vs. unamended soils (Source: Matthew Ayres, SARDO,
November 2007; with permission)

There has been demonstration of modification of the chemical, physical, and
biological features of soil, by use of manure, which can indirectly or directly affect
crop infection and the survival of the pathogen. Scheuerell and colleagues (2005)
found that Pythium spp. suppression was linked to volatilization of ammonia from
manure amendments. Similarly, Conn and Lazarovits (1999) reported that the
application of liquid swine manure lowered the occurrence of wilt, as well as
common scab in potato fields. It also lowered the number of plant-parasitic nema-
todes for a period of 3 years following a single use. A significant reduction in root
disease of the red stele strawberry was as well observed in fields treated with steer/
poultry and dairy manure compost, comparative to control (Millner et al. 2004).
The difference between plants growing in compost-amended soils and unamended
soils is illustrated in Fig. 1.2.

1.5 Effect of Beneficial Organisms in Disease Suppression
and Plant Health

Several commercial products comprising of beneficial, disease-suppressive organ-
isms such as Flavobacterium spp., Trichoderma spp., Gliocladium spp., Strepto-
mycetes spp., Pseudomonas spp., and Bacillus spp. have been reported. These
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Fig. 1.3 Pepper plants on
the right treated with
Bacillus subtilis and
Bacillus amyloliquefaciens
strains compared to
untreated check (Source:
Ayres et al. 2007; with
permission)

products are applied in various ways through seed treatments, compost inoculation,
soil inoculation, and soil drenches. These products have plant growth-promoting
rhizobacteria (PGPR) that colonize plant roots and induce plant growth and/or
decrease plant disease occurrence (Burkett Cadena et al. 2008). These PGPR
serve as plant growth stimulators, aggressive colonizers, and as biocontrol. In
PGPR present in soil acting as bio-fertilizers, promotion of plant growth prevails.
This is ascribed to a number of processes, which include fixation of nitrogen,
solubilization of phosphate, as well as the production of volatile growth stimulants
and phytohormones. Other PGPR in the soil serve as biopesticides whereby the
aspect of biocontrol is most conspicuous. Bacillus and Pseudomonas spp. are the
key PGPR, which serve as antagonists of known root pathogens. Root-colonizing
plant-beneficial fungi present naturally in the soil are as well significant in offering
protection to plants against root pathogens. Among these are nonpathogenic
Trichoderma and Fusarium spp. that engage in a symbiotic, rather than a parasitic,
association with plants. These nonpathogenic strains result in raised growth, as well
as plant vigor observed with the use of PGPR. For instance, pepper plants on the
right received a treatment Bacillus subtilis strain GBO3 together with
B. amyloliquefaciens (strain IN937a) as compared to the untreated ones on the
left in Fig. 1.3.

1.6 Fungi-Suppressive Soils

Soilborne fungal pathogens of plants, one of the key factors restricting the
agroecosystem productivity, are frequently hard to control via conventional tech-
niques, for instance, the application of synthetic fungicides and host cultivars that
are resistant. The absence of dependable chemical controls, the incidence of
pathogen resistance to fungicide, and the circumvention or breakdown of host
resistance by the populations of pathogens are among the reasons behind attempts
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to develop new control measures of diseases (McDonald and Linde 2002). The
withdrawal from the markets of methyl bromide, the most effectual soil fumigant
globally, has enhanced the need for alternate methods of control (Martin 2003). The
search for highly efficient alternatives that have low costs and less environmental
effect is a test for eco-sustainable contemporary agriculture. The application of
organic amendments, for instance, green manure composts, peats, and animal
manure, has been suggested, for biological and conventional agricultural systems,
to enhance the structure of soil and fertility (Conklin et al. 2002; Cavigelli and
Thien 2003) and reduce the occurrence of disease resulting from soilborne patho-
gens (Litterick et al. 2004; Noble and Coventry 2005). The introduction of fungi-
cides, disease-resistant varieties, and synthetic organic fertilizers has permitted
farmers to break the connection between soil fertility and organic amendments
(Hoitink and Boehm 1999). Consequently, organic materials, for instance, manure
and crop residues from necessary resources, turned into solid wastes. Following the
decline in the organic input, organic matter in the soil reduced with time, soil
fertility reduced, and a huge number of soilborne diseases extended in
agroecosystems (Hoitink and Boehm 1999; Bailey and Lazarovits 2003). Fungi-
suppressive soils enhance growth of plants unlike in the non-suppressive soils.

1.6.1 Fusarium Wilt-Suppressive Soils

Fusarium wilt is a soilborne plant disease that occurs globally and is caused by
Fusarium oxysporum, a plant pathogenic fungus. Fusarium wilt is linked to signifi-
cant losses in yield in several crops, and its sufficient as well as sustainable control
is yet to be achieved. Soil suppressiveness to Fusarium wilt was initially reported
by Atkinson (1892) and more research has been undertaken. The suppressiveness is
specific just to Fusarium wilts. Fungal and bacterial genera demonstrated to
have soil suppressiveness against Fusarium wilt are nonpathogenic F. oxysporum,
Pseudomonas spp., Bacillus spp., Alcaligenes spp., Actinomycetes, and
Trichoderma spp.

Wilt-suppressive soils restrict the severity or occurrence of wilts of a number of
plant species that lead to higher yields.

1.6.2 Take-All-Decline Suppressive Soils

Take-all decline (TAD), which is caused by the fungus Gaeumannomyces graminis
var. tritici, is an important wheat root disease globally. Take-all decline is one of the
most studied types of soil suppressiveness. It needs a susceptible host’s mono-
culture, G. graminis var. tritici, as well as at least a single severe take-all outbreak.
TAD can be termed as the spontaneous reduction in the severity and occurrence of
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Fig. 1.4 Take-all decline disease increases and then declines with years of monoculture (Source:
Berendsen et al. 2012)

take-all, which takes place with monoculture of wheat or other host crops that are
susceptible following one or more severe eruptions of the disease (Simon and
Sivasithamparam 1989). This form of suppressiveness may be lowered or gotten
rid of through breaking of the monoculture with a crop that is not a host (Cook
1981), although a field with a long TAD history may regain suppressiveness when
barley or wheat is again grown. In an experiment, fluorescent Pseudomonas spp.
from the wheat rhizosphere grown in Moses Lake and Quincy TAD soils were
compared to Pseudomonas spp. from wheat roots grown in conducive soils from
Mt. Vernon and Lind. Every soil was diluted with fumed lind virgin soil and then
adjusted with take-all inoculum. During the second wheat cropping, take-all was
inhibited in mixtures with TAD and not conducive soils. All the roots had equal
population densities of fluorescent species of Pseudomonas repressive to
G. graminis var. tritici in vitro. There were significantly more on roots from
mixtures with Moses Lake and Quincy TAD soils than on roots from mixtures of
conducive soil. Moreover, fluorescent pseudomonads from TAD soils offered
significantly better protection against take-all than pseudomonads from conducive
soils, when applied as wheat seed treatments (Fig. 1.4).

1.7 Induction of Suppressiveness to Apple Replant Disease

Apple replant disease can be described as the poor apple tree growth, which occurs
following replanting on a site that was antecedently cropped to apples. It results
from a complex of fungi, which include Rhizoctonia solani, Cylindrocarpon
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destructans, Pythium spp., and Phytophthora cactorum (Mazzola 1998). Soils,
which have not gone through cultivation of apple, are suppressive to replant
disease. Orchard soils turn increasingly more conducive to monoculture replant
disease. This phenomenon was demonstrated by Mazzola (1998) when he brought
in R. solani inoculum into soils from orchard blocks in their first to fifth years of
growth and from close noncultivated regions. Growth of apple seedling was
considerably lowered in soils from the third-, fourth-, and fifth-year blocks in
comparison to noncultivated soil growth or in first- and second-year block soil.
There was a rise in the populations of decline pathogens obtained from the roots of
the seedlings. There was also a reduction in populations of Pseudomonas putida and
Burkholderia cepacia. B. cepacia secretes multiple antibiotics and has biocontrol
activity against soilborne pathogens, which include Pythium spp. and R. solani
(Parke and Gurian-Sherman 2001). P. putida isolates from these soils also acted
antagonistically against Rhizoctonia and Pythium spp., though as they reduced in
populations in the orchard soil, P. fluorescents boar C and P. syringe isolates
became dominant.

1.8 Nematode-Suppressive Soils

Nematode-suppressive soils can be termed as the ecosystems in which an increase
in population of a plant-parasitic nematode is less than in a conducive soil in spite of
the presence of a virulent pathogen, a susceptible host, as well as conducive
environmental conditions (Stirling 1991). Soils that are specifically suppressive
against nematodes that are parasitic to plants are of interest in the definition of the
mechanisms, which control population density. Suppressive soils preclude esta-
blishment and causing of a disease by nematodes. They as well decrease severity of
the disease following initial damage of nematode in an uninterrupted culturing of a
host. An array of nonspecific and specific soil treatments, followed by a target
nematode infestation, has been used to key out nematode-suppressive soils. Soil
transfer tests, baiting approaches, and biocidal treatments together with plant-
parasitic nematode observations in the susceptible host plants’ root zone have
enhanced the apprehension of nematode-suppressive soils.

The utility of nematode-suppressive soils, in the study of biological control of
nematodes that are parasitic to plants, is broadly accepted (Stirling 1991). It is
thought that enhanced biological control mechanisms exploitation will, to a large
extent, gain from a thorough apprehension of natural mechanisms of regulating
population densities of nematodes in the soils. Nematode-suppressive soils, even
though understood poorly, frequently comprise an array of nematode antagonistic
microorganisms (Kerry 1990). Nematode-suppressive soils frequently are initially
known or surmised when the nematode’s population densities reduce following
initial establishment (Gair et al. 1969) or when their populations stay significantly
less in a number of fields than in others within the same area with the same histories
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of soil and crop (Carris et al. 1989; Westphal and Becker 1999). Suppressive soils
are frequently linked to a susceptible host’s monoculture (Gair et al. 1969;
Westphal and Becker 1999; Noel and Wax 2003). Nevertheless, monoculture
does not constantly result in a nematode-suppressive soil (Carris et al. 1989).
Field observations of soil suspected to be nematode-suppressive have to be
affirmed. Greenhouse experiments have been developed and applied in the character-
ization of suppressive soils for several soilborne diseases (Mazzola 2002; Weller
et al. 2002), and several similar methods can be employed to key out nematode-
suppressive soils (Kerry 1988). Nematode-suppressive soils occur globally, but just a
limited number of them have been exhibited to be biological in nature (Kerry 1988;
Crump 1989).

1.8.1 Heterodera avenae-Suppressive Soils

In an experiment carried out by Gair and colleagues (1969), H. avenae population
densities and other plant-parasitic nematodes were followed under cereal mono-
culture for a number of growing periods, and it was demonstrated that population
densities reduced after initial high population densities. Typically, the population
densities of nematodes rose initially prior to reducing to low levels. Formaldehyde
drenches of soils in which nematode decline had occurred and cropping of a
susceptible host resulted in increased nematode reproduction in comparison to
non-treated controls (Williams 1969). This prelude observation of lower population
densities in natural soil that was not treated resulted in elaborate studies of organ-
isms that contribute to the suppression of nematode and finally to the keying out of
Verticillium chlamydosporium and Nematophthora gynophila as microorganisms
mainly responsible for maintaining population densities of nematodes below the
destruction threshold (Kerry and Crump 1980). Decrease in population densities in
the soil that has not been disturbed after inoculation with several life phases backs
the claim for soil suppressiveness. For instance, H. schachtii-infested California
soil supported just low numbers of the sugar beet cyst nematode under
uninterrupted host plants’ cropping (Westphal 1998).

1.9 Bacteria-Suppressive Soils

1.9.1 Potato Scab Decline

Common scab is an important potato disease, which is caused by Streptomyces
scabies, as well as other species of Streptomyces (Loria et al. 1997). The pathogenic
strains secrete thaxtomins, phytotoxins that stimulate signs of scab when used in
tubers with the lack of the pathogen. Thaxtomin nonproducers are nonpathogenic
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Fig. 1.5 Biological control of potato scab caused by the bacterium Streptomyces scabies with a
suppressive strain of another Streptomyces spp. (a) Tubers harvested from soil treated with the
biocontrol agent. (b) Tubers harvested from soil not amended with the biocontrol agent (Source:
Agrios 2005)

(Loria et al. 1997). In a field observation, potatoes growing in old irrigated field,
which had been used for many years for potato production, were nearly free of
potato scab (Menzies 1959). In fields where monoculture production of potato was
tried, scab took place uniformly on potatoes from new fields though it was not
apparent on potatoes grown in the old fields. Potato scab has gone down with
monoculture of potato in other regions that produce potatoes. A diverse Strepto-
myces isolates’ collection from scab-free potatoes growing in the suppressive soil
secreted antibiotics that were suppressive to S. scabies in vitro, and the strains of the
pathogen were seen to have less inhibition than the strains that were suppressive
against other isolates, regardless of pathogenicity (Liu et al. 1996). The reduction of
the potato scab associated with monoculture is, thus, a clear demonstration of
suppressive soils, and a rise in production, as well as yields, has been exhibited in
infested fields (Fig. 1.5).

1.9.2 Bacterial Wilt-Suppressive Soils

Bacterial wilt is a disease caused by Ralstonia solanacearum and it is linked to high
yield losses. Soils that are suppressive to bacterial wilt have been depicted. For
instance, Islam and Toyota (2004) did a comparison of three soil types, which
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included chemical fertilized (CF) soil that had been amended, for 14 years, with
chemical fertilizers; CF4+FYM soil that had been amended, for 14 years, with
farmyard manure and chemical fertilizers; and FYM soil that had been amended
with farmyard manure for 14 years. This comparison was aimed at evaluating the
level of suppressiveness of tomato bacterial wilt by the soil. Over 70 % of tomato
plants were shown to have wilt symptom in the CF-FYM and CF soil following
30 cultivation days, while below 10 % of tomato plant wilted in the FYM soil. It
was demonstrated that tomato bacterial wilt was inhibited in the poultry and
FYM-added soil because of higher activity of microorganisms. It has also been
demonstrated that amendments of soil can aid in reduction in the incidence of
bacterial wilt and rise in yield. The best results, though, were from the mixture of
inorganic and organic fertilizers, when potassium was added with an organic
nitrogen source (Lemaga et al. 2001). Another demonstration is that the pig slurry
addition significantly reduced the R. solanacearum population and decreased num-
bers of infected as well as diseased plants in the soil suppressiveness tests (Gorissen
et al. 2004).

1.10 Biological Control Potential and Soil Suppressiveness

The bacterium Pasteuria penetrans has been demonstrated to inhibit populations of
root-knot nematode effectively, in field, as well as in microplot trials (Freitas
et al. 2000; Weibelzahl-Fulton et al. 1996). The P. penetrans role in inhibition of
plant-parasitic nematodes has been tried on several crops, largely in greenhouse
pots (Chen and Dickson 1998). P. penetrans inhibited Meloidogyne spp. on tomato,
eggplant, tobacco, wheat, soybean, hairy vetch, bean, cucumber, peanut, rye,
chicken pea, pepper, kiwi, brinjal, mung, grape, and okra. Pasteuria spp. isolates
have been shown to inhibit H. avenae and H. zeae on bermudagrass turf (Giblin-
Davis et al. 1990), H. elachista on rice, as well as H. cajani on cowpea (Singh and
Dhawan 1994).

There exist only a few documented reports on soils that are suppressive against
plant nematodes with majority regarding fungal antagonist (Gair et al. 1969). In the
past few decades, there have been more reports concerning suppressive soils
infested with huge numbers of P. penetrans (Stirling and Kerry 1983). Baker and
Cook (1974) defined soil suppressiveness against soilborne disease as the
inhospitability of some soils to a number of plant pathogens in a manner that either
the pathogen is not able to establish, it establishes but does not produce disease, or it
establishes and produces disease initially and decrease with extended crop culture.
Nematode-suppressive soils are widely available, but just a few examples have
been exhibited to have a biological nature (Kerry 1988; Crump 1989). Suppressive
soils are linked to a susceptible host’s monoculture (Gair et al. 1969; Westphal and
Becker 1999; Noel and Wax 2003). Specifically soils suppressive against plant-
parasitic nematodes are important in the definition of the mechanisms that control
population density (Westphal 2005). A number of bacteria and fungi, for instance,
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some Fusarium spp., Verticillium spp., as well as P. penetrans, have wide range of
hosts including both cyst and various root-knot nematodes (Davies et al. 2001).

1.11 Transfer of Suppressiveness

Transferability is a significant feature of biological soil suppressiveness to soil-
borne plant pathogens (Baker and Cook 1974). Transferability of suppressiveness is
a demonstration of specific soil inhibition against plant-parasitic nematodes (Kerry
1988), especially when the nematode antagonists are not known or are not
culturable. In diseases that are soilborne, specific suppressiveness can be trans-
ferred to conducive soils by the use of small portions of the soil. This observation
indicates that suppressiveness is biological in nature (Menzies 1959). Amendments
of biocidally treated, disease-conducive substrates or soils with between 1 and 10 %
disease-suppressive soils have been demonstrated to transfer suppressiveness to
diseases (Andrade et al. 1994; Wiseman et al. 1996). Even though there have been a
few intensive studies on nematode-suppressive soils, soil suppressiveness transfer-
ability against plant-parasitic nematodes has not been given much attention.

1.12 Effect of Chemical Nematicide on Pasteuria penetrans
Suppressiveness

The application of P. penetrans as a biological control agent together with other
management practices, particularly nematicides, is of interest (Freitas et al. 1997).
Infection of M. javanica by P. penetrans following an in vitro treatment was
reported to withstand the effects of nematicides DBCP and 1,3-D (Stirling 1984).
A synergistic decrease of root galling by M. javanica with aldicarb or carbofuran
combined with P. penetrans has as well been exhibited (Brown and Nordmeyer
1985). This can be attributed to the stimulation of the nematode movement by the
low carbamate nematicide concentration, which oriented the nematode toward the
host roots. Hence, the possibility of nematode contact with endospores of the
bacteria was raised. High concentrations of carbamate nematicides and organo-
phosphates are known to reduce the mobility of nematodes; thereby, the most
possible explanation of lowered infection was the reduced probability of contact
between endospores and the nematodes.
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1.13 Effects of Cropping System and Nematode Density
on Pasteuria penetrans Suppressiveness

The P. penetrans endospore abundance has been demonstrated to be highest in
monoculture of peanut and intermediate in two bahiagrass rotations, as well as one
rotation of cotton (Timper et al. 2001). While studying the long-term P. penetrans
persistence and suppressiveness against M. arenaria race 1, Cetintas and Dickson
(2005) reported that J2 with endospores had the highest percentage in weed fallow
(87 %), bahiagrass followed (63 %), and rhizomal peanut (53 %). In a field
microplot trial, Oostendorp et al. (1990) demonstrated that the number of plots
with infections of P. penetrans spore numbers attaching to J2 in the soil were raised
continuously for 3 years and were under the influence of the cropping sequence.
Differences in M. arenaria numbers in plots with no P. penetrans among three
sequences of cropping were seen only during the spring of every year but not in
autumn. This proposed that the summer crop, peanut, strongly influenced the
population density of the nematode than the winter cover crops. Similar observa-
tions were made by Kariuki et al. (2010) where P. Penetrans was transferred from a
suppressive field site to microplots located at the University of Florida, Gainesville,
and thereafter evaluations done to determine the effect of two summer crops with
different cycles.

It has been exhibited that with the introduction of P. penetrans into a soil with
high M. arenaria densities, the bacterium amplifies to suppressive levels in 3 years
(Oostendorp et al. 1990) or less if more endospore densities are added (Chen
et al. 1996). Peanut can be an ideal crop for use in amplification of P. penetrans
to suppressive densities since it grows in hot climate and is a comparatively long-
season crop. These two conditions prefer P. penetrans development (Serracin
et al. 1997). The harvesting methods for peanut also aid in the spread of the
endospores since it involves digging the plants, drying on the surface of the soil,
and then combining of the pods leaving behind the residues of the roots (Dickson
and De Waele 2005). In order to sustain soil suppressiveness caused by
P. penetrans, this bacterium needs some amplification in the soil (Cetintas and
Dickson 2005). The downward dispersal of endospores with percolating water
could result in depletion of P. penetrans endospores from the top 20 to 25 cm of
the soil if they are not being continuously amplified in this zone (Cetintas and
Dickson 2005). This may require that nematode population densities be maintained
at low levels to maintain suppressiveness (Cetintas and Dickson 2005).
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1.14 Conclusion

Soil is an essential component for sustainable agricultural production, and it also
supports other major human activities. The ability of the soil to become suppressive
to plant pathogens is of importance as it contributes to plant health which leads to
high agricultural production. This is so because soil suppressiveness is associated
with soil fertility and occurrence of beneficial organisms in the soil. Suppressive
soils inhibit occurrence of diseases and it also decreases the level of disease severity
in plants. Proper crop nutrition is an important aspect in agricultural production as it
gives the soil disease-suppressive properties, and therefore crops planted in these
soils tend to become either tolerant or more resistant to diseases. The addition of
organic amendments in soils is also important as it contributes to disease suppres-
siveness and improves the plant nutrients. Organic amendments also enhance the
plants’ biological and physiochemical features which affect the rate of crop infec-
tion and also the survival of plant pathogens. Occurrence of beneficial organisms in
the soil either naturally or through induction/inoculation also leads to suppressive
soils. Most of these organisms colonize the plant roots which makes them resistant
to harmful pathogens and/or induces plant growth which decreases the rate of
occurrence of plant diseases and decreases the severity rate, and this in return
leads to the increase in yields and production of agricultural crops. In general,
suppressive soils lead to disease suppression in crops which then leads to increased
agricultural productivity.
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Chapter 2
Enhancing Soil Suppressiveness Using
Compost and Compost Tea

Chaney C.G. St. Martin

2.1 Introduction

Enhancing soil suppressiveness using compost and compost tea represents an
alternative biocontrol approach to the conventional paradigm of plant disease
control, one that is based on the use of several microorganisms at the same time
to control one or many pathogens rather than the conventional use of one active
ingredient or microbial agent to target one or multiple pathogens. Inclusive in this
paradigm shift in disease control are (1) mixing of several known types of biocon-
trol agents (BCAs) with diverse modes of action or that colonise different ecolog-
ical niches (Siddiqui and Shaukat 2002), (2) the enhancement of resident
populations existing on or around the plant (Mazzola 2007), and (3) the introduc-
tion of partially or uncharacterised microbial communities usually with no known
activity (Litterick et al. 2004). Compost and compost tea used as biocontrol agents
fall under the latter group of strategies in this paradigm shift.

Although research on compost and compost tea has been conducted for decades,
there is now increasing interest in their possible role in developing suppressive soils
and managing plant diseases. This interest has primarily arisen due to increasing
demand for organically produced foods (Dimitri and Greene 2000) and concerns by
the public over the use and potential negative impacts of synthetic pesticides on
human health and environment.

St. Martin (2013) argued that the theoretical basis for the effectiveness of
compost and compost tea in suppressing phytopathogens is their ability to alter
the microbial profile and activity of the rhizosphere and/or soil as a whole. How-
ever, it is highly debatable whether compost tea alters the microbiota of the
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rhizosphere and/or soil as a whole (Scheuerell and Mahaffee 2006; Larkin 2008).
More so, there is no consensus on whether the suppressive effects of compost and
compost tea satisfy the demonstration and measurement criteria of classic soil
suppressiveness (Baker and Chet 1982). That is, a “natural reduction” in pathogen
population levels and plant disease incidence, which is distinct from the decrease
that occurs in monoculture of certain susceptible crops, and is often presumed to be
long-standing (Hornby 1983).

Nonetheless, several field studies have shown that the compost and liquid prepa-
rations such as compost tea made from compost can suppress various phytopathogens
and plant diseases (Pera and Filippi 1987; Joshi et al. 2009; Van Schoor et al. 2009;
Zaccardelli et al. 2011). This means that at least one member of the microbial
community of the soil, i.e. the pathogen, was affected by the application of compost
or compost tea. Therefore, the application of compost or compost tea to soils either
(1) made conditions more favourable for the development of resident antagonists, in
which case the resulting effects can be categorised as induced suppression (Baker and
Cook 1974), or (2) did not stimulate resident antagonists but added antagonists to the
soil, in which case the resulting positive effects can be categorised as introduced
suppression (Hornby 1983). In this context, the positive effects of compost and
compost tea satisfy the more inclusive criteria of suppressive soils, that is, soils in
which disease severity or incidence remains low, in spite of the presence of a
pathogen, a susceptible host plant and climatic conditions favourable for disease
development (Baker and Cook 1974). More so, because compost and compost tea
have the potential to directly and indirectly affect the physico-chemical and biological
properties of soils, they can be viewed as tools, which can be used to enhance or
develop disease-suppressive soils (Trankner 1992; Stone et al. 2004). In this regard,
the major impediments to the use of compost and compost tea have been the less than
desirable and inconsistent levels of plant disease suppression in various cropping
systems. Despite the plethora of studies done to date, our understanding of, and
research into, compost and compost tea is at an early evolutionary stage, particularly
as it relates to predicting disease suppression levels under field conditions.

The objectives of this chapter are to summarise current knowledge on enhancing
soil suppressiveness using compost and compost tea. Predictors and mechanisms of
disease suppression are discussed and factors affecting the efficacy of compost and
compost tea are highlighted. Furthermore, the potential application of molecular
tools for better understanding the relationship between microbial properties of
compost and compost tea and soil suppressiveness is highlighted, and core areas
for research are identified.

2.2 Definitions and Standards

Composting is the controlled, microbial aerobic decomposition and stabilisation of
organic substrates, under conditions that allow the generation of high temperatures
by thermophilic microbes, to obtain an end product that is stable and free of
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pathogens and viable weed seeds and can be used in plant culture (St. Martin and
Brathwaite 2012). The end product, which is a solid particulate extracted during the
maturation and curing phase, is termed compost (Litterick and Wood 2009).
Compost tea is defined as filtered products of compost brewed in water (Litterick
et al. 2004) and brewing, a steeping process of compost in any solvent (usually
water), which lasts for more than one hour (NOSB 2004). Various other definitions
have been provided for compost and compost tea in the literature. However, the
definitions used in this chapter seem more succinctly technical and representative of
attempts made to standardise meanings to facilitate greater clarity of research
progress on disease suppression using compost and compost tea. In this light,
terms such as compost-water extracts (CWE), which are used in many studies,
have been recategorised as either aerated compost tea (ACT) or non-aerated
compost tea (NCT) in accordance with definitions presented in the Compost Tea
Task Force Report (NOSB 2004). ACTs refer to products where the compost-water
extract is actively aerated during the brewing process, and NCTs are products
where the compost-water extract is not aerated or receives minimal aeration only
at the initial mixing stage of the brewing process (Litterick and Wood 2009).
Compost-water extracts are filtered products of compost mixed primarily with
water (or any solvent) but not brewed or held for more than one hour before use
(Scheuerell and Mahaffee 2002; NOSB 2004). Scheuerell and Mahaffee (2002) and
NOSB (2004) can be consulted for a more thorough review of these terms and
others and, likewise, St. Martin and Brathwaite (2012) and Scheuerell and
Mahaffee (2002) for detailed reviews on compost and compost tea production
methods, practices and technologies.

2.3 Suppression of Phytopathogens and Diseases

2.3.1 Soilborne Phytopathogens and Diseases

2.3.1.1 Compost

An increasing body of evidence shows that soils amended with compost can partly
or wholly suppress soilborne phytopathogens and plant diseases (Dickerson 1999;
Fuchs 2002; Tilston et al. 2005). Most of the research efforts on enhancing soil
suppressiveness using compost have focused primarily on root and soilborne
pathogens including Rhizoctonia, Pythium, Phytophthora and Fusarium spp. For
example, Fuchs (2002) found that after 5 years, the receptivity of soils applied
annually with 10 tons/ha of compost to Pythium ultimum or Rhizoctonia solani was
lower compared to soil not amended with compost. More so, the suppressive effects
of compost were clearly observed 1 year after compost application, particularly in
more intensively worked and cultivated fields. Similarly, Tilston et al. (2005) found
that soils amended with green waste compost at a rate of 150 Mg ha ™' significantly
suppressed take-all (Gaeumannomyces graminis var. tritici). However, residual or
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cumulative effects of compost application on the disease suppression were not
detectable within the duration of the field trials. Escuadra and Amemiya (2008)
reported that Fusarium wilt (Fusarium oxysporum f. sp. spinaciae) suppression in
spinach was not evident during the first cultivation. However, notably higher
disease suppressiveness was conferred by compost mixes applied before every
two croppings compared to those applied only at planting.

Notwithstanding the absence or presence of residual, cumulative or delayed
suppressive effects, most studies show that where >50 % disease control was
recorded, compost was applied at a rate of at least 100 tons/ha (Coventry
et al. 2006; Zaccardelli et al. 2011). Such high application rates exceed the
allowable limit of 30 tons/ha for most green composts and 20-30 tons of green or
food-derived compost per hectare set for nitrate vulnerable zones (NVZs) (Council
Directive 91/676/EEC 1991). Moreover, these rates are also potentially hazardous
to the environment, particularly with reference to groundwater and surface water
pollution and the conveyance of heavy metals to the soil.

Juxtaposed against the potential environmental hazard of high compost applica-
tion rates is the issue of the repeatability of disease suppression. This relates to the
difficulty in replicating and standardising compost quality across production
batches and differences in climate, soil type, crop production practices and/or
experimental protocols used in the field. To date, this has been one of the major
limitations in recommending compost as an input for enhancing soil suppressive-
ness in commercial crop production.

In this light, composts have been shown to have neutral and negative effects on
phytopathogens and disease suppression. For example, Merriman (1976) found that
after 245 days, tomato compost applied to sandy clay loam soil at a rate of
17.5 tons/ha significantly increased the mean number of viable sclerotia of
Sclerotinia sclerotiorum, the causal agent of white mould. Likewise, Pera and
Filippi (1987) reported that poplar bark compost applied to field plots of carnation
plants at a rate of 15 % or 30 % (w/w of 20 cm of topsoil) did not suppress Fusarium
wilt (F. oxysporum f. sp. dianthi). Similar results were reported in studies which
evaluated various compost types against Fusarium blight (Microdochium nivale)
(Pratt 2003), root rot (Kim et al. 1997; Rangarajan et al. 2001) and cavity rots
(Coventry et al. 2005). In contrast, Dickerson (1999) found that sewage sludge
compost applied at 48 tons/ha significantly suppressed root rot (Phytophthora
capsici L.) of chile peppers, whereas rates of 72 tons/ha or higher enhanced the
severity of root rot. More complex trends of the effect of compost on soil suppres-
siveness have been reported. For example, Abbasi et al. (2002) observed that
compost showed a significant suppressive effect only in the year with a higher
disease level. Similarly, Lodha et al. (2002) reported that the incidence of dry root
rot (M. phaseolina) of cluster bean differed significantly between years, with
disease suppression with compost being greater in the year with higher disease
levels.

Currently, fewer direct comparisons are being made between the level of disease
suppression achieved through the use of composts and that achieved using standard
fungicide treatments (Litterick and Wood 2009). However, data from such
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comparisons are critical in rationalising the comparative advantages of using
compost in combination with or rather than other control methods such as synthetic
pesticides. In this regard, Asirifi et al. (1994) found that the application of the
fungicide vinclozolin had a significant but lower suppressive efficacy than lucerne
hay compost against Sclerotinia rot (S. sclerotiorum) in lettuce. In contrast, Cov-
entry et al. (2006) reported that onion waste compost was as effective as a standard
fungicide treatment (tebuconazole) in reducing onion white rot (Sclerotinia
cepivorum).

2.3.1.2 Compost Tea

Research on enhancing soil suppressiveness against soilborne diseases using com-
post tea in open-field system is limited. Even rarer are studies on the residual,
cumulative effects and comparative field evaluations of NCT and ACT against
soilborne diseases. From this standpoint, the argument for compost tea as an input
for enhancing soil suppressiveness is weaker than that of compost, particularly as
compost tea has a lower capacity than compost to serve as a substantial carbon or
nutrient source for introduced or resident soil microorganisms. Nonetheless, com-
post teas have been shown to suppress soilborne diseases in various crops and field
conditions (Manandhar and Yami 2008; Joshi et al. 2009; Islam et al. 2014). For
example, Manandhar and Yami (2008) found that aerated and non-aerated compost
and vermicompost teas significantly suppressed foot rot (F. moniliforme) in rice.
Similar results were reported in studies, which evaluated various compost tea types
against bacterial wilt (Ralstonia solanacearum) (Islam et al. 2014), stem canker
(Rhizoctonia solani) (Islam et al. 2013b), apple replant disease (Van Schoor
et al. 2009) and dollar spot (Sclerotinia homoeocarpa) (Hsiang and Tian 2007).
In contrast, Kelloway (2012) reported that the efficacy of the mink compost tea in
controlling dollar spot disease was site specific and variable, with only one location
showing significant control. In one of the few field studies to investigate the
combinatory effects of compost tea and compost, Joshi et al. (2009) found that
poultry manure, Lantana camara and Urtica spp. composts and fermented extracts
made using these composts, significantly suppressed root rot (R. solani) in French
bean (Phaseolus vulgaris L.) over two growing seasons. More so, the suppression
levels of these treatments were similar with seeds treated with the chemical
fungicide, carbendazim. Similarly, Larkin (2008) investigated the relative effects
of biological amendments and crop rotations on soilborne diseases and found that
soil applied with ACT and the combination of ACT with a mixture of beneficial
microorganisms reduced stem canker (R. solani) and common scab (Streptomyces
scabiei) on Irish potato tubers in the 2-year barley/ryegrass but not in the barley/
clover rotations.
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2.3.2 Foliar and Fruit Phytopathogens and Diseases
2.3.2.1 Compost

Field studies on the use of compost to enhance soil suppressiveness against foliar
and fruit (aerial) phytopathogens and diseases are limited. However, the majority of
published works show that composts suppress foliar diseases under field conditions,
mainly by inducing plant defences (Zhang et al. 1996; Stone et al. 2003; Vallad
et al. 2003). For example, Stone et al. (2003) found that the amendment of soil with
paper mill residue compost (PMRC) at a rate of 78.4 Mg/ha resulted in the
suppression of brown spot (Pseudomonas syringae pv. syringae) and anthracnose
(Colletotrichum lindemuthianum) in snap bean and angular leaf spot (P. syringae
pv. lachrymans) in cucumber. Similarly, Vallad et al. (2003) reported that bacterial
speck (P. syringae pv. tomato) in tomato was suppressed with the application of
PMRC or PMRC + bark composts to the soil at a rate of 78.4 Mg/ha. In contrast,
Abbasi et al. (2002) found that the application of yard waste compost to soil at a rate
of 12-15 tons/ha did not result in the suppression of anthracnose in tomato.
However, applied at 24-30 tons/ha, yard waste compost significantly reduced the
severity of anthracnose in tomato. Conversely, Stone et al. (2003) reported that soil
amended with PMRC + bark composts at a rate of 38.1 or 78.4 Mg/ha had no effect
on the severity of anthracnose or angular leaf spot of cucumber.

2.3.2.2 Compost Tea

Unlike compost, the majority of field studies conducted with compost tea have
focused on suppressing aerial phytopathogens and diseases. Though the majority of
these field studies show that compost tea can suppress aerial phytopathogens and
diseases, the suppressive effect is often attributed to changes in the phyllosphere
rather than the rhizosphere. The work done by Islam et al. (2013a) is one of the only
published field study, which has evaluated the suppressive effects of compost tea
applied as a soil drench against a foliar disease. Islam et al. (2013a) found that
compost tea significantly suppressed the severity of late blight (Phytophthora
infestans) in tomato and potato. They suggested that suppression was associated
with the positive effects of compost tea on soil microbial communities as it relates
to increasing the diversity and populations of beneficial microorganisms on root
surfaces and the activation of plant defence pathways in host plants. Similar claims
have been reported in controlled studies; however, further studies with similar
objectives are needed to corroborate such findings.
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2.4 Predictors of the Suppressive Capacity of Compost
and Compost Tea

Although not fully understood, the predictors of the suppressive capacity of com-
post and compost tea have generally been linked to live microorganisms, since soil
suppressiveness against various pathogens has been reduced or lost with the
application of sterilised compost or compost tea (Serra-Wittling et al. 1996;
Bonanomi et al. 2010). To this end, the presence, population density, diversity,
activity, composition and function of microbes in compost and compost tea have
been discussed as single or interrelated biological factors associated with the
development of disease-suppressive soils.

Pal and Gardener (2006) noted that the microbes that contribute most to disease
control are most likely competitive saprophytes and facultative hyperparasites and
plant symbionts. Generally, these microbes, which are at low trophic levels, can
survive on dead plant matter and are able to colonise and express biological control
activities while growing on plant tissues (van Bruggen and Termorskuizen 2003;
Pal and Gardener 2006). Avirulent species such as strains of F. oxysporum binu-
cleate Rhizoctonia-like fungi, which are phylogenetically very similar to phyto-
pathogens, also contribute significantly to disease control. In this light, though other
genera are involved, bacteria in the genera Bacillus, fluorescent Pseudomonas,
Serratia and Streptomyces and fungi in the genera Penicillium, Trichoderma and
Gliocladium are generally regarded as the main microbes responsible for the
suppressive effects of compost and compost tea (Phae et al. 1990; Hoitink and
Fahy 1986; Litterick et al. 2004). As such, most studies have focused almost
exclusively on bacterial and fungal consortia with little focus on specific fungal
types such as yeasts or other microbes including protozoa and beneficial nematodes,
as live agents responsible for the disease-suppressive effects of compost and
compost tea. However, a recent study by St. Martin et al. (2012) highlighted the
possible role of yeast present in ACTs in suppressing the growth of P. ultimum.
Viruses have not generally been considered as agents responsible or related to the
disease suppression resulting from compost and compost tea application. However,
a study by Heringa et al. (2010), which found that five-strain bacteriophage mixture
isolated from sewage effluent and applied to dairy manure compost reduced the
population of Salmonella enterica, may illustrate the potential role of viruses in
disease suppression with compost and compost tea. Though important, Hoitink and
Fahy (1986) noted that the mere presence of known or suspected antagonists in the
compost or compost tea does not ensure disease suppression.

In this regard, microbial population metrics of compost and compost tea have
been evaluated as predictors of disease suppression. However, it is difficult to draw
meaningful conclusions from the results of these studies. For example, Craft and
Nelson (1996) reported that recoverable microbial populations, particularly of fungi
and actinomycetes, were generally higher in suppressive than non-suppressive
composts. However, Stockwell et al. (1994) reported that though no clear statistical
relationships between bacterial populations and disease suppression were observed
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in their study, other reports indicate many of the bacteria and actinomycetes
recovered from suppressive composts were suppressive to P. graminicola in labo-
ratory bioassays. In a similar context, a review paper by Scheuerell and Mahaffee
(2002) indicated that disease-suppressive compost teas had total bacterial
populations ranging from 107 to 10'® CFU/ml. In contrast, Pane et al. (2012)
found that compost tea with total bacterial count of lower than 10~ CFU/ml
inhibited Alternaria alternata, B. cinerea and Pyrenochaeta lycopersici.

In view of these seemingly contrasting findings, St. Martin et al. (2012)
suggested that an examination of the population metrics of specific microorganisms
rather than total microbial populations or types may prove to be more reliable in
rationalising the efficacy between aerated and non-aerated compost teas. Borrero
et al. (2004) found that the microbes in composts that were involved in suppression
of Fusarium wilt in tomato were cellulolytic and oligotrophic actinomycetes and
fungi. They also reported a strong negative correlation between Fusarium wilt
severity and the ratios of cellulolytic actinomycetes/cellulolytic bacteria, oligotro-
phic bacteria/copiotrophic bacteria and oligotrophic actinomycetes/oligotrophic
bacteria. To this end, in a meta-analytical review article, Bonanomi et al. (2010)
reported that total culturable bacteria, fluorescent pseudomonads and Trichoderma
populations were most useful in predicting disease suppressiveness of organic soil
amendments against soilborne plant diseases. However, the authors cautioned that
though total cultural bacteria is an important characteristic, it should not be
considered in isolation to be a reliable predictor of disease suppression, either in
relation to organic matter types or different pathogen species. With the exception of
Fusarium spp., total cultural fungi were considered a poor predictor of disease
suppression. Bonanomi et al. (2010) also reported that in some cases, the negative
effects of composts and crop residues on disease suppression could be explained by
the application of partially colonised organic materials that enhance the microbial
population but also pathogen saprophytic activity.

Owing to the lack of a significant relationship between the level of pathogen
inhibition and the abundance of culturable bacteria or fungi (after 24-h incubation)
in ACT, Palmer et al. (2010) concluded that microbial diversity, more than abun-
dance of culturable bacteria and fungi, was a main factor contributing to the
suppression of disease by compost tea. Similarly, Nitta (1991) and Postma
et al. (2008) all reported positive relationships between microbial diversity of
compost and general disease suppression for various pathogens. In contrast, Borrero
et al. (2004) reported that higher microbial diversity could not explain the suppres-
sion of Fusarium wilt (F. oxysporum f. sp. lycopersici) of tomato in plant growth
media containing or not containing compost. More so, unlike the results of Nitta
(1991), Borrero et al. (2004) found that lower diversity was not associated with
conduciveness to Fusarium wilt. Though important, Borrero et al. (2004) cautioned
that microbial diversity should not be regarded as a reliable predictor of disease
suppression unless examined in the context of corresponding microbial activity and
biomass.

In this light, Chen et al. (1988) reported a high positive correlation between
microbial activity in a compost-amended medium and induction of damping-off
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(P. ultimum) suppression. Conversely, Erhart et al. (1999) found that microbial
activity was positively correlated to damping-off incidence. To this end, Bonanomi
etal. (2010) and Chen et al. (1988) concluded that microbial activity is indicative of
suppressiveness only when the plant growth substrate itself is not stimulatory to
population development of the pathogen. Investigations on the effect of compost tea
application on the enzymatic (e.g. microbial activity and substrate respiration) and
microbiological (fluorescent pseudomonads and Trichoderma populations) proper-
ties of soil and their relationship to disease suppression are lacking and therefore
needed.

With regard to microbial community and functions, Boehm et al. (1997) con-
cluded that a shift in the microbial community composition from Gram-negative
bacteria, which generally have antagonistic ability, to Gram-positive bacteria,
which are less able to antagonise soilborne pathogens, reduces the suppressive
capacity of compost. McKellar and Nelson (2003) found that bacteria and
Actinobacteria capable of metabolising fatty acids (linoleic acid) reduced sporan-
gium germination of P. ultimum, which resulted in induced suppression of Pythium
damping off in cotton. Fuchs (2002) noted that the significant negative correlation
between more intensively worked and cultivated fields and disease receptivity was
likely due to a greater disturbance of the biological equilibrium in these fields
compared to fields that were not as intensively worked or cultivated. However, the
term “biological equilibrium”, which can imply functional relationships among
microorganisms, was not clearly defined by Fuchs (2002). It is not uncommon to
find the use of such ambiguously defined terms, which implies some microbial
functional relational offered as an explanation for the success or failure of disease
control using compost or compost tea. This highlights the need for further research
on the quantitative relationships between microbial abundance, diversity, functions
and disease-suppressive efficacy of compost and compost tea. More so, a better
understanding of mechanism of suppression will serve as an important proxy for
developing more accurate predictors of the suppressive capacity of compost and
compost tea under field conditions.

2.5 Mechanisms of Suppression of Compost
and Compost Tea

Six mechanisms of suppression, which are related to the biotic or abiotic charac-
teristics of compost and compost tea, have been identified: (1) competition for
carbon and nutrients (such as Fe) by beneficial microorganisms, (2) production of
antibiotics or other compounds that is toxic to phytopathogens, (3) hyperparasitism
or predation of phytopathogens by lytic bacteria and fungi, (4) activation of disease-
resistance genes in plants by the compost and compost tea microflora, (5) improved
plant nutrition and vigour due to microbes and (6) physico-chemical properties of
compost and compost tea that are directly toxic to phytopathogens, improve
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nutritional status of crops or induce disease resistance (Hoitink and Boehm 1999;
Mehta et al. 2014). According to Hadar and Papadopoulou (2012), the first three
mechanisms target the pathogen directly and reduce its survival and capacity to
invade the plant, whereas the subsequent two act indirectly via the plant and affect
disease progression in the host plant. The last mechanism shows features of both
direct and indirect pathogen and disease suppression. Most researchers have
explored each mechanism separately. However, it is likely that several mechanisms
may be functioning simultaneously in the suppression of diseases. To date,
microbiostasis (competition for growth resources and/or antibiosis) and hyperpar-
asitism/predation have been identified as the principal mechanisms by which
phytopathogens are suppressed (St. Martin and Brathwaite 2012; Scheuerell and
Mahaffee 2002).

2.5.1 Microbiostasis

In the context of soil suppressiveness, microbiostasis refers to the process of
inhibiting the growth, reproduction and multiplication of pathogens but not killing
them (Ko 1982). It is mainly caused by nutrient deprivation imposed by microbial
activity (Ko 1982), i.e. competition, or by antibiosis, which refers to the release of
specific and/or non-toxic specific metabolites or antibiotics by one organism that
directly suppresses the activity of pathogens (Litterick and Wood 2009). Suppres-
sion by microbiostasis seems to be more effective against pathogens with propa-
gules <200 pm diam. including coliforms, Phytophthora and Pythium spp. (Hoitink
and Ramos 2008).

2.5.2 Competition

Chen et al. (1987) noted that disease suppression based on competition could be
related to microbial metabolic activities and is controlled by the availability and
rate of utilisation of nutrients and energy sources. In this light, Sivan and Chet
(1989) reported that some microorganisms reduce the disease incidence by limiting
iron availability for pathogens through the production of low-molecular-weight
ferric-specific ligands (siderophores) under iron-limiting conditions. Pantelides
et al. (2009) reported that the main mechanism of action of the nonpathogenic
F. oxysporum against V. dahliae was the competition for space or nutrients on the
root surface of host plants. Likewise, Serra-Wittling et al. (1996) concluded that the
suppression of Fusarium wilt was due to microbial nutrient competition, involving
the total microflora of the soil and compost.
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2.5.3 Antibiosis

Strains of Bacillus subtilis and other Bacillus spp., Gliocladium virens,
Enterobacter, Trichoderma harzianum and Pseudomonas spp., which have been
found in compost and compost tea, are known to produce antibiotics or enzymes
that can inhibit growth germination and multiplication of many phytopathogens
(Brinton and Droffner 1995). For example, Vinale et al. (2009) found that harzianic
acid, a metabolite produced by a T. harzianum strain, displayed antibiotic activity
against Pythium irregulare, Sclerotia sclerotiorum and R. solani. Chitinolytic
enzymes produced by Enterobacter strains were also reported to be antagonistic
to R. solani (Chernin et al. 1995), as was “gliotoxin” isolated from Gliocladium
virens to P. ultimum (Lumsden et al. 1992).

2.5.4 Hpyperparasitism/Predation

Microbial hyperparasitism refers to the phenomena in which pathogens are
colonised by specific phylogenetically unrelated microorganisms resulting in lysis
or death (Hoitink et al. 1997). In contrast, microbial predation refers to interactions
in which pathogens are killed usually through phagocytosis (Matz et al. 2007).
Microbial predation is pathogen non-specific, and disease suppression levels are
usually less predictable than with microbial hyperparasitism (Pal and Gardener
2006).

In contrast to microbiostasis, hyperparasitism has generally been observed with
phytopathogens with propagules of >200 pm diam. and in 20 % of uninoculated
composts (Hoitink et al. 1996; Hoitink and Ramos 2008). According to Hoitink
et al. (1996), parasitism is affected by the organic matter decomposition level and
the presence of glucose and other soluble nutrients, which repress the production
and effect of lytic enzymes used to kill pathogens. Hoitink et al. (1997) postulated
that a similar relationship between organic matter decomposition levels and the
production of antibiotics might exist. For example, in compost consisting of fresh
bark, Trichoderma spp. including T. hamatum and T. harzianum, which produce
many lytic enzymes, do not directly attack the phytopathogen, R. solani. However,
as composting progresses, lower concentrations of readily available cellulose and
glucose activate the chitinase genes of Trichoderma spp., producing chitinase to
parasitise R. solani (Kwok et al. 1987; Benitez et al. 2004). Conversely, Penicillium
spp. were the predominant hyperparasites recovered from sclerotia of Sclerotium
rolfsii, in a high-sugar and low-cellulose-composted grape pomace (Hadar and
Gorodecki 1991). It is possible for a pathogen to be hyperparasitised by several
fungal species. For example, Kiss (2003) reported that together, Acremonium
alternate, Acrodontium crateriforme, Ampelomyces quisqualis, Cladosporium
oxysporum and G. virens have the capacity to parasitise powdery mildew
pathogens.
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With regard to liquid extract of compost, El-Masry et al. (2002) concluded that
the presence of clear inhibition zones between compost-water extracts (CWE) from
several composts and pathogenic fungi, the absence of antibiotics or siderophores in
CWE and the presence of protease, chitinase, lipase and p-1,3-glucanase (cell wall-
degrading enzymes) in the CW indicated a possible role for mycoparasitism.
Similarly, Benhamou and Chet (1997) concluded that the marked alteration of the
(beta)-1,3-glucan component of the Pythium cell wall suggested that (beta)-1,3-
glucanases played a key role in the interaction between T. harzianum and
P. ultimum.

2.5.5 Induced Resistance

Plant disease suppression with compost and compost tea through the induction of
plant host defences was believed to be a fairly rare and variable phenomenon
(Hadar and Papadopoulou 2012). However, it has been shown that this phenomenon
is more common than previously thought (Zhang et al. 1998; Khan et al. 2004;
Ntougias et al. 2008; Sang et al. 2010). Microbes present in compost and compost
tea or extracts have been reported to induce plant host defences in the presence of
soilborne and foliar pathogens (Zhang et al. 1998; Wei et al. 1991). Such induc-
tions, which are described as being local and/or systemic in nature, are dependent
on the type, source and amount of stimuli (Keen 1990). In this regard, two forms of
induced plant resistance have been identified: systemic acquired resistance (SAR)
and induced systemic resistance (ISR). In both SAR and ISR, plant defences are
preconditioned by prior infection or treatment that results in resistance
(or tolerance) against subsequent challenge by a pathogen or parasite (Vallad and
Goodman 2004). However, SAR and ISR can be differentiated based on the nature
of the elicitor and the regulatory pathways involved. SAR is induced by the
exposure of root or foliar tissues to biotic or abiotic elicitors, is associated with
the accumulation of pathogenesis-related (PR) proteins and is dependent on the
phytohormone salicylate (Vallad and Goodman 2004), whereas ISR is induced by
the exposure of roots to specific strains of plant growth-promoting Rhizobacteria
(PGPR), is not associated with the accumulation of PR proteins and is independent
of salicylate but dependent on the phytohormones ethylene and jasmonate (Vallad
and Goodman 2004). Moreover, as demonstrated by their reliance on a functional
version of the gene NPR1 in Arabidopsis thaliana, SAR and ISR are intertwined
molecularly (Vallad and Goodman 2004).

Kavroulakis et al. (2006) found that the expression of certain PR genes in the
roots of tomato plants grown in suppressive compost increased, even in the absence
of any pathogen. They therefore concluded that the expression of PR genes may be
triggered by the microflora of the compost or could be associated with abiotic
characteristics of the compost. Using the split-root technique, Zhang et al. (1996)
found that peroxidase activity, a putative marker of SAR in cucumber, was signif-
icantly enhanced in plants grown in the compost-amended mixes. They concluded



2 Enhancing Soil Suppressiveness Using Compost and Compost Tea 37

that the interaction between compost and the pathogen appears to be a critical factor
for rapid activation of SAR-associated gene expression in cucumber plants grown
in compost mix. Similar findings have been reported for compost tea or extracts and
microorganisms isolated from compost. For example, based on the increased
concentration of inducible resistance-related compounds including peroxidase,
phenol oxidase and phenylalanine ammonia lyase activities, Siddiqui et al. (2008)
concluded that induced host resistance was stimulated in okra plants treated with
non-sterilised and filter-sterilised compost teas. Likewise, Sang and Kim (2011)
attributed the suppressive-effect compost-water extract against anthracnose in
cucumber and pepper to a compost mediated ISR property. Hoitink et al. (2006)
and Horst et al. (2005) reported that Trichoderma spp. isolated from compost
triggered system resistance effect in host plants against Phytophthora spp. and
Botrytis cinerea, respectively. Trichoderma spp., which are also known for their
mycoparasitic and antibiosis effects, are also widely studied their ISR effects
(Hoitink et al. 2006; Khan et al. 2004).

2.6 Improved Plant Nutrition and Vigour Due to Microbes

Compost and compost tea have been reported to contain plant growth-promoting
Rhizobacteria (PGPR) and endophytes, which are known to improve plant growth
and vigour (Scheuerell and Mahaffee 2002; Insam et al. 2002; Castano et al. 2011).
As such, even when the composts are not directly suppressive to phytopathogens,
plant growth and vigour may be stimulated or induced by increased nutrient uptake.
The resulting effect may be plants that are more resistant or tolerant to pathogen
attack. Some Gram-negative bacteria species from the genera such as Pseudomo-
nas; Gram-positive bacteria species from the genera Bacillus, Paenibacillus and
actinomycetes; as well as arbuscular mycorrhizal fungi (AMF) species have been
reported to be involved in such indirect mechanisms of phytopathogen and disease
control. Pseudomonas fluorescens, which is the most studied species within the
genus Pseudomonas, stimulate plant growth by suppressing deleterious rhizosphere
microorganisms (Bouizgarne 2013), facilitating nutrient uptake from soil
(De Weger et al. 1986) or by producing plant growth-promoting substances (Ryu
et al. 2005). In contrast, species of Paenibacillus have been shown to induce plant
growth by fixing atmospheric nitrogen (von der Weid et al. 2002) and producing
auxins (Da Mota et al. 2008) and cytokinin (Timmusk et al. 1999). Moreover,
certain Bacillus, actinomycetes and AMF species are reported to stimulate plant
growth by increasing the uptake of soluble phosphorus (El-Tarabily 2008; Deepa
et al. 2010).

Microorganisms including AMF and strains of Pythium oligandrum have also
been shown to induce anatomical and morphological changes in root systems
(Pharand et al. 2002; Atkinson et al. 1994), alter rhizosphere profiles (Meyer and
Linderman 1986) and increase host tolerance to pathogen attack by compensating
for the loss of root biomass or function caused by pathogens (Cordier et al. 1996).
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However, the significance of these findings as it relates to plant protection or a
mechanism of biocontrol has not yet been sufficiently considered or evaluated.
Nonetheless, mature compost has been inoculated with some of these microbial
species including T. hamatum, Chryseobacterium gleum and B. subtilis and non-
pathogenic strains of F. oxysporum to improve disease-suppressive efficacy. Gen-
erally, results show small but significant increases in the suppressive effect of
mature compost inoculated with suspected or known BCA or beneficial microor-
ganisms (Coventry et al. 2006; Ryckeboer 2001). The effectiveness of microbial
inocula to improve the suppressive effects of compost is dependent on the capacity
of the substrate to support microbial growth and activity (Cotxarrera et al. 2002;
Dukare et al. 2011; Hoitink and Fahy 1986).

2.7 Physico-chemical Properties of Compost
and Compost Tea

While important, microbiological properties per se do not fully explain the capacity
of compost and compost tea to enhance soil suppressiveness. Physico-chemical
properties of compost and compost tea may protect plants against various diseases
through direct toxicity, improved nutritional status or SAR. For example, Spencer
and Benson (1982) and Hoitink and Fahy (1986) found that the ability of compost to
suppress diseases caused by pathogens, to which free water is important for asexual
multiplication, was dependent on the ability of compost to raise the air capacity of a
substrate above 15 %. Cronin et al. (1996) and Sang et al. (2010) concluded that the
suppressive effects of fermented compost extracts were not biological in nature
since sterilising or micron filtering extracts did not significantly affect the results.
They both suggested that suppression was likely due to presence or activity of heat-
stable chemical compounds. However, without the identification of these specific
heat-stable chemical compounds, and the use of molecular tools to elucidate the
community structure and functional role of microbes in compost extracts, it is
unclear whether this heat-stable chemical factor was produced by microorganisms.

Nonetheless, disease-suppressive effects have been attributed to organic and
inorganic compounds present in compost or compost tea or released by microor-
ganisms inhabiting these inputs. Humic, phenolics, bioactive compounds and
volatile fatty acids (VFAs) have often been suggested as organic compounds,
which play an important role in disease suppression with compost and compost
tea. For example, Pascual et al. (2002) found that compost and its humic fractions
significantly reduced P. ultimum populations in soil and the number of root lesions
on pea plants. Tenuta et al. (2002) demonstrated that under acidic conditions
(pH 4.75) non-ionised forms of VFAs from liquid swine manure were toxic to
microsclerotia of Verticillium dahliae Kleb., the causal agent of Verticillium wilt in
potato. However, the mechanism by which VFAs are toxic to V. dahliae is
unknown.
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Nonmicrobial inorganic compounds, such as aluminium and nitrogen from
N-rich organic matter decomposition, can also affect pathogens (Fichtner
et al. 2004; Lazarovits et al. 2005). Fichtner et al. (2004) reported an aluminium-
mediated suppression of Phytophthora parasitica in a potting medium containing
20 % composted swine waste. Fichtner et al. (2004) noted that both abiotic and
biotic suppression may have occurred, but at different times. They therefore
concluded that aluminium amendments may be effective at protecting the plant
before beneficial microbial populations reach a threshold necessary for suppression,
if exchangeable aluminium levels of the medium are >2 uM Al g~'. High nitrogen
levels and high ammonium-to-nitrogen ratios have been reported to enhance
Fusarium wilt incidence, and severity has been reported by several researchers
(Woltz and Jones 1981; Hoitink et al. 1987; Borrero et al. 2012). The suppressive
capacity of compost and compost tea is also affected by the pH and electrical
conductivity of these inputs and of the soil (Spencer and Benson 1981; Jones
et al. 1991; Hoitink et al. 1996; Cotxarrera et al. 2002). Hoitink et al. (1996)
reported that highly saline compost (>10 dS/m) enhanced Pythium and
Phytophthora diseases unless they are applied months ahead of planting to allow
for leaching. In contrast, Pane et al. (2011) found a negative correlation between
salinity of compost-amended substrates and damping off (Sclerotinia minor) in
Lepidium sativum. MacDonald (1982) and Al-Sadi et al. (2010) reported that high
salinity levels do not inhibit mycelial growth of P. ultimum but negatively affects
plants, making them more susceptible to attack by the pathogen. Hoitink
et al. (1996) noted that the pH of compost affects its potential to be colonised by
beneficial bacteria. At pH values of <5.0, the growth, reproduction and multipli-
cation of bacterial biocontrol agents are generally inhibited (Hoitink et al. 1991).
Compost pH also affects the availability of macro-and micronutrients for plant
uptake or pathogen use, which in turn affects disease incidence and severity. A
classic example of this is the use of the pH of plant growth substrates as a chemical
environmental index for Fusarium wilt in tomato (Woltz and Jones 1981; Jones
etal. 1991). The unavailability of micronutrients such as Cu, Fe and Zn, at substrate
pH values of >7.5, can limit growth, sporulation and pathogenicity of F. oxysporum
(Jones et al. 1993). Furthermore, the low availability of Fe can induce siderophore
production and microbial competition for Fe (Alabouvette 1999). Fusarium wilt
severity tends to be higher at substrate pH values of 5—7, which are most favourable
for the growth and survival of pathogenic Fusarium species (Oritsejafor 1986). In
contrast, Blaker and MacDonald (1983) showed that low pH (<4.5) reduced
sporangium formation, zoospore release and motility of Phytophthora cinnamomi,
a causal agent of root rot and dieback in many plant species. As such, pine bark
compost with pH values of 4.4—4.5 has been used as a substrate or substrate
component to suppress Phytophthora, Rhizoctonia and Pythium root rot diseases
(Spring et al. 1980; Nelson et al. 1983).

Plant-based composts are suspected to contain compounds that mimic chemical
signals from the root or shoot exudates of host plants (Mehta et al. 2014). These
chemical signals are suspected to be important in host identification and triggering
germination of pathogens before they come in contact with host plants
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(Chen et al. 1988). Mehta et al. (2014) noted that the mimicry of these chemical
signals may explain why Yogev et al. (2006) found that pathogen activity and
proliferation is reduced with plant-based compost, even in the absence of a host.
Mehta et al. (2014) termed this type of suppression as “ineffective pathogen
proliferation” and categorised it as separate from more conventional mechanisms
or factors. Further research is needed to clearly demonstrate this type of suppression
and to support the need to distinguish it from more established mechanisms. This is
particularly important since generally, a pathogen propagule does not significantly
proliferate in the absence of a host (Lockwood 1990).

To this end, the six biological control mechanisms of compost and compost tea
have been classified into two broad classes: “general” and “specific” suppression
(Cook and Baker 1983). General refers to suppression that can be attributed to the
activities of many different types of microorganisms, which result in the generation
of a hostile environment for the development many pathogens or diseases (Hoitink
and Boehm 1999). General suppression is linked to both abiotic and biotic substrate
characteristics (Baker and Cook 1974). In contrast, specific suppression is attrib-
uted to the presence and/or activity of one or a few microorganisms. To this end,
competition and production of antibiotics are mostly involved in general suppres-
sion effects, whereas predation, parasitism and activation of disease resistance are
more often manifested by specific microorganisms (Hadar and Papadopoulou 2012;
Cook and Baker 1983). It is likely that two broad classes of suppression are not
mutually exclusive. In fact, Bonilla et al. (2012) hypothesised that in most cases,
suppressive soils owe their activity to a combination of general and specific
suppression. However, most researchers have concluded that compost and compost
tea suppress phytopathogens and diseases through general rather than specific
mechanisms. Unfortunately, the disease-suppressive effects resulting from general
mechanisms are not easily transferable from one medium to another.

Regardless of the mechanisms, i.e. general or specific, the degree of disease
suppression observed with the application of compost or compost tea to soils can
vary greatly or be short lived. The duration of suppressiveness and degree of
efficacy of compost and compost tea depend on many production, application and
soil factors including the feedstock types composted; the composting or compost
tea brewing process; the use of nutrient or microbial amendments; the rate, time and
frequency of application; and the physical, chemical and biological characteristics
of the soil. Some of these factors, e.g. organic matter decomposition level and
compost maturity, were highlighted or briefly discussed in the previous subsections.
For more comprehensive and detailed discussions of these factors, the works of
St. Martin (2014), St. Martin and Ramsubhag (2014) and Scheuerell and Mahaffee
(2002) can be consulted.
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2.8 Conclusions and Future Outlook

Despite their limited use, compost and compost tea have much potential as tools for
enhancing the suppressive capacity of soils. These potentially low-cost and envi-
ronmentally benign alternatives to chemical fungicides have been shown to sup-
press many fungal and bacterial pathogens through similar mechanisms and
processes ascribed to naturally suppressive soils. However, less than desirable
and inconsistent levels of disease suppression achieved with compost and compost
tea effectively limited their use as tools for enhancing soil suppressiveness in
conventional cropping systems. Conversely, the use of compost and compost tea
as tools for enhancing soil suppressiveness in organic crop production system is
deemed important to producers who have limited disease control options (Mahaffee
and Scheuerell 2006; St. Martin and Brathwaite 2012). This widespread use limi-
tation appears to be related to the complexity and dynamisms of microbial ecolog-
ical processes involved in the production and application of compost and compost
tea. As such, it appears that increasing our understanding of the microbial ecology
of the compost-soil-plant interactions may assist in improving the consistency and
efficacy of disease suppression for particular compost types, pathogens, crops and
soil and environmental conditions. To achieve this, a systems biology approach,
which addresses the complex, simultaneous and dynamic interactions of variable
communities that affect plant health, is needed (Lazarovits 2014). However, thus
far, there have been limited applications of these techniques in the study aimed at
enhancing soil suppressiveness using composts and compost tea.

St. Martin (2014), Mehta et al. (2014) and Mazzola (2004) reviewed the poten-
tial use of molecular-based methods, including polymerase chain reaction (PCR)
combined with techniques such as DNA sequencing, denaturing gradient gel
electrophoresis (DGGE), temperature gradient gel electrophoresis (TGGE) and
terminal restriction fragment length polymorphism (T-RFLP); real-time PCR;
DNA arrays; and metagenomic libraries for assessing community structure and
function as it relates to disease suppression with compost or compost tea.

Pang et al. (2009) demonstrated that metagenomic analysis could be used to
identify and characterise a novel endoglucanase enzyme from compost soils. Kim
etal. (2010) used metagenomic libraries to characterise a novel family VIII alkaline
esterase from a pig manure-mushroom waste compost. It is expected that much
more studies using the “omics” technologies such as metagenomics, metatran-
scriptomics and metabolomics and next-generation sequencing will be completed
in the near future. Such studies will provide a tremendous opportunity for eluci-
dating the microbial and metabolic dynamics associated with suppressiveness of
compost. In turn, this will provide the basis for developing or optimising production
and application protocols for consistently suppressive compost and compost tea. As
with microbial biocontrol in general, research and developmental work on compost
and compost tea should focus on the ecology of plant-associated microbes, the
application of antagonistic microbial strains/inoculant strategies, discovering novel
strains and mechanisms of action, and practical integration of these findings into
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agricultural systems remain (Pal and Gardener 2006). More specifically, the long-
term residual and cumulative effects of compost and compost tea soil amendments
on general and specific suppression should be investigated. This research should be
done on various soil types using low compost application rates.

Despite such research, inducing general or specific suppression in soils using
compost or compost tea might not be sufficient or possible to achieve commercially
viable disease control in many disease and cropping systems (Stone et al. 2004). In
such cases, other strategies or combinations of strategies such as the use of crop
rotation, cover and rotation crops, tillage and inputs including plant genetic
resources and amendments will be necessary.
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Chapter 3

Soils and Crop Health in Rice-Wheat
Cropping System Under Conservation
Agriculture Scenario

D.P. Singh

3.1 Introduction

Wheat and rice are the major cereals besides maize for human consumption.
Although both rice and wheat are grown in different cropping systems, wheat
after rice is one of the world’s principal agricultural production systems. Typically
in the South Asian region, wheat is grown from November to April followed by rice
during the monsoon from June—July to October—November. The rice—wheat system
(RWS) has been practiced by farmers in Asia for past more than 1000 years and
occupies 24—26 million ha (M ha) in Asia (Jing et al. 2010). Out of this, 13.5 M ha is
in the Indo-Gangetic plains (IGP), amounting to 32 % of the total rice area and 42 %
of the total wheat area in four countries. A negative yield trend and plateauing of
productivity of rice and wheat have been experienced leading to excessive utili-
zation of natural resource bases (Pathak et al. 2003). The main threatening factors
for sustaining the productivity and production of RWS are the efficiency of current
production practices, the scarcity of resources (water, labor, etc.), and climate and
socioeconomic changes. Over the years, the soil organic matter content had reduced
due to burning of crop residues after mechanical harvesting, and it is still a common
practice under RWS. The soil and crop health is believed to be improved by
incorporating crop residue into the soil using conservation agriculture (CA) prac-
tices. This review presents findings from recent research on resource conservation
technologies involving tillage and crop establishment options that are enabling
farmers to sustain productivity of intensive RWS through better soil and crop
health. Much of this work has focused on understanding the effect of CA on soil
and plant health aiming to produce rice and wheat cereals at a lower cost through
reduced tillage and residue retention. Several kinds of these CA technologies are
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being adopted by farmers according to their needs and conditions. In zero tillage,
wheat seeds are drilled into unploughed fields which retain the residues from the rice
crop. In reduced tillage, the seeds are surface sown onto rota-tilled soil. The surface
seeding of wheat into standing rice or after rice harvest has been long used by farmers
in parts of South Asia where soil moisture is generally too high after rice harvest and
hampers conventional tillage. The CA is more sustainable and environmentally
friendly and uses energy. Farmers may save on tillage costs, irrigation water, fossil
fuel and can sow their wheat early at reduced or same cost by using CA (Chauhan
et al. 2012; Koshal 2014). One ton of wheat grains remove about 24.5, 3.8, and
27.3 kg of N, P, and K, respectively, whereas similar production of rice grains
removes 20.1 kg N, 4.9 kg P, and 25.0 kg K (Tandon and Sekhon 1988).

3.2 Rice and Wheat Ecosystem

Rice and wheat crops have different requirements of soil and water. Rice in most of
the cases is transplanted in puddled soils and fields are generally kept in submer-
gence condition. Puddling serves to break down soil aggregates. It reduces macro-
porosity and soil strength in the puddled layer and results in formation of dense
zone of compaction (i.e., plow pan) in subsoil. The wheat is on the other hand
grown in well-drained and in good tilth dry soil. Therefore, the RWS is an annual
cycle of aerobic to anaerobic conditions for growing rice after wheat. The process
results to changes in several physical, chemical, and biochemical conditions of soil,
affecting availability of nutrients, root penetration, and moisture availability
(Ponnamperuma 1985).

3.3 Conservation Agriculture and Soil Health

Crop production removes varying amounts of mineral nutrients depending on
production and nutrient-supplying capacity of the soil. This process is influenced
due to soil type, soil organic matter content, amount of nutrients applied, and
removal or recycling of crop residues in the soil. Both rice and wheat are heavy
feeders of nutrients. The long-term cultivation of RWS resulted in mining of major
nutrients (N, P, K, and S) from the soil as well as created a nutrient imbalance,
leading to deterioration in soil quality. Among nutrients, the deficiencies of N, P,
and K are most extensive (Tandon and Sekhon 1988). Different types of soil
aeration and tillage practices in RWS tend to influence soil health for crop growth
as they will influence the number of detrimental and beneficial organisms in the
rhizosphere. Conservation agriculture helps in maintaining a permanent or semi-
permanent organic soil cover. The growing of crop or use of dead mulch protects
soil physically from sun, rain, and wind and feeds on soil biota. Mechanical tillage
disturbs this process. Therefore, zero or minimum tillage and direct seeding are
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important elements of CA. The crop residues on the surface of soil under CA
increase water infiltration and reduce erosion.

Among different tillages, the highest increase of porosity and field capacity was
recorded in zero tillage in wheat—-mung bean—rice cropping system in Bangladesh.
Zero tillage also resulted in highest total N, P, K, and S in their available forms as
compared to conventional, minimum, and deep tillages. The zero tillage with 20 %
residue retention was therefore found most suitable for soil health and achieves
optimum yield under the cropping system in Grey Terrace soil (Alam et al. 2014).

Soils in the IGP contain low organic matter due to RWS. Excessive nutrient
mining of soils is one of the major causes of fatigue experienced in soils under the
RW system. The RWS removes more quantities of nutrients than the amount added
through fertilizers and recycled. Sulfur deficiency has also been observed in soils in
NW region of India, particularly in soils that are coarse-textured, low in pH, and
poor in organic matter (Sharma and Nayyar 2004). Rice requires more amount of
micronutrient than that of wheat. Zn deficiency has become widespread in the IGP
(Shukla and Behera 2011) and is more in rice and that of Mn is morein wheat.
Deficiencies of other micronutrients such as Fe, Cu, and B are also on increase.
Removal of all the straw from crop fields leads to K mining at alarming rates. Major
K contents absorbed by plant (80-85 %) remain in rice and wheat crops. K is
removed by crops than N and P, resulting in a negative K balance in the soil
(Tandon and Sekhon 1988). The practice of RWS on long-term basis depletes
soil of K in spite of the application of optimum doses of fertilizer K mainly due
to non-incorporation of crop residues in soil (Tandon and Sekhon 1988). Fertilizer
use in general is consistently increasing and so is the N-P,0s—K,O ratio due to the
imbalanced use of these nutrients. More and more N is being used with a very low
rate of K application. The partial factor productivity of N, P, and K for food grain
production has dropped from about 81 kg grain per kg of N, P, and K in 1966-1967
to 15 kg grain per kg N, P, and K in 2006-2007 (Benbi and Brar 2009). The
efficiency of applied nutrients has been about 50 % for N, <25 % for P, and 40 %
for K (Witt et al. 1999). The lower efficiency results due to leaching, runoff,
gaseous emission, and fixation by soil. For improving the productivity of RWS,
inclusion of short duration legumes between wheat and rice, balanced use of
nutrients, incorporation of rice crop residues in soil after harvest, and application
of a consortium of beneficial microbes for fast decomposition of residues may help
to restore soil fertility.

3.4 Conservation Agriculture and Soil Microbial
Population

The proper balance of beneficial microbes in soils in RWS is stressed to make the
system more productive. In recent past, few studies have been conducted to show
the effects of CA on population of microbes. The CA techniques are gaining
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popularity and therefore have led to the need for more research into their effects on
soil and plant health. The soil inhibiting microbes (bacteria, fungi, and actinomy-
cetes) play an important role in the soil ecosystem. Fungi are major decomposers of
plant residues and release nutrients that sustain and stimulate plant growth in the
process in the soil ecosystem. Some fungi possess properties antagonistic toward
plant pathogens. Verhulst et al. (2009) studied the soil microbial population in RWS
under zero tillage. Soil microbial biomass C and N were directly correlated with
residue retained on the soil surface in both rainfed and the irrigated conditions. The
soil microbial biomass is an important parameter to assess the ability of soil to store
and cycle nutrients (C, N, P, and S) and organic matter. The suppression of crop
pathogens is also related to total soil microbial biomass, which competes with
pathogens for resources or acts as antagonist. Therefore, soil microbial biomass is
an important indicator of soil quality. The rate of organic C input from plant
biomass is a major factor in regulating the amount of microbial biomass in soil.
The microbes get the energy from C of crop residue (Verhulst et al. 2009).
DNA-based methods to study complex fungal community structures have been
used, and a combination of 18S-rDNA PCR amplification and TGGE community
analysis helps in knowing the diversity, composition, and dynamics of the fungal
community in bulk soil and in the rhizosphere. A well-developed and diverse
rhizosphere community is thought to play a role in the suppression of pathogens
(Jarosik et al. 1996). Knowledge of the structure and diversity of the fungal
community in the rhizosphere will lead to a better understanding of pathogen—
antagonist interactions. An array of molecular techniques, such as amplified ribo-
somal DNA (rDNA) sequencing, amplified rDNA restriction analysis, and temper-
ature and denaturing gradient gel electrophoreses (TGGE and DGGE) of rDNA, has
been applied to understand the microbial population structures in the environment.
It resulted to tremendous increase in knowledge of microbial ecology and has
revealed the existence of formerly unknown microorganisms (Smit et al. 1999).
Banerjee et al. (2006) conducted experiments to understand the effect of
decrease in soil organic carbon on decreasing trends in productivity of RWS. The
effect of soil organic carbon (SOC) on soil microbial biomass carbon (MBC)
dynamics in the rice-wheat systems was also studied. The organic amendments
and puddling of soil before rice transplanting increased SOC and MBC contents.
The microbial biomass was low initially, reached its peak during the flowering
stages in both rice and wheat, and declined thereafter. Microbial biomass carbon
was linearly related to SOC in both rice and wheat. It was concluded that SOC could
be used as a proxy for MBC. Sandeep et al. (2010) studied the effect of lantana
(Lantana camera L.) residue incorporation on long-term basis (>12 years) on major
soil microbes and on certain soil chemical properties in the rice—wheat cropping
system at Palampur (Himachal Pradesh) with four levels of lantana incorporation
and three tillage practices (no puddling, puddling, and soil compaction). After
12 crop cycles (2001-2002), Lantana residue application at 10, 20, and 30 Mg ha™"
increased soil organic carbon (7, 13, and 19 % over 1.29 g C kg~ ' under no residue
treatment) and pH (5.23-5.29 as against 5.12 in the control). Lantana incorporation
at 10-30 kg ha ' also recorded a significant increase in the bacterial (249—
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369 x 10* CFU), fungal (148-220 x 10* CFU), actinomycete (79—144 x 10* CFU),
and phosphorus-solubilizing microorganism (53—100 x 10* CFU) counts (0-0.15 m
soil depth) compared to control. The most important variable contributing to rice and
wheat yield was soil organic carbon (R = 86-95 %), followed by bacteria and fungi.

Anju Rani (2012) studied the root parameters of wheat (analyzed region width,
height, area, and diseased root area) in different treatments of CA under RWS
(Table 3.1). Better root architect was recorded in plots where crop residues of both
wheat and rice were left in field. The burning of crop residues on the other hand had
negative effect on root health. The higher surface area of root invited a higher
number of microbiota in soil whereas the higher root length helped plant to survive
better in adverse water conditions (Anju Rani 2012). Likewise, highest CFU
numbers per Petri dish were recorded in case of plots where residue of both rice

Table 3.1 Effect of different CA practices on microbial population in wheat rhizosphere soil

Total colony counts/plate (9 cm diameter)
CFU/
Petri | Streptomycetes Aspergillus
plate | colonies Bacteria colonies heteromorphus
Chalky white Dark
CA treatments (Main) colony yellow | Orange |Cream | Black colony
Removal of residue of | 52.1 1.7 14.8 8.0 25.3 2.0
rice and wheat
Incorporation of rice | 34.0 |2.2 14.0 1.3 16.4 0.0
and wheat crop
residue
Incorporation of rice | 32.1 1.4 10.4 1.7 18.4 0.0
residue and removal
of wheat residue
Burning of residue of |[44.2 |8.5 6.5 3.6 25.4 0.0
both rice and wheat
Burning of rice resi- | 38.3 | 1.4 11.0 2.8 23.0 0.0
due and removal of
wheat residue
Retention of rice and | 54.1 1.3 13.4 1.5 37.4 0.0
wheat residue
Retention of rice res- | 25.9 | 1.3 2.0 1.5 20.3 0.0
idue and removal of
wheat residue
Mean 40.1 |25 10.3 2.9 23.8 0.3
CD (5 %) 33 |12 2.5 1.1 2.1 0.3
N application treatments (Sub)
N 100 kg/ha 39.0 |42 5.9 2.2 26.0 0.5
N 150 kg/ha 503 |17 16.6 32 28.4 0.3
N 200 kg/ha 31.0 (20 8.4 3.5 16.9 0.0
Mean 40.1 |2.6 10.3 3.0 23.8 0.3
CD (5 %) 22 (0.8 1.7 0.7 14 0.2
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and wheat was retained in field and allowed to decompose (Table 3.1). Significantly
high (CFU/plate) were recorded in plots applied with N150 kg/ha as compared to
N100 and N200 kg/ha. The residue incorporation in field in RWS also favored
higher counts of bacteria and fungi. The counts of Aspergillus heteromorphus were
only found in plots where residue of both crops was removed. The predominant
fungal species found in the wheat rhizosphere under RWS and CA were A. terreus,
A. heteromorphus, Fusarium spp., Penicillium spp., Alternaria triticina, and
Bipolaris sorokiniana; bacteria and actinomycetes were also found. Bacterial
counts were higher than fungal and actinomycete counts (Rani 2012). More studies
are required to know what is going on in rhizosphere of rice and wheat in RWS
under different soil tillage methods, residue incorporation, fertilizer doses, irri-
gation, soil types, and type of cultivars.

3.5 Conservation Agriculture and Plant Health

Conservation tillage affects the microbial biomass in the top 5-15 cm of soil by
accumulating crop residue and organic matter and thus promotes survival of patho-
gens. Only a proportion of the rhizofloral population goes toward plant pathogens.
Higher soil microbial activity may lead to competition effects that may ameliorate
pathogen activity and survival and counteract a high pathogen inoculum pressure.
Microbial antagonism in the root zone can lead to the formation of disease-suppres-
sive soils (Sturz et al. 1997). Soil factors (soil water, aeration, compaction, porosity,
and temperature) affect survival of soil-borne plant pathogens and their antagonists.
Increased soil water can reduce disease through reducing plant water stress.
Reduced soil aeration or temperature or increased soil water or compaction can
predispose the host to infection and disease development. High soil water can also
increase disease through increasing motility of the pathogen or diffusion of host
exudates. Pore size of soil may limit activity or movement of the plant pathogens.
Changes in soil physical factors also may limit diseases by affecting microbial
antagonism (Rothrock 1992). The soil fertility and plant health are directly related.
The poor land management and declining soil fertility often result in an increase in
soil-borne pests. Therefore, management of soil health in ways that conserve and
enhance a fully functional soil biota may improve crop yields and quality. A diverse
soil community helps to reduce losses due to soil-borne pests, but also regulate
decomposition of organic matter and toxic compounds, and thereby improve
nutrient cycling and soil structure. Mezzalama et al. (2001) reported an increase
in the incidence of wheat diseases like crown rot (Fusarium pseudograminearum)
and tan spot (Pyrenophora tritici-repentis) under zero tillage.

Kohli and Fraschina (2009) reported higher incidence of foliar and spike dis-
eases (species of Alternaria, Fusarium, Helminthosporium, and Septoria) in plots
having wheat stubble on the soil surface and under zero tillage system. Of these, tan
spot caused by Pyrenophora tritici-repentis (Died.) Drechs. teleomorph of
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Drechslera tritici-repentis (Died.) Shoem. has become of worldwide importance
and is associated with the increase in the conservation agriculture. Higher intensity
of Fusarium head blight, FHB (Fusarium graminearum), was reported under zero
tillage. The intensity of leaf rust disease caused by Puccinia recondita is not
affected due to different tillage systems. Acevedo et al. (2009) reported an increase
in the incidence of some diseases caused by Fusarium, Septoria tritici, Helmintho-
sporium tritici, and Erysiphe graminis in wheat when grown under no tillage. The
root length density, however, is higher in the surface soil of no-till (0—5 cm) when
compared to conventional tillage (Martinez et al. 2008) which may be due to higher
nutrients and microbial activity.

Trichoderma are free-living and fast-growing fungi in soil and root ecosystems
of many plants and inhibit soil pathogens through antibiosis, antagonism, and
competitive exclusion. Furthermore, Pseudomonas and Trichoderma species that
function as biocontrol agents do not inhibit nitrogen fixers, arbuscular mycorrhizal
fungi, and other beneficial microbes that positively impact plant growth. Tricho-
derma species have also been known to produce phytohormones and solubilize/
mobilize phosphates. A number of Trichoderma species were isolated from differ-
ent soil samples and were screened for their potential as biocontrol agents against
known plant pathogenic fungi such as Alternaria alternata and Curvularia sp.,
Bipolaris oryzae, Magnaporthe grisea, and Rhizoctonia solani. The formulation
increased rice yield by 40 % with increase in seedling vigor, plant height, number of
tillers, and their carry-over effect on grain yield (Reddy and Lalithakumari 2009).
Singh et al. (2002) also suggested that the adoption of RCT did not adversely affect
soil biology. Nematodes which affect the grain yield in wheat were not found in
significant numbers which may be due to regular flooding that takes place in the rice
crops. The predominant fungal species found in the rhizosphere of wheat and rice
were Fusarium species, Drechslera rostrata, and Penicillium species. Joshi
et al. (2002) also did not notice any difference in severity of rice or wheat diseases
in two tillage systems. However, in another study made by Sister et al. (2013), the
disease severity of blast in rice was significantly lower in the no-tillage cropping
system than in the conventional tillage system. The root-knot nematode
(Meloidogyne graminicola) in RWS population density, root-knot index, and
wide nematode to root biomass ration were reduced in case of zero till rice followed
by zero till wheat and green manuring with Sesbhania sp. as compared to other CA
practices (Upadhyay et al. 2014). Ando et al. (2014) inoculated rice seedlings with
Burkholderia glumae at germination and cultivated organic soils. The development
of seedling rot symptoms was significantly suppressed on organic soils, but not on
conventional soil. Such disease-suppressive activity of the organic soils was also
observed on rice seedling damping-off disease caused by B. plantarii. The disease
suppression was completely compromised once the organic soils were sterilized at
121 °C, indicating biological activity included in organic soils seems to be associ-
ated with the suppression of rice seedling diseases. Suppression of take-all of
wheat, caused by Gaeumannomyces graminis var. tritici, is induced in soil after
continuous wheat monoculture. It is attributed, in part, to selection of fluorescent
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pseudomonads capable to produce the antibiotic 2.4-diacetylphloroglucinol
(Mazzola 2002). Such information on suppressive soils and their effects on the
incidence of diseases of rice and wheat in cropping system need to be generated in
the near future. The use of biological control agents in RWS will help in preventing
and managing pests along with host resistance and cultural practices.

3.6 Conclusions

The sustainability of rice—wheat cropping system is dependent on both soil and plant
health. The RWS will continue to be the most predominant among cropping systems
in Indo-Gangetic region in spite of alternatives available mainly due to preference of
farmers, minimum support prices of produce, as well as favorable policies of
governments. It is also important to keep the South Asian region food secure since
both wheat and rice are preferred cereal food. The studies conducted in the past
indicated no major effect of RWS on plant health except decline in organic carbon
over the years which may be a cause of concern. The conservation agriculture may
play an important role in correcting the soil health and indirectly contribute to plant
health positively. The incorporation of beneficial microbial population will go along
way in making positive soil and crop health in RWS besides optimum utilization of
natural resources and fossil fuel in an eco-friendly manner.
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Chapter 4
Developing Disease-Suppressive Soil
Through Agronomic Management

R.S. Yadav, Jitendra Panwar, H.N. Meena, P.P. Thirumalaisamy,
and R.L. Meena

4.1 Introduction

Plant diseases need to be controlled for maintaining the quality and quantity of
food, feed, and fiber. Soilborne plant pathogens are one of the major limiting factors
in most of the agroecosystems for the production of economical yields. Mostly they
survive in bulk soil, but the parasitic relationship with crop plants is established in
the rhizosphere. Soilborne pathogens caused numerous diseases like seed decay,
pre- and postemergence damping off, wilting of roots, root rot, stem rot, crown rot,
collar rot, decay of collar and fruits in trees, etc., and made serious losses to
agricultural crops. These pathogens produce resting bodies in the soil which are
long lasting and difficult to eliminate. The various diseases and symptoms are
manifested by the plants which are difficult to diagnose and generally confused
with the nondistinct symptoms caused by abiotic factors and/or due to lack of
nutrients. Various approaches have been used to prevent, mitigate, or control the
plant diseases. The practices for managing plant disease are largely based on
genetic resistance in the host plants, management of the plant and its environment,
and use of synthetic chemicals (Strange 1993). However, the use of agrochemicals
needs to be ensured for safety of human health and environment (NRC 1996).
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Moreover, issues like legal control on pesticide use (NRC 1996), their nontarget
effects (Elmholt 1991), development of resistance in pathogens (Russell 1995),
political pressure to ban the use of such hazardous chemicals, etc., are the concerns
to think about other eco-friendly alternatives for stable agroecosystems. For this,
developing disease-suppressive soils is one of the most eco-friendly viable options
to reduce the plant disease pressure as well as to strengthen the agroecosystems for
sustainable agriculture. Generally, competition, antibiosis, parasitism, enhance-
ment of plant resistance, etc., are the major mechanisms employed in developing
suppressive soils. Numerous factors like soil properties (Hoeper and Alabouvette
1996), soil microbial activity or the soil respiration (Van Os and Van Ginkel 2001),
microbial diversity and composition (Garbeva et al. 2006), microbial population
density (Tuitert et al. 1998), presence of antibiotic genes (Garbeva et al. 2006),
agronomic management (Hoitink and Boehm 1999; Berg et al. 2002; Larkin and
Honeycutt 2006), etc., are the key factors to determine the soil suppressiveness.
Although, the mechanism behind soil suppressiveness is still not clear in many
pathosystems. Both positive and negative correlations were reported between
soil characteristics and suppressiveness, depending on the pathogens and the
agroecosystems involved (Janvier et al. 2007).

The farm management practices used for crop cultivation not only promote the
plant growth but also the soil suppressiveness having high efficacy for disease
control without any additional cost and effect on the environment. Therefore,
agronomic management practices are of multidimensional effects and have the
high priority in contemporary agriculture (Martin 2003). The agricultural practices
like crop rotation, tillage, fertilizers and organic amendments, use of microbes, etc.,
influence disease suppressiveness considerably. Nonetheless, many soil character-
istics could interact, and hence, it will be very difficult to predict the precise effects
of the agricultural practices on suppressiveness for specific disease and soil type
(Janvier et al. 2007). Probably the soil suppressiveness is a combined effect of
general and specific suppression, where the first relates to activity, biomass, and
diversity and the second is the result of the presence of specific antagonistic groups.
Therefore, knowledge about the process that results in increased soil suppressive-
ness is a prerequisite for its application under natural conditions. In this review,
agronomic strategies for developing disease-suppressive soils for improved soil and
plant health and productivity as well as for environmental benefits are discussed.

4.2 Suppressive Soils

The soils in which pathogens fail to establish or to produce disease are called
disease-suppressive soils (Baker and Cook 1974). Two types of disease suppression
have been described on biological basis, i.e., general and specific suppressions
(Fig. 4.1). General suppression is the overall effect of the microbial community
principally through resource competition which differs from specific suppression.
The specific suppression relates with specific mode of action against pathogen
populations (Weller et al. 2002). It is evident that most of the soils possess both
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Suppressive Soils
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Fig. 4.1 Types of suppressiveness occurred in soils under different agroecosystems

general and specific suppressive activities at varying degrees which are greatly
altered by management practices (Weller et al. 2002). The suppressive soils are also
known for multiple soilborne pathogens and have been further categorized as long-
standing or induced (Hornby 1983). Long-standing suppression is naturally asso-
ciated with soil and is of unknown origin, whereas induced suppression develops as
a result of crop management (Fig. 4.1). Some well-known examples of specific
suppressive soils are Fusarium wilt of watermelon, take-all decline of wheat
(Weller et al. 2002), Rhizoctonia damping off of cucumber, scab decline of potato,
etc. (Menzies 1959).

Naturally occurring disease-suppressive soils have been well documented in a
variety of cropping systems, and in many instances, the biological attributes contri-
buting to suppressiveness have been identified. In spite of an understanding for
mechanisms leading to the suppressive state, it is very difficult to realize the
transfer of this knowledge into achieving effective field-level disease control.
This might be due to the complex nature of biological control system and the
inconsistent results for disease control in different agroecosystems under disease-
suppressive soils (Pal and Gardener 2006). Therefore, greater emphasis is to be
placed on manipulation of the cropping system to manage resident beneficial
rhizosphere microorganisms as a means to suppress soilborne plant pathogens.
Maintaining high levels of organic matter on the soil surface and incorporated
into soil generally is associated with lower incidence and severity of root diseases
(Bailey and Lazarovits 2003).
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4.3 Factors Responsible for Enhancing Soil Quality, Plant
Health, and Crop Productivity

The agronomic operations like plant species, land preparation, irrigation, and
manure and fertilizer application are generally used by the farmers for crop culti-
vation. These practices considerably influenced the soil rhizosphere and biogeo-
chemistry as well as growth and composition of microbial communities around
plant roots. Plant roots and microorganisms are the vital component of the rhizo-
sphere, and the total biomass and composition of rhizosphere microbial populations
markedly affect interactions between plants and the soil environment. Therefore,
the beneficial conditions for plant growth could be created by the use of amend-
ments in the soil, breeding or engineering better plants, and manipulating plant/
microorganism interactions. Plant root system, rhizosphere and rhizodepositions,
soil properties, microbial diversity and microbiome, cultural practices, etc., are
some of the major factors responsible for soil health and productivity of the crop
plants (Fig. 4.2). These factors have positive influence on plant growth and devel-
opment by facilitating plant establishment, enhanced nutrient availability, tolerance
to stresses, improved plant protection, induced systemic plant disease resistance,
etc. However, the benefits of root zone microbial biodiversity are still not certain in
managed agroecosystems. Further management for disease control and yield max-
imization often minimized the community complexity and also disrupted the
ecosystem stability. Therefore, the complexity of plant—soil-microbial interactions
varied greatly, and the complete understanding of all the relationships involved
is very difficult to be understood. Nevertheless, these beneficial biological
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Fig. 4.2 Factors interacting with soil quality and affecting the plant health and productivity
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interactions can be evaluated for better soil and plant health and also devised the
management strategies accordingly.

4.3.1 Root System and Rhizosphere

Traditionally the root system was thought to provide anchorage and uptake of
nutrients and water. However, it is the key element to a plant interacting with its
surroundings by secreting various biochemical compounds as root exudates (Bais
et al. 2006). Secretion of these compounds varies between different plant species
(Rovira 1969), ecotypes (Micallef et al. 2009), and even distinct roots within a plant
(Uren 2007). The diverse compounds released by plants as root exudates including
sugars, proteins, fatty acids, flavonoids, amino acids, aliphatic acids, etc., create a
unique environment in the rhizosphere (Badri and Vivanco 2009). All these differ-
ent compounds are able to attract and initiate both symbiotic and pathogenic
interactions within the rhizosphere (Bais et al. 2006).

Rhizodeposition that comprises of border cells, root debris, and root exudates are
the major organic carbon source to the soil (Uren 2007) which could probably
attract microorganisms that service the plant via biochemically active root system.
Root exudates varied in composition and concentration depending on many factors
like edaphic conditions, agronomic management (Bowen and Rovira 1999), age of
the plant (De-la-Pena et al. 2010), soil type (Rovira 1969), biotic and abiotic factors
(Flores et al. 1999), etc. All these factors also alter the microbial composition of the
rhizosphere (Micallef et al. 2009) as these exudates are also used as growth sub-
strates (Vandenkoornhuyse et al. 2007) by soil microbes for their population
density and activities. Hence, the rhizosphere harbors many organisms having
multiple effects on the plants like deleterious, beneficial, and neutral in action.
The rhizosphere is also a battlefield where the complex rhizosphere community,
both microflora and microfauna, interact with pathogens and influence the outcome
of pathogen infection. Therefore, rhizosphere engineering may ultimately reduce
our reliance on agrochemicals by replacing their functions with beneficial
microbes, biodegradable biostimulants, or transgenic plants. For further details,
see Ryan et al. (2009).

4.3.2 Soil Properties and Plant Health

Soils are highly diverse and dynamic in nature, allowing for habitation to diverse
communities of microorganisms (Schloss and Handelsman 2006). The diverse
communities of microbes have been associated with soils of varying texture
(Girvan et al. 2003), nutrient content (Frey et al. 2004; Faoro et al. 2010), and
soil pH (Fierer and Jackson 2006; Rousk et al. 2010). The bacterial community in
soils was greatly influenced by soil pH (Fierer and Jackson 2006), and a strong
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correlation was observed between soil pH and the diversity and composition of
bacterial communities across the biomes (Rousk et al. 2010). Thus, soil factors and
plant root activities have been shown to strongly influence the soil microbial
community.

Physicochemical properties of the soils like texture, structure, density, pH, EC,
carbon content, nutrient content, C:N ratio, altitude, ratio of cations (Ca2+, Mg2+,
and Al3+), etc., were more or less correlated to suppressiveness (Faoro et al. 2010).
These suppressive effects were found variable among different soil types like more
effective in sandy organic matter poor soils (Tenuta and Lazarovits 2004) and
reduced Fusarium diseases at high soil pH (Borrero et al. 2004). Soil biological
properties like enzymes, respiration, microbial functions, etc., strongly influenced
the soil suppressiveness against multiple soilborne pathogens. Fluorescein diacetate
(FDA) hydrolysis is consistently related to suppressiveness of composts on Pythium
(Chen et al. 1988). FDA hydrolysis was also proposed as a promising indicator for
predicting organic matter suppressiveness (Hoitink and Boehm 1999). However,
subsequent studies reported contrasting relationships for disease suppression in
relation to both OM type and pathogen species (Yulianti et al. 2006). The substrate
respiration was also considered as an important indicator for disease suppression as
FDA hydrolysis which could be explained by the model of general suppression
(Weller et al. 2002).

4.4 Microbial Diversity and Disease Suppression

The microorganisms in the rhizosphere are the key agents for changes in soil
agroecosystems. The interactions between plant root systems and microorganisms
have an intense effect on crop health, yield, and soil quality. Microorganisms like
pathogenic fungi, oomycetes, bacteria, and nematodes adversely affect plant
growth and health. In contrast, a wide range of microorganisms are also present
which are beneficial to the plant and include nitrogen-fixing bacteria, endo- and
ectomycorrhizal fungi, and plant growth-promoting bacteria and fungi (Pal and
Gardener 2006). Several microorganisms have been suggested to be involved for
general soil suppressiveness like Trichoderma spp. (Wiseman et al. 1996),
V. biguttatum (Velvis et al. 1989), Pseudomonas population (Mazzola and Gu
2002), combination of Pantoea, Exiguobacterium, and Microbacteria (Barnett
et al. 2006), etc., but their mode of action is still not clear. The nonpathogenic
fusaria (the most common components of soil microbial communities) and
deuteromycetes such as Penicillium species are strongly antagonistic to pathogenic
fusaria (Fravel et al. 2003; Sabuquillo et al. 2005). Actinomycetes are also known
to be a strong producer of antibiotics and have a direct influence on disease
suppression (Mazzola et al. 2001). Recently fluorescent pseudomonads attained
the highest percentage of positive correlation (73 %), followed by sporigenus
bacteria (60 %) and Trichoderma spp. (56 %) with no cases of negative correlation
with suppressiveness (Pal and Gardener 2006). These microbial groups are able to
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increase plant growth and development through production of phytohormones
(Patten and Glick 1996), as biocontrol of phytopathogens in the root zone (Weller
1988), manipulation of ethylene levels (Glick et al. 1998), enhanced availability of
minerals (Marschener and Romheld 1994), etc. Several species have been devel-
oped as biocontrol agents, with modes of action such as antibiotic production
(Whipps 1997) and mycoparasitism (Harman et al. 2004).

Mycorrhizae are the dynamic symbionts between fungi and plants and occur on
most terrestrial plant species. These fungi can prevent root infections by reducing
the access sites and stimulating host defense. Various mechanisms employed by
mycorrhizae to suppress plant pathogens includes intricate network of fungal
hyphae around the roots, physical protection, chemical interactions, and other
indirect effects like enhanced plant nutrition, increased root lignifications, bio-
chemical changes of the plant tissues (Morris and Ward 1992), alleviation of abiotic
stress, changes in mycorrhizosphere biology (Linderman 1994), etc. Specifically,
disease protection by ectomycorrhizal fungi may involve multiple mechanisms
including antibiosis, synthesis of fungistatic compounds by plant roots in response
to mycorrhizal infection, and a physical barrier of the fungal mantle around the
plant root (Duchesne 1994). Hence, the rich diversity of the soil microbes provides
apparently the incessant resource for suppression of plant diseases (Elizabeth and Jo
1999).

4.5 Role of the Microbiome in Plant Health
and Productivity

Soil microbiome provides an important role in disease-suppressive soils along with
increased plant productivity (Mendes et al. 2011). Enhanced species richness and
diversity resulted into quick recovery from the stresses which might be due to high
functional redundancy within the soil microbiome (Nannipieri et al. 2003). The
high functional redundancy in soil microbial diversity also confers protection
against soilborne diseases (Brussaard et al. 2007; Mendes et al. 2011). This
balanced microbiome due to enhanced microbial diversity does not allow pathogens
to flourish (Mendes et al. 2011; Schnitzer et al. 2011). Many studies on disease-
suppressive ability of particular taxons or group of microbes have been correlated
with soil community as a whole (Garbeva et al. 2004; Mendes et al. 2011). For
further details, see Chaparro et al. (2012).

Microbial community evenness has been also identified as one of the important
factors for community functioning, soil health, and plant productivity (Crowder
et al. 2010; Wittebolle et al. 2009). It ensures that no individual microbial taxum is
able to flourish and/or upsetting the ecological balance (Elliott and Lynch 1994).
Increased competition found in diverse and even microbial communities reduces
the niche spaces available for potential invaders (Hillebrand et al. 2008; Naeem
et al. 2000), and a lack of community microbial evenness has been associated with
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reduced plant productivity (Wilsey and Potvin 2000). It is suggested that when
environmental fluctuations occur, even communities are quickly able to adapt to the
new environment and sustain high productivity over time (Hillebrand et al. 2008;
Wittebolle et al. 2009). These examples highlight the benefits of ensuring even and
diverse microbial communities to produce healthy soil, high levels of nutrient
cycling (Elliott and Lynch 1994) and to combat stress and disease (van Bruggen
and Semenov 2000).

4.6 Mechanisms of Suppressive Soils

The ability of soil to suppress disease is of key importance in measuring soil
productivity (Janvier et al. 2007). Many factors as discussed in the previous section
determine the effectiveness of suppressive soils to combat the invading pathogens
in soil-plant systems. The soil suppressiveness encompasses various mechanisms
including competition, antibiosis, allelopathy, hyperparasitism, and induction of
plant disease resistance (Fig. 4.3), which are being operative through different
precursors like soil microbes, soil amendments, cropping systems, etc. (Haas and
Défago 2005). Various soil bio-indicators like microbial biodiversity and compo-
sition (Garbeva et al. 2006), population density (Postma et al. 2008), the presence of
specific antagonists (Postma et al. 2008), the presence of antibiotic genes (Garbeva
et al. 2006), or combination of these have been related to soilborne disease
suppressiveness. However, these mechanisms responsible for soil suppressiveness
are not fully understood, and the effect may also differ depending on the host—
pathogen systems (Janvier et al. 2007). The airborne diseases may also be reduced
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Fig. 4.3 Mechanisms of soil suppression in different agroecosystems
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by soil microorganisms and induced systemic resistance (ISR) as reported in
experiments under controlled conditions (Kloepper et al. 1999).

4.6.1 Allelochemicals

Allelochemicals are well known to influence a wide variety of soil and crop
management-related processes (Sturz and Christie 2003). These processes include
soil health, nutrient transfer, weed control, crop compatibility within rotations,
residue management, plant growth and development, and disease-suppressive
soils (Narwal 2000). Various plant-derived allelochemicals have been identified
for weeds (Hoagland and Cutler 2000), fungal pathogens (Lovett and Hoult 1995),
nematodes (Sukul 1992), and insects (Jacobsen 1989). Allelochemicals are second-
ary metabolites comprising lytic agents and enzymes (Glick et al. 1998), antibiotics
(Bender et al. 1999), siderophores (Marschener and Crowley 1997), auxins (Patten
and Glick 1996), volatile compounds (Claydon et al. 1987), and phytotoxic sub-
stances (Hoagland and Cutler 2000). However, the major source of allelochemicals
in the rhizosphere is believed to be the plants. These allelochemicals are generated
directly or indirectly, from precursor compounds released into the root zone and
subsequently transformed through abiotic (i.e., oxidation) or biochemical reactions
through the action of microbes or higher organisms (Tang et al. 1989). Suppression
of Meloidogyne incognita by entomopathogenic nematodes has been proposed to be
an allelopathic event mediated by symbiotic bacteria (Grewal et al. 1999).

4.6.2 Niche Competition and Microbiostasis

These are the mechanism that exists between pathogens and other microbial
populations (Stephens et al. 1993). The siderophore-producing bacteria with high
affinities for iron have been found to inhibit certain phytopathogens in iron-limited
soils due to iron deficiency (Dowling et al. 1996). Similarly, by establishing partial
sinks for nutrients, rhizobacteria can reduce the amount of carbon and nitrogen
available for fungal spore germination and phytopathogen growth in the root zone
(Elad and Baker 1985). The action of microbial population against pathogens was
also proposed by altering the physical habitat rather than denial of the food source
(Lockwood 1988) which were described as substrate antagonism (Lockwood 1986).
In soil biostasis, microbial decomposers produce inhibitors during competitive
interactions. The spectrum of inhibitors varies with microbial community compo-
sition. The inhibitors do not only affect the direct microbial competitors but have
also negative effect on other soil-inhabiting organisms (Fig. 4.4). This ability of
certain portions of a soil microbial population to impose fungistasis/biostasis
appears to be relatively nonspecific. Thus, most isolates of actinomycetes, bacteria,
and fungi were capable of initiating some degree of fungistasis (Lockwood 1964) or
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Fig. 4.4 Illustration of the soil biostasis concept. The length, weight, and pattern of the arrows
illustrate the amount of supporting evidence for this concept (Source: Garbeva et al. 2011)

general microbiostasis (Ho and Ko 1986) when applied to sterilized soil or artificial
soil, respectively. A more detailed discussion on biostasis can be found in Garbeva
et al. (2011).

4.6.3 Antibiosis

Production of specific or nonspecific microbial metabolites, lytic agents, enzymes,
volatile compounds, or other microbial toxins is often reported as agents of disease
suppression (Fravel 1988; Lambert et al. 1987; Leyns et al. 1990). Antibiotics
synthesized by rhizobacteria can contribute to microbial antagonism and persis-
tence in the root zone soil (Kerry 2000). Antibacterial, antifungal, and anti-
nematode activity has been identified in the antibiotic-producing strains of a wide
range of bacterial genera, but most notably from Agrobacterium spp., Pseudomonas
spp., Bacillus spp., Trichoderma virens, Lysobacter spp., Pantoea agglomerans,
Burkholderia cepacia, etc. (Table 4.1). P. fluorescens bacteria that produce the
antibiotic 2, 4-diacetylphloroglucinol (DAPG) are well known for their capacity to
suppress diverse soilborne diseases (Weller et al. 2002), especially take-all disease
of wheat (Raaijmakers and Weller 1998). Antibiotic production confers a compe-
titive ecological advantage to the producer microbe; plants that stimulate root zone
colonization by beneficial rhizobacteria will also benefit through the development
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of a protective root zone microflora. Similar antibiosis responses may also be
delivered by a protective bacterial endophyte flora localized within specific tissues
of the host (Sturz et al. 1999).

4.6.4 Induced Systemic Resistance in Plants

Induced systemic resistance (ISR) in plants occurs when root colonization by
certain nonpathogenic rhizobacteria stimulates defense-related genes such as
those encoding the production of jasmonate (van Wees et al. 1999), peroxidase
(Jetiyanon et al. 1997), and enzymes involved in the synthesis of phytoalexins (van
Peer et al. 1991). ISR is often described as a heightened state of defense-related
preparedness, which may be expressed locally or systemically within the activated
plant, and results in either delayed symptom development or reduced disease
expression (Liu et al. 1995) but only after pathogen penetration. While bacterial
strains can differ in their ability to induce resistance, multiple pathogens may be
inhibited by individual strains of rhizobacteria, indicating a general defense mecha-
nism being induced in the plant (Hoffland et al. 1996). Even so, no consistent
structural alterations have been identified in plants subjected to ISR, and cultivar-
specific variations in the level of the ISR response have been reported (see review
by Van Loon et al. 1998; Sturz and Christie 2003). Some of the bacterial determi-
nants and type of host resistance induced by biocontrol agents as described by Pal
and Gardener (2006) are given in Table 4.2.

4.6.5 Root Camouflage

Root camouflage (Gilbert et al. 1994) is the concept to explain decreased microbial
population densities in the rhizospheres of disease-resistant cultivars (Lochhead
et al. 1940). This mechanism was postulated to attract soil pathogens on plant roots
(i.e., rhizosphere) than in root-free soil so as to targeting the root system for
pathogen attack. A reduction in the population densities of root zone microbial
communities was observed to the levels of resistant donor parent in wheat cultivars
and to that of the surrounding soil (Neal et al. 1970, 1973). Thus, the presence of the
root system is believed to be masked. Further it refers to the mechanisms involved
in regulating disease suppression and pathogen reduction as described by Sturz and
Christie (2003).
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Table 4.2 Bacterial determinants and types of host resistance induced by biocontrol agents

Plant
Bacterial strain species Bacterial determinants Type | References
Bacillus mycoides Sugar beet | Peroxidase, chitinase, ISR | Bargabus
strain Bac J and p-1,3-glucanase et al. (2002)
Bacillus pumilus 203-6 | Sugar beet | Peroxidase, chitinase, ISR | Bargabus
and p-1,3-glucanase et al. (2004)
Bacillus subtilis GBO3 | Arabidopsis | 2,3-butanediol ISR | Ryu et al. (2004)
and IN937a
Pseudomonas Tobacco Siderophore SAR | Maurhofer
fluorescens strains et al. (1994)
CHAO Arabidopsis | Antibiotics (DAPG) ISR |Tavicoli
et al. (2003)
WCS374 Radish Lipopolysaccharide ISR | Leeman
et al. (1995a, b)
Siderophore Leeman
et al. (1995a, b)
Iron-regulated factor Leeman
et al. (1995a, b)
WCS417 Carnation Lipopolysaccharide ISR | Van Peer and
Schippers (1992)
Radish Lipopolysaccharide ISR | Leeman
et al. (1995a, b)
Iron-regulated factor ISR | Leeman
et al. (1995a, b)
Arabidopsis | Lipopolysaccharide - Van Wees
et al. (1997)
Tomato Lipopolysaccharide - Duijff
et al. (1997)
Pseudomonas putida Arabidopsis | Lipopolysaccharide - Meziane
strains et al. (2005)
WCS 358 Arabidopsis | Lipopolysaccharide - Meziane
et al. (2005)
Siderophore - Meziane
et al. (2005)
BTP1 Bean Z.,3-hexenal - Ongena
et al. (2004)
Serratia marcescens Cucumber Siderophore ISR | Press et al. (2001)

90-166

Source: Pal and Gardener (2006)

4.7 Agronomic Management Practices to Develop

Suppressive Soils

Agricultural practices like crop rotation (Cook et al. 2002), intercropping
(Schneider et al. 2003), tillage and organic amendments (Tilston et al. 2002;
Mazzola 2004; Stone et al. 2003), and their combinations (Garbeva et al. 2004)
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spectacularly influenced the disease suppressiveness. Although the changes in soil
suppressiveness due to altered agricultural management are often site-specific
(Cook 2007). It is a well-known fact that agronomic practices have often lead to
decreased soil fertility by loss in soil organic matter, soil microbial biomass, soil
organisms, and soil structure (Bellamy et al. 2005; Khan et al. 2007); consequently,
it affected the soil suppressiveness to control the diseases (Van Bruggen and
Semenov 2000). Therefore, better understanding of the processes and the potential
to maintain or reestablish disease suppressiveness is essential for developing
sustainable agricultural practices.

It is uncertain up to what extent soil suppressiveness could be reestablished by
agronomic management practices or by introduction of soil microbial communities
in disturbed soils. Numerous strategies have been investigated, altering soil micro-
bial communities to develop soil capacity for suppression of soilborne plant
diseases. Crop management practices including crop rotation (Huber and Schneider
1982), input system like organic versus conventional (Workneh et al. 1993; van
Bruggen 1995), and tillage and fertilization (Smiley 1978) will influence ecological
processes that affect microbial communities involved in the suppression of soil-
borne plant pathogens. All these observations inferred that based on the knowledge
of the operative biological mechanisms, the capacity exists to enhance or diminish
the suppressive nature of the resident microbial community through timely appli-
cation of the appropriate agronomic practices (Hoeper and Alabouvette 1996;
Pankhurst et al. 2002). It is well evident that induction of soil suppressiveness is
often mediated through transformations in soil microbial communities over time
(Liu and Baker 1980; Larkin et al. 1993; Raaijmakers et al. 1997; Mazzola and Gu
2002). Hence, there may be a commendable opportunity to enhance the disease-
suppressive state in the soils using various agronomic practices which would be the
prerequisite for successful adoption of such disease control strategy. Some of the
agronomic practices enhancing soil suppressiveness are summarized as mentioned
below.

4.7.1 Organic Amendments

Various organic amendments like cover crops, animal and green manure, organic
wastes, plant residues, composts and peats, etc., have been proposed to provide
plant nutrition as well as control of diseases caused by soilborne pathogens
(Steinberg et al. 2004; Widmer et al. 2002; Cotxarrera et al. 2002). These organic
amendments have been successfully used to increase the soil suppressiveness to
different diseases in agricultural and horticultural crops (Table 4.3). The effective-
ness and the level of disease control obtained depend on many factors like chemical
nature of the materials used, the composting process and degree of decomposition,
type of microorganisms present, etc. These factors might be the probable reasons
for contradictory reports for efficacy of disease control by organic amendments
in the soil which seriously hinder the practical use of these amendments as
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Table 4.3 Organic amendments and plant disease suppression

Organic
S. No. |amendments Disease suppression References
1. Vermicompost | Phytophthora Szczech and
Smolinska (2001)
2. Vermicompost Chickpea collar rot disease (Sclerotium Sahni et al. (2008)
rolfsii)
3. Vermicompost Verticillium wilt of eggplant Elmer and Ferrandino
(2009)
4. Hairy vetch Fusarium wilt of watermelon Zhou and Everts
(Vicia villosa) (2004)
5. Swine manure Microsclerotia of Verticillium dahliae Tenuta et al. (2002)
6. Compost tea Damping off (Pythium ultimum) Scheuerell and
Mahaffee (2004)
7. Composted Rhizoctonia damping off Nelson et al. (1983)
hardwood bark
8. Brassica napus | Apple root pathogens Mazzola et al. (2001)
seed meal
amendment
9. Broccoli Verticillium wilt of cauliflower Koike and Subbarao
residues (2000)
10. Composted Rhizoctonia Diab et al. (2003)
swine solani on Impatiens
Waste
11. Composts Damping off and root rot (Pythium Craft and Nelson
graminicola) of creeping bent grass (1996)
12. Brassica napus | Rhizoctonia root rot Cohen et al. (2005)
seed
meal
13. Hardwood bark | Rhizoctonia solani Chung, et al. (1988)
media
14. Synthetic and Southern blight of tomato Bulluck and Ristaino
organic (2002)
soil fertility
amendments
15. Composted Sclerotinia minor (garden cress) Pane et al. (2011)
municipal
biowaste
Composted cow
manure
16. Vegetal Rosellinia necatrix (avocado) Bonilla et al. (2009)
composts
17. Fresh farmyard | Rhizoctonia solani (basil) Tamm et al. (2010)
manure
18. Viticulture Rhizoctonia solani (garden cress) Pane et al. (2011)
waste compost
Composted cow
manure
19. Bark compost Pythium ultimum (garden cress) Erhart et al. (1999)

(continued)
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Organic

S. No. | amendments Disease suppression References

20. Animal and Pythium ultimum (garden cress) Pane et al. (2011)
vegetal
composts

21. Chipped euca- Phytophthora cinnamomi (avocado) Downer et al. (2001)
lyptus
trimmings

22. Sludge Phytophthora cinnamomi (avocado) Bender et al. (1992)
vermicompost

23. Fresh and Phytophthora cinnamomi Aryantha et al. (2000)
composted (white lupin)
chicken manure

24. Vegetal Fusarium spp. on several hosts Yogev et al. (2006)
composts

25. Vegetal com- Sclerotium rolfsii (tomato) Bulluck and Ristaino
post (2002)
Poultry manure
Green manure
(legumes)

26. Horse manure Verticillium dahliae (eggplant) Malandraki et al.
Municipal green (2008)
waste
Wood shavings

217. Sewage sludge | Laetisaria fuciformis, Pythium Nelson and Boehm

graminicola, R. solani, Sclerotinia (2002)
homoeocarpa, and Typhula incarnate

28. Brassica napus | Rhizoctonia root rot (Rhizoctonia solani Cohen et al. (2005)
seed meal AG-5) in apple

29. Cruciferous soil | Aphanomyces root rot of peas Papavizas (1966)
amendments

30. Organic Thielaviopsis basicola Papavizas (1968)
amendments

31. Organic Gaeumannomyces graminis var. Tritici in | Mazzola and Gu
amendments wheat (2002), Weller et al.

(2002), Tilston
et al. (2002)

32. Organic Pythium splendens McKellar and Nelson
amendments (2003)

33. Cotton-gin trash | Sclerotium rolfsii Coventry et al. (2005)

34. Organic Macrophomina phaseolina Lodha (1995)
amendments

disease-suppressive materials (Termorshuizen et al. 2006). The effectivity and
suppressive potential of organic amendments could be improved by inoculation
of decomposed composts with specific strains of antagonistic microorganisms.
Substantial effort has been made during the last decade for reliable indicators
of organic matter-suppressive capability (Noble and Coventry 2005; Janvier
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et al. 2007). Testing of various organic matters on different pathosystems is the
traditional approach for identification of characteristics responsible for disease
suppression (Scheuerell et al. 2005; Termorshuizen et al. 2007). For instance,
FDA hydrolysis assay has been correlated with organic matter decomposition
(Schnurer and Rosswall 1982), peat (Boehm et al. 1997), and compost suppressive-
ness (Chen et al. 1988). The degree of decomposition of the amendments (Hoitink
and Boehm 1999; Janvier et al. 2007) is also an important indicator for disease
suppression in different plant species.

Significant changes in the correlation between suppressiveness and the level of
decomposition have been reported for crop residues (Papavizas and Davey 1960),
organic wastes (Kotsou et al. 2004), peats (Boehm et al. 1997), and composts (Diab
et al. 2003). The biocontrol effect is sustained for as long as the parent organic
matter remains constant for factors like particle size, salinity, pH, carbon-to-
nitrogen ratio, lignin-to-cellulose ratio, and moisture (Hoitink et al. 1997). The
microbial carrying capacity declines with decomposition of organic matter which
ultimately declines the disease suppression. However, mostly biological control
agents colonized naturally in the composts at indefinite extent which often leads to
reduction in the efficacy or reproducibility effects between batches of composts.
Therefore, an understanding of the influence of the degree of organic matter
decomposition on the suppression of soilborne disease is essential to improve our
predictive capability.

Plant residues left on or near the soil surface may contribute to an increase of
disease suppressiveness through the promotion of the general microbial activity.
When residues are buried, the pathogens are displaced from their niche to deeper
layers in the soil and their ability to survive is severely decreased. Repeated
incorporations of crop residues can affect a change in the activity of residue-
borne microorganisms that in turn influence the decomposition of crop residues.
Carbon released from this decomposition contributes to an increase of soil micro-
bial activity and thereby enhances the level of general suppression. Developing
disease-suppressive soils by introducing organic amendments and crop residue
management takes time, but the benefits accumulate across successive years,
thereby leading to an improvement of soil health and structure (Bailey and
Lazarovits 2003).

4.7.2 Soil Solarization and Biofumigation/Biodisinfection

Solarization or solar heating is a method that uses the solar energy to enhance the
soil temperature to levels at which many plant pathogens will be killed or suffi-
ciently weakened to obtain significant control of the diseases. Solarization is a
hydrothermal process, and its effectiveness is not only related to the temperature
but also to the soil moisture. The efficiency of the process can be improved by
combining soil solarization and organic amendments (Ndiaye et al. 2007; Oka
et al. 2007). The duration of solarization is also an important factor determining
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the effectiveness of the treatment. Solarization does not destroy all soil microor-
ganisms, but modifies the microbial balance in favor of the beneficial microorgan-
isms. An important characteristic of soil solarization is its broad spectrum of
activity including activity against fungi, nematodes, bacteria, weeds, arthropod
pests, and some unidentified agents.

Disease control and yield increase have been reported after 2—-3 years of solar-
ization (Gallo et al. 2007). This long-term effect is probably due to both the
reduction of the inoculums density and some induced level of disease suppressive-
ness of the soil. Many studies report that the efficacy of soil solarization is not only
due to a decrease of pathogen populations but also to an increase of the density and
activity of populations of antagonistic microorganisms such as Bacillus spp.,
Pseudomonas spp., and Talaromyces flavus. Several review papers are available
that describe both the technology of solar heating and mechanisms involved in the
control of pests, pathogens, and weeds by solarization (DeVay 1995; Katan 1996).

Biofumigation or biodisinfection is the strategy based on plastic mulching of the
soil after incorporation of fresh organic matter which is suitable for cooler regions
(Blok et al. 2000). Although the mechanisms involved are not fully understood,
anaerobic fermentation of organic matter under plastic mulch and production of
toxic metabolites are the two mechanisms considered to be contributed to the
inactivation or destruction of pathogenic fungi. Therefore, two definitions have
been proposed by Lamers et al. (2004), that is, biofumigation corresponds to the use
of specific plant species containing identified toxic molecules, whereas bio-
disinfection refers to the use of high quantities of organic matter resulted in
anaerobic conditions mainly responsible for the destruction of pathogens. For
example, many species of Brassicaceae produce glucosinolates, a class of organic
molecules that may represent a source of allelopathic control of various soilborne
plant pathogens (Kirkegaard and Sarwar 1998).

4.7.3 Soil Tillage

However, it is very difficult to assess the role of tillage on disease suppression as its
evaluation is often combined with the effects of other agricultural practices such as
organic amendments and green manure burial, residue management, or crop rota-
tions (Bailey and Lazarovits 2003). Therefore, tillage appears as giving conflicting
effects on disease suppression. Conventional tillage results in considerable distur-
bance of the soil but removes residue from the surface. Tillage also disrupts hyphae,
thereby affecting the ability of fungi such as R. solani to survive (Bailey and
Lazarovits 2003). Reduced tillage can also favor pathogens by protecting the
pathogen’s refuge in the residue from microbial degradation, lowering soil temper-
ature, increasing soil moisture, and leaving soil undisturbed (Bockus and Shroyer
1998).

A variable impact of conservation tillage practices on plant disease development
has been reported depending on the specific regional crop—pathogen—environment
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interactions (Sturz et al. 1997; Bailey et al. 2001). Leaving plant debris on the
surface or partially buried in the soil may facilitate the survival of some pathogens
until the succeeding crop is planted, but conditions favorable for microbial anta-
gonism of plant pathogens may also be increased (Baker and Cook 1974; Boosalis
et al. 1981) under such systems. Soil physical and chemical properties, moisture
and temperature, root growth, and pathogen vectors are all influenced by tillage
practice, and consequently pathogen virulence, diversity, and host susceptibility are
likewise influenced (Sumner et al. 1981). A list of the impacts of minimum tillage
on specific crops and their associated pathogens can be found in Sturz et al. (1997).
Plant residues left on or near the soil surface may contribute to the suppression of
soilborne pathogens in minimum tillage systems.

4.7.4 Crop Rotation

Crop rotation is an agricultural management tool with ancient origins (Howard
1996). Besides the benefits like maintenance of soil health, soil organic matter,
reduction in soil erosion, etc., crop rotation spectacularly declined the incidence of
plant disease caused by soilborne pathogens (Pedersen and Hughes 1992).
Monocropping generally led to the buildup of soil populations of specific plant
pathogens resulting in the decline of crop yield and quality (Honeycutt et al. 1996).
In contrary, crop rotation with resistant and/or less susceptible to specific pathogens
enhanced the crop yield and quality because it declined the pathogen populations
due to natural mortality and the antagonistic activities of root zone microorganisms
(Fry 1982). Rotation is most successful in limiting the impact of biotrophic patho-
gens that require living host tissues or those pathogens with low saprophytic
survival capability (Bailey and Duczek 1996). However, it is least successful in
reducing disease caused by pathogens with a wide host range or that produce long-
lived survival structures such as sclerotia or oospores (Umaerus et al. 1989). Crop
choice in a rotation may also harvest microbial benefits beyond those normally
associated with pathogen host range and saprophytic pathogen survival. For exam-
ple, analysis of microbial populations in plant tissues and soils when clover
preceded potato in a rotation revealed that 25 bacterial species were common to
both clover and potatoes and represented 73 % of culturable bacteria recovered
from clover roots and potato tubers (Sturz et al. 1998). Endophytic bacteria found
inhibitorier to R. solani than the bacteria present in the root zone. Therefore, it
emphasized that adaptation of bacteria to host plants can result in the expression of
a mutually beneficial relationship (Sturz et al. 1998). Crop rotation also influences
disease suppressiveness of the soil (Garbeva et al. 2006; Postma et al. 2008). The
best examples are take-all disease (Weller et al. 2002), Rhizoctonia solani in wheat
(Mazzola and Gu 2002), potato (Jager and Velvis 1995), sugar beet (Sayama
et al. 2001), radish (Chet and Baker 1980), and cauliflower (Davik and Sundheim
1984). However, knowledge on the mode of action of Rhizoctonia disease decline is
lacking. In most pathogen—crop combinations, it is unknown if the host crop or the
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pathogen itself are needed for the development of disease decline. In few cases, it
was described that virulent R. solani was required to induce Rhizoctonia disease
decline (Sayama et al. 2001).

4.7.5 Use of Beneficial Microbes

Agricultural management practices impact soil and rhizosphere microbial diversity
and community structure. Management of soil properties is an important approach
to promote the activities of beneficial microbes in the rhizosphere and thus limiting
the densities and activities of soilborne pathogens to a tolerable level (Janvier
et al. 2007). Furthermore, soil type is known to be a key determinant for soil
microbial community structure (Garbeva et al. 2004). Adaptation of cultural prac-
tices has been proposed as a means to decrease the soil inoculum potential or
increase the level of suppressiveness to diseases (Steinberg et al. 2007). Hence, it
is evident that various cultural and management practices significantly influenced
the microbial community structures and activities in the rhizosphere. Tillage (Feng
et al. 2003), rotation (Lupwayi et al. 1998; Larkin 2003), use of mulches (Tiquia
et al. 2002), cover crops (Schutter et al. 2001; Schutter and Dick 2002), and
amendments (Parham et al. 2003; Pérez-Piqueres et al. 2006) are also known to
influence the structure and activity of microbial communities.

Adding beneficial microorganisms to those already present in the soil can
maximize plant nutrient uptake (Kirankumar et al. 2008), increase plant growth
(Cummings 2009; Guinazu et al. 2009), confer resistance to abiotic stress
(Selvakumar et al. 2012), and suppress disease (De Vleesschauwer and Hofte
2009). These living microorganisms are dynamic and potentially self-sustaining,
reducing the need for repeated applications, and can avoid the problem of pests
and pathogens, evolving resistance to the treatments (Lucas 2011). A possible
management technique is to apply plant growth-promoting rhizobacteria
(PGPRs) as an agricultural treatment to minimize niche vacancy and effectively
fill vacant niches. It has been shown that PGPRs colonize particularly and
effectively in soils with low microbial biomass (Fliessbach et al. 2009) so
inoculations are more likely to be successful. Beneficial microorganisms that
thrive in this environment can more quickly take up space and nutrients made
available for potential pathogen invaders and assist with achieving sustained
niche occupancy (Kaymak 2011). In addition, PGPRs offer benefits of increased
yields, nutrient acquisition, stress tolerance, and disease resistance to the plant
host (Lugtenberg and Kamilova 2009). The application of PGPRs consortia has
been shown to be even more effective than one treatment alone in suppressing
disease (Ahemad and Khan 2011; Yang et al. 2011). This combination of
beneficial microbes also had the added effect of stimulating plant N and P
absorption (Hernandez and Chailloux 2004). Formulations of compost with
beneficial bacteria have also shown the ability to suppress plant pathogens
(Pugliese et al. 2011; Yang et al. 2011). The ability of formulations of multiple
beneficial microbes to increase plant productivity and health hints at the
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potential of the entire microbiome and plants working together with mutually
beneficial outcomes.

Sometimes, the same effect can be achieved by applying a microbial elicitor
(compound produced by the microorganism and causes the desired effect).
For example, exogenous application of the Bacillus subtilis-derived elicitor, acetoin
(3-hydroxy-2-butanone), was found to trigger induced systemic resistance (ISR)
and protect plants against Pseudomonas syringae pv tomato pathogenesis
(Rudrappa et al. 2008). Similarly, adding low doses of Chryseobacterium
balustinum AUR9 cell wall lipopolysaccharides, another bacterial elicitor, to
A. thaliana reproduced systemic induction (Ramos Solano et al. 2008). Appli-
cations of living microbes or their elicitors have potential use for agricultural
priming, the induction of ISR (Conrath and Loon 2009), which has been shown
as an efficient way to increase pathogen resistance with little cost to the plant
(De Vleesschauwer and Hofte 2009). An important addition to strategic manage-
ment practices will be the development of crop species that are able to accomplish
their own priming and ISR induction, which will reduce the use of microbial
applications. Although, ideally, adding PGPRs as inoculants into the rhizosphere
to exploit the immense benefits they provide is, potentially, an easy fix, there is still
much inconsistency in their performance at the field scale (Morrissey et al. 2004;
Mark et al. 2006). Research has begun to focus on how to cater the rhizosphere
environment for PGPR rhizosphere colonization by means of rhizosphere engineer-
ing (Ryan et al. 2009), by understanding which PGPR traits are essential for
rhizosphere competence (Barret et al. 2011), or by considering which indigenous
soil microbial communities respond most favorably to inoculation (Bernard
et al. 2012).

4.8 Conclusion

The evergrowing human population coupled with reduced natural resources and the
need for more environmentally friendly agricultural practices have highlighted the
need for sustainable farming. The intricacies of the plant—-microbiome interaction
and its impact on plant health and productivity need to be understood for obtaining
healthier and more productive plants. Suppressive soils represent an underutilized
resource for the control of soilborne pathogens of food, fiber, and ornamental crops.
Early research identified the characteristics of soil suppressiveness and the major
groups of microorganisms involved, but in recent past due to availability of
molecular tools, it has been made possible to characterize and identify the factors
and mechanisms responsible for genetic and functional determinants underlying the
activity of some biologically suppressive soils. Adoption of different agronomic
practices by the farmers spectacularly altered the soil microbiome and considerably
enhanced soil suppressiveness to various soilborne diseases. The use of organic
amendments or composts for the suppression of plant pathogens could be a prom-
ising and environmentally benign alternative to chemical pesticides. The deeper
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understanding of microbial ecology processes could also provide directions for
possible manipulations of the community, leading to a reproducible suppressive
amendment. Combining measures of microbial structural diversity with functional
traits should be explored in relation to soil and root health in agricultural systems.

Manipulating soil quality to achieve an economic level of disease control via
agronomic management has been deliberately reviewed with some skepticism.
However, crop rotation, residue management practices, and various forms of
organic amendments do contribute to the suppression of soilborne diseases. How-
ever, the level of understanding for the mechanisms involved in suppressive soils is
still limited and not so clear. The benefits of applying organic amendments for
disease control are incremental and long lasting depending upon soil ecosystems.
The conventional agricultural systems need to be discouraged because of poor
production efficiency due to reduced crop diversity, increased genetic uniformity,
and shorter rotations. More attention is to be paid on conservation agriculture
including maximum use of natural resources. Through the application of green
and livestock manures, mulches, and composts, it is hoped that plant beneficial soil
microbial populations will develop spontaneously. Selection of complementary
rotation crops may also increase the buildup of beneficial microflora during suc-
cessive field seasons. Plants can manage the development of beneficial microbial
populations through the release of specific root exudates in the root zone. Recently,
it has been proposed that plants may also be able to camouflage their presence to
phytopathogens by blending into the soil microbial background through restricting
the proliferation of root zone bacterial populations. Therefore, the future studies of
biologically based soil suppressiveness will put new insights into the microbial
ecology of agricultural soils and lay the foundation for the development of creative
management strategies for the suppression of soilborne diseases.
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Chapter 5

Natural Mechanisms of Soil Suppressiveness
Against Diseases Caused by Fusarium,
Rhizoctonia, Pythium, and Phytophthora

Prashant P. Jambhulkar, Mahaveer Sharma, Dilip Lakshman,
and Pratibha Sharma

5.1 Introduction

Soilborne fungal and oomycete plant pathogens are among the major factors
limiting the productivity of agroecosystems and are often difficult to control with
conventional strategies such as the use of resistant host cultivars and synthetic
fungicides. Due to limitations in the effectiveness of fungicides and a lack of
successful plant-based resistance, enhancement of soil-based natural disease sup-
pression could be an effective option to control disease (Weller et al. 2002). This
suppressive effect has been attributed to diverse microbial communities of bacteria,
fungi, and protozoa and is reported to affect pathogen survival, growth in bulk and
rhizosphere soil, and root infection (Barnett et al. 2006). Maintaining a high level of
organic matter (OM) on the soil surface or incorporation of OM into the soil is
generally associated with lower incidence and severity of root diseases. Natural
disease-suppressive soils probably are the best examples in which the indigenous
microflora effectively protects plants against soilborne pathogens. Soil microbes
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and disease-causing phytopathogens share the common rhizosphere and their
interaction prior to crop sowing and/or in the rhizosphere, subsequently influencing
both plant growth and productivity (Penton et al. 2014).

Suppressive soils to soilborne plant diseases have been described as “those in
which disease development is minimal even in the presence of a virulent pathogen
and susceptible plant host” (Mazzola 2007). Though some experts (Bruehl 1987)
argue for limiting the use of the term disease suppressiveness to situations involving
a clear biological component, there is a plethora of evidence for the role of both
biotic and abiotic elements of the soil having roles in disease suppression. Physical
and chemical characteristics of the soil, including pH, OM, and clay content, can
operate in the suppression of plant diseases directly or indirectly through their
impact on soil microbial activity. Although these abiotic characteristics of the soil
can contribute to disease suppression, soil suppressiveness (SS) is often directly or
indirectly a function of the activity of soil microorganisms or microbial metabo-
lites. Another frequently quoted definition of “suppressive soil” from Baker and
Cook (1974) is “soils in which the pathogen does not establish or persist, establishes
but causes little or no damage, or establishes and causes disease for a while but
thereafter the disease is less important, although the pathogen may persist in the
soil.” However, it is difficult to precisely define the term “suppressive soil” (Hornby
1983) simply because there are many types of suppressiveness acting in the
rhizosphere. The terms “pathogen suppressive” and “disease suppressive” have
often been used interchangeably (Weller et al. 2002), but the former refers to the
suppression of the pathogen growing saprophytically on decaying OM in the soil or
surviving in the soil and is suppressed when the pathogen is growing parasitically in
the host, while in latter case the term usually refers to suppression of the pathogen
growing as parasite in the host (Hornby 1983). On the basis of speed with which
soils become suppressive, soil suppressiveness (SS) is distinguished as induced
suppression which does not show maximum effectiveness even immediately after
application of inductive treatment, and in some cases monoculture (MC) is required
to achieve maximum effectiveness. On the other hand, “introduced suppression”
(IS) was found to be effective immediately after treatment. Hoper and Alabouvette
(1996) distinguished pathogen suppression (the ability of the soil to limit the
inoculum density of the pathogen and its saprophytic activity) with disease sup-
pression (the capacity of the soil to restrict disease development) under ideal host—
pathogen environmental conditions. The disease suppressiveness can be designated
in soils in which disease development is minimal even in the presence of a virulent
pathogen and susceptible plant host (Mazzola 2002). Suppressive soils have been
described for many soilborne pathogens, including Gaeumannomyces graminis var.
tritici (Andrade et al. 2011), Fusarium oxysporum (Alabouvette 1999),
Aphanomyces euteiches (Persson et al. 1999), Heterodera avenae (Kerry 1988),
Phytophthora cinnamomi (Keen and Vancov 2010), P. infestans (Andrivon 1994),
Rhizoctonia solani (Wiseman et al. 1996), and Plasmodiophora brassicae
(Murakami et al. 2000). Natural disease-suppressive soils are the best examples
in which the activities of specific soil and rhizosphere microorganisms keep
susceptible plants mostly free from infection in spite of ample exposure to/load
of virulent inoculum of soilborne pathogens. For most of the disease-suppressive
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soils, however, the consortia of microorganisms and the mechanisms involved in
pathogen control have not yet been understood. In this chapter we focus on recent
progresses made toward unraveling the mechanisms of natural soil suppressiveness
against four specific soilborne pathogens, viz., Fusarium, Rhizoctonia, Pythium,
and Phytophthora. However, there is still a need to understand mechanisms under-
lying for the occurrence of disease suppression and strategies to enhance the
suppressiveness through manipulating agricultural management practices eventu-
ally to create consistently suppressive soils for the management of soilborne
diseases and phytopathogens.

5.2 Categories of Soil Suppressiveness

There are two mechanisms of soil suppressiveness (general and specific) according
to the spectrum of microorganisms involved in the process. The “general soil-
suppressive potential” is linked to abiotic and biotic substrate characteristics that
are not related to the microorganism or group of antagonistic microorganisms in
particular, while in “specific soil-suppressive potential,” the suppression is related
to the action of one or few organisms in the substrate (Termorshuizen and Jeger
2008).

5.2.1 General Soil Suppressiveness

General suppression of the crop diseases occurs when a high microbial activity is
created in the soil environment/rhizosphere which inhibits the propagation of
pathogen propagules. It occurs when a large number of different microorganisms
compete with pathogens for nutrients and/or produce general antibiotics that reduce
pathogen survival and growth. In compost there is a slow release of nutrients which
supports beneficial activity of the microflora. General suppression is often enhanced
by the addition of OM, certain agronomic practices, or the buildup of soil fertility
(Stone et al. 2004) which consequently can increase soil microbial activity. The
general suppressive potential of suppressive soil is explained by the ability of
practices/materials to sustain sufficient microbial activity over time, fed by slow
degradation of complex carbon compounds, particularly the polymeric carbohy-
drates (Hoitink et al. 1996). No one microorganism is responsible for general
suppression (Alabouvette 1986; Cook and Baker 1983) and the suppressiveness is
not transferable between soils. Thus, the entire soil microbial community increases
nutrient withdrawal, resulting in fungistasis of fungal pathogen propagules or
competition for colonization of rhizosphere zones which are rich in radical exu-
dates. When an inoculum of a pathogen is added to pairs of raw and sterilized soil
samples, the effect of general suppression becomes apparent by the greater severity
of disease on a host grown in the sterilized soil as compared to the raw soil (Weller



98 P.P. Jambhulkar et al.

et al. 2002). The extent of production of antifungal microbial metabolites varied
with the species (de Boer et al. 2003) and showed positive relationship between
microbial diversity and general disease suppression of different pathogens
(Garbeva et al. 2006; Postma et al. 2008; Benitez and McSpadden Gardner 2009).
It may be due to synergistic interaction between microbial populations producing
secondary metabolites or to greater collective efficiency in the removal of nutrients
(Garbeva et al. 2011). Each pathogen is usually preferentially associated with one
type of suppressive potential. Pythium spp. and Phytophthora spp. have propagules
with small amounts of nutrients and depend on exogenous carbon sources for
germination to affect host plants. They are described as highly sensitive to micro-
bial nutrient competition and antibiosis and related to general suppression
(Aryantha et al. 2000). The control of pathogens such as Pythium, Fusarium, and
Phytophthora has often been related to general suppression due to OM amendments
(Weller et al. 2002). Under such conditions, a broad variety of microbial species
creates a competitive environment suppressive to pathogens (Serra-Wittling
et al. 1996; Stone et al. 2001).

5.2.2 Specific Soil Suppressiveness

In contrast to general soil suppressiveness, “specific suppression occurs when the
individual or selected groups of microorganisms compete with “pathogens for
nutrient and produce specific antibiotics during a certain stage in the life cycle of
a pathogen to reduce its survival (Weller et al. 2002). Specific suppression is
considered to be generated through the activities of one or several populations of
organisms. Specific suppression is more qualitative, owing to more specific effects
of individual or select group of microorganisms antagonistic to the pathogen during
some stage in its life cycle (Cook and Baker 1983). Transferability is the key factor
of specific suppression (Andrade et al. 1994; Westphal and Becker 1999) and the
term “transferable suppression” has been used synonymously with specific sup-
pression. Activity in suppressive soils is because of their ability to combine general
and specific suppression. This combination acts as a continuum in the soil, although
they may be affected differently by edaphic, climatic, and agronomic conditions.
Weller et al. (2002) observed that most suppressive soils maintain their activity
when brought into the greenhouse or laboratory while assessing the mechanisms of
suppression under more controlled and reproducible conditions. Biotic and abiotic
variables affect the structure and activity of microbial populations including path-
ogens and their antagonists which eventually help in disease suppression. Specific
soil suppressiveness depends on microorganisms that operate as biological control
agents emerged after the thermophilic phase. Many conducive soils possess prop-
erties with regard to microorganisms involved in disease suppression, while other
attributes are unique to specific pathogen-suppressive soil systems. Modes of action
of biocontrol agents (BCAs) include inhibition of the pathogen by antimicrobial
compounds (antibiosis), competition for iron through production of siderophores,
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competition for sites of colonization and nutrients supplied by seeds and roots,
induction of plant resistance mechanisms, inactivation of pathogen germination
factors present in seed or root exudates through allelopathy, degradation of patho-
genicity factors of the pathogens such as toxins, and parasitism that may involve
production of extracellular cell wall-degrading enzymes such as chitinase and
B-1,3-glucanase that can lyse pathogen cell walls (Keel and Défago 1997; Whipps
1997). None of the mechanisms are necessarily mutually exclusive, and frequently,
several modes of action are exhibited by a single BCA. Indeed, for some BCAs,
different mechanisms or combinations of mechanisms may be involved in the
suppression of different plant diseases (Whipps 2001). So the organisms operative
in pathogen suppression do so via diverse mechanisms including competition for
nutrients, antibiosis, and induction of host resistance. Nonpathogenic Fusarium
spp. and fluorescent Pseudomonas spp. also play critical roles in naturally occurring
soils that are suppressive to Fusarium wilt. The suppression of take-all of wheat
(Triticum aestivum), caused by G. graminis var. tritici, is induced in the soil after
continuous wheat monoculture and is attributed in part to selection of fluorescent
Pseudomonas  spp.  with  capacity to  produce the  antibiotic
2,4-diacetylphloroglucinol (DAPG). The cultivation of orchard soils with specific
wheat varieties induces suppressiveness to Rhizoctonia root rot of apple (Malus
domestica) caused by R. solani AG 5 (Mazzola and Gu 2002). Long-standing
suppression is a biological condition naturally associated with the soil and is called
natural disease suppression. Its origin is not known and it appears to survive in the
absence of crops in the field (Weller et al. 2002). In contrast, long-term adoption of
crop management practices that supply higher levels of biologically available
carbon inputs either through crop residues or addition of composts and organic
manures can support higher levels of suppression. This occurs through changes to
the composition and activity of the soil microbial community (Gupta et al. 2011;
Postma et al. 2003). Induced suppressiveness is initiated and sustained by practice
of monoculture in the presence of pathogens (Weller et al. 2002). Soils suppressive
to take-all disease of wheat and barley, caused by the fungal pathogen G. graminis
var. tritici, are referred to as take-all decline soils and are well-known examples of
induced suppressiveness. The Fusarium wilt-suppressive soils from Chateaurenard
(France) and Salinas Valley (CA, USA) are among the best examples of long-
standing suppressive soils. Wheat cultivars that stimulate disease suppression
enhance populations of specific fluorescent pseudomonad strains with antagonistic
activity toward this pathogen.

Sterilization by autoclaving and gamma radiation can eliminate both general and
specific suppression. General suppression is reduced but not eliminated by soil
fumigation and usually remains after treatment at up to 70 °C moist heat (Weller
et al. 2002). Pasteurization can eliminate specific suppression but this characteristic
is not a prerequisite for specific suppression. Another strategy which allows con-
firmation of the biological basis of suppression involves transfer of suppressiveness
to raw, conducive, fumigated, or sterilized soil by addition of 0.1-10 % or less
(wt/wt) of the suppressive soil into the conducive soil (Weller et al. 2002).
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5.3 Mechanism of Soil Suppressiveness

Mechanisms of the majority of cases of soil suppressiveness are unknown or
unproven, but most explanations for suppressiveness involve microbial antagonism
like antibiosis, competition, predation, and parasitism (Mazzola 2007). Investiga-
tions into the causes of disease-resistant and disease-tolerant soils sometimes
revealed correlations with certain chemical and physical properties which are not
an actual determinant of suppressiveness (Weller et al. 2002). Abiotic factors most
frequently cited are the proportion and type of clay, acidity, and moisture: moist
acid soils and dry alkaline soils tend to be unfavorable to the growth of pathogens.

While reviewing the work done on soil suppressiveness which suggests that most
of the mechanisms reported to be responsible for reduction of diseases in plants
involve microbiological changes in the bulk soil, the rhizosphere soil, and/or the
rhizoplane, resulting in antagonism of the pathogen. However, globally, there are
various schools of thoughts and opinions on the mechanism involved which largely
state that different microbial antagonists are responsible for the proliferation of
disease-causing pathogens. Some of the mechanisms of disease-suppressive soils
are described below.

5.3.1 Organic Matter-Mediated Mechanism of Soil
Suppression

The application of organic matter (OM) such as animal manure, green manure, and
peat has been proposed for conventional agriculture to improve soil structure and
fertility (Conklin et al. 2002; Cavigelli and Thien 2003) and to reduce disease
incidence caused by soilborne pathogens (Litterick et al. 2004; Noble and Coventry
2005). Studies revealed that OM can be very effective in reducing pathogens such
as species of Fusarium (Szczech 1999), Phytophthora (Szczech and Smolinska
2001), Pythium (McKellar and Nelson 2003; Veeken et al. 2005), R. solani (Diab
et al. 2003), and Sclerotinia (Coventry et al. 2005). There are different mechanisms
to explain the suppressive capacity of organic amendments: enhanced activities of
antagonistic microbes (Hoitink and Boehm 1999), increased competition against
pathogens for resources that cause fungistasis (Lockwood 1990), release of
fungitoxic compounds during OM decomposition (Tenuta and Lazarovits 2002),
or induction of systemic resistance in host plants (Pharand et al. 2002). The
inconsistent disease control results obtained with OM amendments with both
suppressive (disease reduction) and conducive (disease increase) effects produced
skepticism in farmers about the use of these materials.

The suppressive capacity of all OM types against soilborne pathogens was
evaluated by Bonanomi et al. (2007) which suggested that the OM was suppressive
in 45 % and nonsignificant in 35 % of the cases, while in 20 % of the cases, a
significant increase of disease incidence was found. OM amendment resulted in
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Fig. 5.1 Effect of OM amendments on disease suppression (black highly suppressive, dark gray
suppressive, gray null, white conducive) in relation to different OM types (a) and soilborne fungal
pathogens (b). Total percentage of suppressive cases is the sum of highly suppressive and
suppressive. Only pathogens with more than 50 study cases (numbers in brackets) are shown
(Bonanomi et al. 2007; reproduced with permission)

highly suppressive conditions (disease reduction >80 %) only in 12 % of the cases.
Considering all OM types together, the suppressive capacity of the amendments
varied largely with respect to different pathogens (Fig. 5.1a). Suppression was very
high for both V. dahliae and T. basicola (>65 %), above 50 % of cases for Fusarium
spp., Sclerotinia spp., and Phytophthora spp., and slightly below 50 % for Pythium
spp. In contrast, effective control of R. solani was achieved only in 26 % of cases
(Fig. 5.1b).

In the following paragraphs, we discuss specific mechanisms involved in
OM-mediated disease suppression. Though these mechanisms are discussed indi-
vidually, they act in consortia to carry out disease suppression.

5.3.1.1 Microbiostasis

Nutrient stress to soil microbial community results in repression of microbial spore
germination and growth; this phenomenon is called microbiostasis or fungistasis for
repression of fungal spores. Microbiostasis is an adaptive feature, as it protects the
propagule from the energy losses or even death that might occur if germination
occurred in the absence of a host. Microbiostasis can be overcome by inputs of
external energy-rich nutrients such as root and seed exudates or organic amend-
ments such as plant residues or manures (Lockwood 1990). Soil microbiostasis
could be beneficial to microorganisms because it would be advantageous to their
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successful colonization in suitable habitats (Ko 2003). Germination of fungal
conidia and the chlamydospores of Fusarium spp. is restricted because of insuffi-
ciency of energy-yielding nutrients as they require an external source of energy for
germination in vitro. The competition for energy sources by the microbial commu-
nity is a strong energy sink; exudation from '*C-labeled fungal propagules
increases in response to energy stress in the soil. However, propagules also lose
energy and viability because of respiration (Hyakumachi et al. 1989). Losses in
propagule energy can lead to a reduction in biological function. Addition of new
energy sources to the soil system can initially destroy fungistasis, but fungistasis
resumes, typically at a higher fungistatic level, after the sources have been slightly
degraded (Lockwood 1990). Addition of sucrose and asparagine, or seed exudates,
to compost-amended suppressive soil reduces the level of suppressiveness in a
dose-dependent, linear relationship (Chen et al. 1988). In addition, compost
harvested from the center, i.e., the thermophilic region, of a hardwood bark
compost pile was conducive and of lower microbial activity and biomass and higher
reducing sugars than the suppressive, lower-temperature outer region of the same
pile. However, within days, the conducive material (incubated at room temperature)
became suppressive; during the same period, the microbial activity increased and
the reducing sugar content declined to levels comparable to those in the suppres-
sive, outer-region compost (Stone et al. 2004).

Preemptive metabolism of exudate from a seed that initiates germination of
pathogen propagules can induce microbiostasis and thus prevent disease; this is an
indirect form of biological control because the pathogen is not directly antagonized.
McKellar and Nelson (2003) elegantly described this phenomenon for BCA and
compost-mediated suppression of damping-off of cotton caused by Pythium
ultimum. The BCA Enterobacter cloacae metabolizes plant exudates required for
germination and infection. P. ultimum oospores and sporangia germinate, grow, and
infect cotton seeds in response to long-chain fatty acids (e.g., linoleic acid) released
by the seeds as they germinate. E. cloacae inoculated onto cotton seeds competi-
tively metabolizes the fatty acids and prevents P. ultimum germination, thereby
suppressing the disease. Fatty acid uptake and oxidation mutants of E. cloacae do
not prevent germination. In addition, there is no evidence to suggest that E. cloacae
produces compounds inhibitory to the Pythium propagules (e.g., antibiotics) or is
directly engaged in parasitism (van Dijk and Nelson 2000). In addition, populations
of linoleic acid-metabolizing bacteria and actinobacteria were higher in the seed-
colonizing microbial consortium from the suppressive compost than from the
consortium isolated from the conducive compost. Individual isolates were not as
suppressive as the suppressive microbial consortium, and linoleic acid metabolism
varied greatly among isolates. This suggests that competition for linoleic acid was a
strong determinant of damping-off suppression and that suppression was generated
not by single isolates but by the combined activities of the linoleic acid-degrading
microbial consortium supported by the suppressive compost substrate (McKellar
and Nelson 2003).
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5.3.1.2 Microbial Colonization of Pathogen Propagules

Pathogen propagules incubated in compost-amended potting mixes and organic
residue-amended field soils are typically colonized by higher densities of bacterial
and fungal propagules and, in some cases, protozoa, than in conducive or
non-amended soils (Toyota and Kimura 1993). Colonized fungal spores germinate
less readily and lyse and die more rapidly than noncolonized spores (Lockwood
1990). Bacterial colonization increased the rate of lysis, reduced the germination
potential, and decreased the virulence of spores of various Cochliobolus spp.—the
causal agents of root rots of grasses (Fradkin and Patrick 1985). Adherence might
be an important component of biological control in and of itself; bacterial-fungal,
fungal—fungal, and fungal-nematode interactions might be mediated by specific
adherence mechanisms.

5.3.1.3 Destruction of Pathogen Propagules

Microbial antagonists generate hyphal lysis and degradation of chlamydospores,
oospores, conidia, sporangia, and zoospores. Sporangia of Phytophthora spp. were
destroyed after bacterial colonization of the sporangial surface. Sporangia nearing
maturity release substances attractive to both microorganisms and microfauna.
Trichoderma spp. can stimulate oospore formation, hyphal lysis, and chlamydo-
spore formation in Phytophthora spp. (Costa et al. 2000). Pseudomonas stutzeri and
Pimelobacter spp. isolated from chlamydospores of F. oxysporum f. sp. raphani
(incubated in a manure-amended field soil) prevented chlamydospore formation or
reduced chlamydospore germination (Toyota and Kimura 1993).

5.3.1.4 Antibiosis

Antibiosis is “antagonism mediated by specific or nonspecific metabolites of
microbial origin, by lytic agents, volatile compounds, or other toxic substances”
(Fravel 1988). The evidence for the role of antibiotics in the biocontrol of plant
diseases has been extensively reviewed by Fravel (1988). Pseudomonas spp. that
produce the antibiotic DAPG have been implicated in suppression of take-all of
wheat, Fusarium wilt of pea, cyst nematode and soft rot of potato, and Thielaviopsis
root rot of tobacco (Weller et al. 2002). Antibiotic production has also been
implicated in the suppression of damping-off (causal agent P. ultimum) by
Gliocladium virens (Howell and Stipanovic 1983).
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5.3.1.5 Competition for Substrate Colonization

Most plant pathogens are weak saprophytes, and competition in the soil environ-
ment for organic substrates is strong. Pathogens that grow saprophytically on plant
residues can be managed by pre-colonizing plant residues with nonpathogens,
termed as the possession principle by Leach (1938) (Cook and Baker 1983). In
studies of competitive interactions in soil aggregate colonization, closely related
fungal species (other F. oxysporum formae speciales) strongly inhibited coloniza-
tion by F. oxysporum f. sp. raphani. Other fungal genera moderately inhibited
colonization, and bacterial species mildly inhibited colonization. Burkholderia
cepacia, an antibiotic-producing bacterial species, also strongly inhibited coloni-
zation (Toyota et al. 1996). P. nunn, a saprophytic species of Pythium, outcompetes
P. ultimum for colonization of added organic substrates, resulting in nutrient
deprivation and production of survival structures by P. ultimum. In many cases,
these structures are of lower inoculum potential, resulting in a reduction in the
disease potential of P. ultimum (Paulitz and Baker 1988).

5.3.1.6 Competition for Root Infection Sites

Potato root colonization by the nonpathogenic fungal species F. equiseti was found
effective in suppression of Verticillium wilt. Root colonization by V. dahliae was
positively related to wilt incidence and negatively related to root colonization by
F. equiseti. Sudangrass-cropped fields had the highest soil and root inoculum of
F. equiseti and had the lowest wilt incidence. However, it is not clear if the
increased F. equiseti colonization directly impacts V. dahliae colonization and
disease incidence (Davis et al. 1996). Nonpathogenic strains of F. oxysporum
compete with pathogenic strains for colonization of the root (Benhamou and
Garand 2001) and other plant tissues (Postma and Luttikholt 1996) and might
thereby contribute to suppression of Fusarium wilt.

5.3.1.7 Induced Systemic Resistance

Induced resistance has recently been implicated in some suppressive soil systems.
Nonpathogenic F. oxysporum soil isolates induced systemic resistance in water-
melon to Fusarium wilt (Larkin et al. 1996). Paper mill residual compost induced
resistance to Fusarium wilt of tomato, resulting in a reduction in fungal colonization
of root tissues. Suppression was associated with reduced fungal colonization of the
tomato roots due to an increase in physical barriers (callose-enriched, multilayered
wall appositions and osmiophilic deposits) to fungal penetration (Pharand
et al. 2002). Tomato plants grown in compost-amended peat without inoculation
with F. oxysporum did not exhibit increased physical barriers. An increased level of
suppression and physical protection occurred when suppressive compost was
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inoculated with P. oligandrum, a species of Pythium known to induce resistance in
tomato crop (Pharand et al. 2002). Composted pine bark container media was
suppressive to Pythium root rot and foliar anthracnose of cucumber (Zhang
et al. 1996), whereas dark peat container media was not suppressive to either
disease. Cucumber and Arabidopsis plants grown in the composted pine bark
expressed higher levels of p-1,3-glucanase (Zhang et al. 1998) and peroxidase
(Zhang et al. 1996) than those grown in peat. Split-root experiments suggested
that the resistance mechanism in cucumber was systemic (Zhang et al. 1996).

5.3.2 Compost-Mediated Mechanism of Soil Suppression

Compost is an organic material subjected to aerobic biological decomposition,
during which temperatures of 40-70 °C are reached as a result of microbial activity.
This process allows both the sanitization of the material (from human and plant
pathogens and weed seeds) and its stabilization. Composts prepared from a variety
of organic wastes are naturally suppressive against diseases caused by Fusarium,
Rhizoctonia, Pythium, and Phytophthora. Only 20 % of all composts are suppres-
sive against damping-off caused by Rhizoctonia and less than 10 % of all composts
induced systemic resistance in plants (Hoitink and Boehm 1999). Furthermore,
mechanisms that confer suppressive potential to composts depend on various
factors as discussed below.

5.3.2.1 Hydraulic Conductivity and Free Air and Water Accessibility

The free air capacity of composts compared with some soils and peats is higher,
which not only helps to improve plant growth but also has positive effect on the
severity of rotting diseases of plant roots. Tree bark composts usually have an air
capacity of over 25 % and a percolation rate of more than 2.5 cm/min and they
suppress root rots. This suggests the importance of air capacity in those diseases
where free water is important in the asexual multiplication of fungi (Aviles
et al. 2011). It is well known that the manipulation of water potential as a control
strategy is significant in diseases caused by oomycetes, particularly the possibility
of producing adverse conditions for as long as possible during zoospore formation
(Hardy and Sivasithamparam 1991). A negative water potential inhibits zoospore
release from the sporangia of several Phytophthora spp. (Wilcox and Mircetich
1985). Thus, in order to reduce the incidence of disease due to these root rot
pathogens, the necessary components of the growth media should be chosen in
the proper amounts together with the correct irrigation system and watering strategy
(Ownley et al. 1990).
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5.3.2.2 Effect of pH and Electrical Conductivity in Interfering Nutrient
Availability to the Pathogens

The majority of Phytophthora root rot diseases are inhibited by a low pH. The low
pH reduced sporangium formation, zoospore release, and motility. For this reason
the use of Sphagnum moss with low pH is beneficial in reducing Phytophthora and
Pythium spp. High pH values of certain composts made from agricultural and
industrial wastes were found suppressive against Fusarium wilt severity in various
crops. The pH of the plant growth medium as a determinant of Fusarium wilt
severity is associated with the availability of macro- and micronutrients and is
important for growth, sporulation, and the virulence of F. oxysporum (Jones
et al. 1991). A high pH reduces the availability of nutrients such as phosphorus
(P), magnesium, manganese, copper (Cu), zinc (Zn), and iron (Fe) in organic
growth. Borrero et al. (2004) showed a significant positive correlation between
Fusarium wilt severity and final availability in the growth media of Cu on the one
hand and the final nutrient status in the plants of Fe, Cu, and P on the other.

The lignin/cellulose ratio of wastes affects the duration of the composting
process. Substrates with high lignin and low cellulose content do not immobilize
a large amount of nitrogen, but this can be amended with essential micronutrients
such as calcium and magnesium in order to improve the potential for growth of the
majority of crops (Aviles et al. 2011). Hardwood bark and sewage sludge decom-
pose well and do not require the addition of micronutrients. However, a high level
of chloride, in the form of ions or as salt, can neutralize the suppressive effect of
compost against Phytophthora root rot. There are contrasting reports presented by
Pane et al. (2011) which show negative correlation between the damping-off
induced by Sclerotinia minor and the salinity of compost-amended plant growth
media. It is also important to note that phytotoxicity due to manganese available in
certain bark composts must be amended with calcium carbonate before use.

5.3.2.3 Source of Nitrogen and C/N Ratio in Disease Suppression

High nitrogen levels and high ammonium to nitrate ratios increase Fusarium wilt
incidence and severity. Thus, nitrate-amended composts may help to reduce Fusar-
ium wilt diseases in ornamental (carnation, chrysanthemum) and horticultural crops
(cucumber, tomato, asparagus, pea, radish, etc.) (Huber and Thompson 2007).
Plants grown in bark compost immobilize mainly ammonium nitrogen and the
nitrate nitrogen remains available for plant growth. However, sewage sludge
compost (with a low C/N ratio) releases ammonium and consequently increases
Fusarium wilt, even under colonization by BCAs capable of suppressing this wilt
under other conditions (Hoitink et al. 1993). Cotxarreraa et al. (2002) used compost
from vegetables and animal wastes, sewage sludge, and yard wastes and found it to
reduce Fusarium wilt in tomato to a high degree. Low availability of ammonia in
this compost may cause the direct effect of a high C/N ratio of other materials
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included in the compost, in addition to the negative effects of high pH and the
reduced availability of Fe, Cu, and Zn on the pathogen.

5.3.2.4 Degree of Decomposed Compost

The degree of decomposition of compost has a strong effect on the rate of disease
suppression. Immature compost could not suppress damping-off of cucumber
seedlings caused by P. aphanidermatum. Fresh undecomposed OM mixed with
Trichoderma does not exert biological control of R. solani. The synthesis of lytic
enzymes involved in the parasitism of pathogens by Trichoderma is repressed in
fresh OM due to high glucose concentrations. In mature composts, where concen-
tration of nutrients such as glucose is low, the sclerotia of R. solani are killed by
parasites and biological control prevails (Hoitink et al. 2001). On the other hand, the
disease suppression potential of excessively stabilized compost is lost as it does not
support microbial activity.

5.3.2.5 Role of Microbial Communities in Suppressive Potential
of Compost

The environment around the compost plant, the system of composting used, and the
composition of the raw material all affect the species richness and therefore the
degree and spectrum of suppressive effect (Castano et al. 2011). The high temper-
ature reached during the thermophilic phase of composting kills or inactivates all
pathogens as well as beneficial microorganisms; thus, the composts are generally
free of plant pathogens (Noble and Roberts 2004). As the temperature falls below
40 °C, mesophilic microorganisms colonize the semipasteurized compost; this is
reinforced during the curing phase when there is also recolonization by surrounding
antagonists, which develops the disease suppression capacity of the compost
(Hoitink and Boehm 1999). Composts with high lignocellulosic substances are
mostly colonized by Trichoderma spp. The microbial community that induced
suppression of Pythium damping-off in cotton were populations of bacteria and
actinobacteria capable of metabolizing fatty acids (linoleic acid) and thereby
reducing the sporangium germination of P. ultimum (McKellar and Nelson 2003).
Bonanomi et al. (2010) concluded that fluorescein diacetate hydrolysis, basal
respiration, microbial biomass, total culturable bacteria, fluorescent pseudomonad
counts, and Trichoderma populations gave the best predictions of disease suppres-
sion. Mechanisms involved in the phenomenon of disease suppression included
competition, antibiosis, or hyperparasitism (Hoitink et al. 1993). According to
Hoitink and Boehm (1999), the majority of composts suppress Pythium and
Phytophthora root rot, while only 20 % of composts naturally suppress Rhizoctonia
damping-off and very few (<10 %) induce resistance in plants. The type of organic
amendment in compost has a clear positive effect on bacterial density and in
particular, on the number of spore-forming bacteria, with an increase directly
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correlated with the dose of compost. The majority of the spore-forming bacteria
isolated from the compost used in this study and selected during the composting
process showed in vitro antibiotic activity against soilborne phytopathogenic fungi
such as F. oxysporum, F. solani, and R. solani. Moreover, a greater decrease in
damage by Pyrenochaeta lycopersici to tomato roots has been found in the same
soil amended with compost (Zaccardelli et al. 2006, 2010). These results confirm
the assumption that compost obtained from the organic fraction of municipal solid
wastes produced an increase of suppressiveness against phytopathogenic fungi due
to a change i,n the composition of the soil microbial community and a modification
of the relationships among microorganisms—both competitive and/or antagonis-
tic—producing a decrease in the activity of plant pathogens (Zaccardelli
et al. 2013).

5.3.2.6 Arbuscular Mycorrhizal Fungi (AM Fungi) and Disease
Suppression

Among beneficial soil microorganisms, the mycorrhizal fungi, particularly
arbuscular mycorrhizae (AM), the most common fungal association formed almost
with more than 90 % of cultivated plants, are gaining importance due to their varied
benefits to plants. AM fungi offer many benefits to plants through a multiple action
via absorption of nutrients, particularly P, water absorption, disease resistance,
heavy metal toxicity, resistance to salt stress, etc. (Azcon-Aguilar and Barea
1996). AM fungi exert profound effects on other rhizosphere microorganisms either
directly or indirectly via the host through a phenomenon termed the mycorrhi-
zosphere effect by Linderman (1988) where most beneficial bacteria do inhabit and
interact synergistically to stimulate plant growth. These interactions play a role in
the suppression of fungal and nematode pathogens. Significant yield enhancement
through field application of AM fungal inoculum has been recorded in a variety of
crop plants (Sharma et al. 2010). Augmentation of these mycorrhizal fungi either
through inoculation or through managing soil and crop management systems such
as adopting conservation tillage and crop rotations (Sharma et al. 2012) can
promote plants to cope up with many biotic and abiotic stresses and eventually
sustain plant productivity. AM fungi protect plant roots from disease infection
through several mechanisms as given below:

¢ One mechanism is via the changes in microbial communities that are produced
as the mycorrhizosphere develops. There is strong evidence that shifts in micro-
bial community structure and the resulting microbial changes can influence the
growth and health of plants (Linderman 2000). Secilia and Bagyaraj (1987)
isolated more pathogen-antagonistic actinomycetes from the rhizosphere of AM
plants than from nonmycorrhizal controls, an effect that also depended on the
AM fungus involved. AM fungi and other plant growth-promoting rhizobacteria
(PGPR) share a common rhizosphere. AM fungi and PGPR may interact and
cooperate in several ways, including their mutual establishment in the
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rhizosphere, improvement in plant rooting, enhancement of plant growth and
nutrition, biological control of root pathogens, and improved nodulation in the
case of legumes (Barea et al. 1996).

e Many authors suggested that the ability of AM-colonized plants to protect from
root pathogens can be ascribed to an increased nutritional status in the host plant
due to presence of the AMF. However, the effectiveness of AM fungi to suppress
the) disease is dependent on the AM fungus involved and the substrate and the
host plant (Whipps 2004). AM-mediated P-nutritional plants are more tolerant
because these plants with a high phosphorus status are less sensitive to pathogen
damage. Recently, Li et al. (2007) also found that AM fungi-associated bacteria
(AMB) from the genus Paenibacillus have biocontrol ability against Pythium,
which causes damping-off of cucumber. The possible antagonistic mechanisms
of AMB against plant pathogens have been suggested to be the same as those of
PGPR, i.e., competition for nutrients such as Fe, production of antibiotics, or
production of fungal cell wall-degrading enzymes (Compant et al. 2005).
Bharadwaj et al. (2008) suggested that some AMB could contribute to the
often described ability of AM fungi to inhibit pathogens, acquire mineral
nutrients, and modify plant root growth.

* Non-nutritional mechanisms are also important because mycorrhizal and
nonmycorrhizal plants with the same internal phosphorus concentration may
still be differentially affected by pathogens (Cardoso and Kuyper 2006). Such
non-nutritional mechanisms include activation of plant defense systems,
changes in exudation patterns and concomitant changes in mycorrhizosphere
populations, increased lignifications of cell walls, and competition for space
for colonization and infection sites. The mycorrhizal fungi protect plant
roots from diseases by providing a physical barrier to the invading pathogen.
A few examples of physical exclusion have been reported (Ingham 1991).
However, some studies have shown that nematodes can penetrate the fungal
mat (Maronek 1981), but still, disease development was affected adversely.
Activation of plant defense mechanisms, including the development of systemic
resistance, has also been proposed by Pozo et al. (2002). Among the compounds
involved in plant defense (Bowles 1990) studied in relationship to AM formation
are phytoalexins, enzymes of the phenylpropanoid pathway, chitinases,
B-1,3-glucanases, peroxidases, pathogenesis-related (PR) proteins, callose,
hydroxyproline- rich glycoproteins (HRGP), and phenolics (Gianinazzi-Pearson
et al. 1994).

* By providing antagonistic chemicals and plant root exudates, AM fungi can
produce a variety of antibiotics and other toxins that act against pathogenic
organisms. Meyer and Linderman (1986) found that the number of sporangia and
zoospores formed by cultures of Phytophthora cinnamomi was reduced by the
application of extracts of rhizosphere soil from AM plants. Furthermore, Caron
(1989) reported a reduction) in Fusarium populations in the soil surrounding
mycorrhizal tomato roots as compared with the soil of nonmycorrhizal controls.
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5.4 Soil Suppression of Soilborne Pathogens

5.4.1 Mechanism of Soil Suppressiveness Against Fusarium
spp.

Fusarium wilt is caused by pathogenic F. oxysporum, a soilborne fungus, and it
attacks many plant species. Fusarium spp. have good competitive saprophytic
abilities and populations can increase after organic amendments. However, similar
to Pythium spp., many Fusarium spp. are poor competitors and cannot colonize
organic substrates previously colonized by other organisms. Natural suppressive-
ness of soils to Fusarium wilt was first recognized in the nineteenth century by
Atkinson et al. (1975) and was later described for other soils around the globe (Peng
et al. 1999; Dominguez et al. 2001). The suppressiveness is specific only to
Fusarium wilts and not effective against diseases caused by nonvascular Fusarium
species including F. roseum and F. solani, F. subglutinans, or other soilborne
pathogens (Deacon and Berry 1993; Fravel et al. 2003). Such soils share many of
the same biological and physical properties and several abiotic features including
soil pH, OM content, and clay content, which play roles in disease suppression
(Amir and Alabouvette 1993; Hoper and Alabouvette 1996). As early as 1970,
Smith observed and reported that entities responsible for suppressiveness may be
pleomorphic bacteria closely adhering to the stunted and lysed germ tube of
chlamydospores of Fusarium wilt pathogen. But they were absent or few in number
in steamed (54 °C) conducive soil. Soil pH also plays a significant role in soil
suppressiveness and host susceptibility to Fusarium wilt pathogens (Barea
et al. 1998). In clay loam soil at pH 8.0, the soil was suppressive; at 7.0, disease
incidence significantly increased; and at pH 6.0, disease incidence was significantly
higher than at pH 8.0 and 7.0. These factors pointed toward the presence of bacteria
in sandy loam soil which is suppressive against Fusarium wilt pathogen as bacteria
prefer alkaline soils.

Long-standing suppression operates in most Fusarium wilt-suppressive soils, but
there are only a few examples of induced suppression. For example, suppressive-
ness to F. oxysporum f. sp. niveum (Larkin et al. 1993) was induced following
continuous cropping of melon and watermelon, respectively. Interestingly, the
induced suppressiveness in these cases was associated with continuous cropping
of partially resistant cultivars, whereas induction of suppressiveness against other
soilborne pathogens normally involves monoculture of susceptible cultivars
(Whipps 1997). Incorporation of certain organic amendments into the soil may
induce soil suppressiveness against soilborne and foliar pathogens. The soil micro-
fauna/soil microbiome plays a significant role in natural and induced disease
suppression. The possible mechanisms of induced soil suppressiveness include
pathogen suppression, induced systemic resistance within host, and microbial
interaction which takes place in the rhizosphere and which involves competition
for nutrients and antibiosis (Andrews and Harris 2000). An example of induced soil
suppressiveness with wild rocket (WR) found that sustainable disease suppression
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was maintained for 21 days after F. oxysporum f. sp. radicis-cucumerium inocula-
tion of cucumber seedlings and transplantation into the WR-amended soil. It was
observed that there was delayed onset of disease with reduced incidence, which
demonstrates that the impact of soil suppressiveness on root diseases begins after
inoculation of the pathogen. Among the bacterial and fungal genera responsible for
Fusarium wilt suppressiveness are Alcaligenes sp. (Sayyed and Patel 2011), Bacil-
lus, Trichoderma (Sivan and Chet 1989; Jambhulkar et al. 2011), Pseudomonas
spp. (Mazurier et al. 2009), actinomycetes (Larkin et al. 1996), and nonpathogenic
F. oxysporum (Olivain et al. 2006). Although the introduction of representative
strains of each of these genera increased the level of soil suppressiveness in most
cases, the introduction of large populations is unlikely to reproduce the microbial
community structure and interactions that occur naturally in suppressive soils. In
these soils, natural suppressiveness is associated with a reduction in the saprophytic
growth and inhibition of chlamydospore germination of pathogenic F. oxysporum
(Weller et al. 2002). This suppressiveness has been attributed mainly to the activity
of nonpathogenic F. oxysporum and fluorescent Pseudomonas spp., and for both
microbial groups, similar mechanisms including competition and induced systemic
resistance were shown to be active (Fravel et al. 2003). Particularly interesting from
the work of Lemanceau et al. (1993) is the intimate and complementary association
between these two groups of microorganisms; in combination they provided
enhanced disease suppression mediated by competition for iron via siderophores
produced by the pseudomonads and for carbon by nonpathogenic F. oxysporum
strain Fo47 (Lemanceau et al. 1993). The work by Duijff et al. (1998), using a
glucuronidase GUS-marked strain of pathogenic F. oxysporum f. sp. lini and a pvd-
inaZ-marked derivative of P. putida, WCS358, supported and extended earlier
observations that suppression by the nonpathogenic Fusarium strain is related to
reductions in both population density and metabolic activity of the pathogen on the
root surface; it also showed that competition for iron both contributes to the
suppression by Pseudomonas and enhances the biological activity of the nonpatho-
genic F. oxysporum strain. Among a large collection of bacteria, fungi, and
actinomycetes isolated from this suppressive soil, only nonpathogenic
F. oxysporum isolates consistently suppressed the disease in both microwave-
treated and natural soil. Induced systemic resistance was the primary mode of
action for several of these isolates, but it is not yet clear if the mechanism is similar
to that described for induced systemic resistance by rhizobacteria. Strains of
nonpathogenic F. oxysporum differ considerably in their efficacy against Fusarium
wilt. For example, strain Fo20 was the least effective of eight strains tested, whereas
Fo47 proved to be the most effective against Fusarium wilt (Alabouvette
et al. 1993). From this observation, we can infer that the composition of nonpatho-
genic F. oxysporum populations remained relatively stable over a considerable
period of time, consistent with the long-standing nature of the suppressiveness of
these soils.

To date, soil suppressiveness to Fusarium wilt disease has been ascribed to
carbon and iron competition between pathogenic F. oxysporum and nonpathogenic
F. oxysporum and fluorescent pseudomonads. Mazurier et al. (2009) studied the
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role of bacterial antibiosis in Fusarium wilt suppressiveness by comparing the
densities, diversity, and activity of fluorescent species producing DAPG (ph/D+)
or phenazine (phzC+) antibiotics (Fig. 5.2). The frequencies of ph/D+ populations
were similar in the suppressive and conducive soils but their genotypic diversity
differed significantly. However, phlD+ genotypes from two soils were equally
effective in suppressing Fusarium wilt, either alone or in combination with non-
pathogenic F. oxysporum strain Fo47. A mutant deficient in DAPG production
provided a similar level of control as its parental strain, suggesting that this
antibiotic does not play a major role. In contrast, phzC+ pseudomonads were only
detected in suppressive soil. Representative phzC+ isolates of five distinct geno-
types did not suppress Fusarium wilt on their own but acted synergistically in
combination with strain Fo47. This increased level of disease suppression was
attributed to phenazine production as the phenazine-deficient mutant was not
effective. These results suggest, for the first time, that redox-active phenazines
produced by fluorescent pseudomonads contribute to the natural soil suppressive-
ness to Fusarium wilt disease and may act synergistically with carbon competition
by resident nonpathogenic F. oxysporum.
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Fig. 5.2 Schematic model presenting the proposed mechanisms that contribute to the natural soil
suppressiveness to Fusarium wilt. phl 2,4-diacetylphloroglucinol (DAPG), phz phenazine
(Mazurier et al. 2009; reproduced with permission)
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A higher level of carbon competition in the suppressive soil is generated due to
the significantly higher microbial biomass in the suppressive soil as compared with
the conducive soil. On this background of general competition, the higher density of
nonpathogenic F. oxysporum in the suppressive soil further increases the carbon
competition. The suppressive soil also differs from the conducive soil in its lower
concentration of extractable iron, due to a high pH and CaCO; content, making
pyoverdine-mediated iron competition between the pathogen and the fluorescent
pseudomonads stronger in the suppressive than in the conducive soil. Carbon and
iron competition act in synergy to suppress the saprophytic growth of pathogenic
F. oxysporum, leading to a reduced activity and rate of root infection (Mazurier
et al. 2009).

5.4.2 Mechanism of Disease Suppressiveness Against
Rhizoctonia spp.

R. solani Kuhn is a soilborne fungus that causes disease in many economically
important crop plants worldwide. Strains of the fungus are traditionally grouped
into genetically isolated anastomosis groups (AGs) based primarily on hyphal
anastomosis reactions and are further subdivided into intraspecific groups (ISGs)
(Bolton et al. 2010). Rhizoctonia-suppressive soils reduced the severity of diseases
caused by R. solani due to successive growing of a given plant host, which in
general has been attributed to increased antagonism by Trichoderma spp. (Liu and
Baker 1980). Ghini et al. (2007) evaluated the contribution and relationship of
abiotic factors (pH, electrical conductivity, OM content, N total, P, Ca, Mg, S, Na,
Fe, Mn, Cu, Zn, B, cation exchange capacity) and biotic factors (total microbial
activity evaluated by CO, evolution and fluorescein diacetate hydrolysis; culturable
bacteria, fungi, actinomycetes, protozoa, fluorescent pseudomonads, and Fusarium
spp.) to the suppressiveness of soils to R. solani. Studies have reported that in highly
suppressive soils of forest and pasture/fallow ground areas, several abiotic variables
and fluorescein diacetate hydrolysis correlated with the suppression of R. solani;
and this set of variables have explained more than 98 % of suppressiveness (Ghini
and Morandi 2006). However, suppressive soils possessed higher populations of
Trichoderma spp. than the corresponding conducive soil.

The soil suppressive to Rhizoctonia root rot of apple, caused by R. solani AG
5, was identified in Washington State (Mazzola and Gu 2002). However, the
relative Rhizoctonia-suppressive capacity of the indigenous soil microbial commu-
nity diminished with increasing age of the orchard block. The change in soil
suppressiveness corresponded with a decrease in apple root colonization by acti-
nomycetes and Burkholderia cepacia and a transformation in species composition
of the fluorescent pseudomonad populations. While P. putida dominated the fluo-
rescent pseudomonad community in non-planted orchard soil, a precipitous decline
in its population was observed with increasing age of the orchard. P. putida was
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supplanted by P. fluorescens bv. IIl and P. syringae in the soil in response to
planting apple. Likewise, isolates of P. putida from these soils provided biological
control of R. solani AG 5. As observed in other systems, the Rhizoctonia-suppres-
sive nature of the non-planted orchard soil was abolished by steam pasteurization
(Mazzola 2007).

The mechanism for suppressing the pathogenic activity of R. solani differs from
that of reducing its saprophytic activity in the case of damping-off. This aspect
contrasts with the process during the events of damping-off caused by Pythium spp.
For the latter, the frequency of seed colonization is directly related to the number of
propagules until the colonization frequency reaches its maximum and is also
correlated to the incidence of damping-off. Hence, different approaches to biolog-
ical control need to be employed for R. solani and Pythium spp. (Kasuya
et al. 2006). Microorganisms capable of suppressing these two kinds of pathogens
also are known to be different. It was demonstrated that, although >70 different
commercial composted pine bark amended potting mixes were effective in control-
ling damping-off of radish by Pythium spp., only one-fifth of those provided
adequate control of R. solani damping-off because the latter was controlled by a
much narrower spectrum of antagonistic microorganisms (Abbasi et al. 1999).

The feasibility of using organic amendments such as compost, animal manures,
and organic industrial by-products in order to suppress soilborne plant pathogens
has been well documented (Hoitink and Boehm 1999; Cheuk et al. 2005; Noble and
Coventry 2005). Composts prepared from agricultural waste and used in container
media or as soil amendments may have highly suppressive effects against diseases
caused by a variety of soilborne plant pathogens. Barakat and Al-Masri (2009)
amended sheep manure with 7. harzianum and investigated its suppressiveness
against damping-off of bean (Phaseolus vulgaris) for a 24-month period. Disease
reduction was 50 % after 24 months with the highest concentration of organic
amendment (10 %). Disease reduction increased with increasing concentration of
organic amendment and with the duration of the incubation time. A combination of
T. harzianum and sheep manure reduced both the total fungal population and the
R. solani population after 12 and 24 months.

5.4.3 Mechanism of Disease Suppressiveness Against
Pythium and Phytophthora

Damping-off and root rot caused by Pythium are considered to be the most
devastating diseases of greenhouse crops. Biological control of Pythium is a
promising environmentally friendly approach. Many factors affect the suppression
of diseases in compost-amended soil affected with Pythium spp. These factors
include compost type, OM quality and quantity, and associated level of microbial
activity. Lightly decomposed OM colonized by a diverse microflora is very sup-
pressive to diseases caused by Pythium spp. in container systems (Stone
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et al. 2004). This mechanism is being exploited by many nursery growers using tree
barks in container system to suppress root rots in woody perennials. Apart from this,
much of the evidence suggests damping-off of cucumber is suppressed with com-
posts prepared from cattle manure, licorice roots, municipal biosolids, and sugar-
cane residues (Jenana et al. 2009). Pythium species are poor microbial competitors
that strictly depend on the production of effective survival structures. They have the
ability to germinate rapidly and grow in response to plant-derived seed or root
exudate molecules to initiate plant infections. Carbohydrates and amino acids are
the primary exudate components responsible for stimulating sporangium and
oospore germination and initiating Pythium-seed interaction in the soil. Suppressive
soil has greater mean concentrations of sodium, sulfate, and chloride than condu-
cive soils; only chloride is inhibitory to P. ultimum. When conducive soils were
amended with chloride at concentrations found in suppressive soil, colonizations of
leaf debris by P. ultimum were partially suppressed. In suppressive soils,
P. oligandrum was the most commonly isolated primary colonizing fungus and
tended to be found at higher propagule densities than observed in conducive soils.
When propagule densities of P. oligandrum were increased artificially in conducive
soils, colonization and subsequent inoculum increases of P. ultimum were reduced.
Suppressiveness was overcome by successive soil amendments with dried leaf
debris, which resulted in progressive reductions in the frequencies of colonization
by P. oligandrum. Apparently, soils with elevated chloride concentrations allow
P. oligandrum to successfully compete with P. ultimum, and thus, the former
increases its propagule density and further suppresses the saprophytic activity of
P. ultimum (Martin and Hancock 1986).

The sphagnum peat system has been used as a model system to investigate the
impact of OM quality on Pythium damping-off suppression (Boehm and Hoitink
1992; Boehm et al. 1997). Peats harvested from the top layers of a bog (very slightly
decomposed sphagnum moss or light peat) are suppressive to Pythium damping-off.
As a light peat decomposes, it loses the ability to suppress Pythium damping-off.
Suppression is supported for 1-7 weeks. The loss of suppressiveness is related to
(1) a decline in microbial activity as measured by the rate of hydrolysis of
fluorescein diacetate (FDA) activity, (2) a shift in the culturable bacterial commu-
nity composition from one in which 10 % of the isolates have the potential to
suppress Pythium damping-off to one in which less than 1 % have this potential, and
(3) a decline in carbohydrate content as determined by '>C NMR spectroscopy
(Boehm et al. 1997).

The following characteristics of the container system are responsible for sup-
pression of Pythium damping-off:

1. Many types and sources of organic amendments consistently generate
suppression.
2. Suppression is generated immediately after high-rate organic amendment
(unless the organic substrate is raw).
. Suppression is for a short duration (ranges from 1 week to 1 year).
4. Suppression is positively related to microbial activity.

98]
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Soil suppressiveness of diseases caused by Phytophthora spp. is considered to be
the result of general suppression. Many types of organic materials suppress diseases
caused by Phytophthora spp. The duration of suppression is similar to that of
diseases caused by Pythium diseases, and suppression occurs soon after organic
amendment. However, in contrast to suppression of Pythium spp., in which path-
ogen populations typically do not decline, in most documented systems of
Phytophthora spp., propagules undergo microbial colonization, germination, and
lysis. Bioassays determining the suppressiveness of soils have been used widely for
various diseases with a variety of approaches and indicator plants. Such techniques
may be used to determine the relative potential of the antagonistic population of a
soil. Thus, blue lupin seedlings are used as indicator plant hosts to measure the
suppressiveness of soils that are infested with P. cinnamomi (Duvenhage
et al. 1991).

5.5 Conclusion

Soil suppressiveness research has clearly demonstrated that the phenomenon exists
and is microbiologically mediated. However, there is considerably more uncer-
tainty surrounding the identity of causal microbial agents and ecological processes
that result in disease-suppressive soils. Many studies appear to have commenced
with an assumption that suppression is specific. While it is likely that the principal
mode of suppression will vary with each incidence of pathogen-suppressive soil,
each study should commence by attempting to ascertain whether suppression is
specific or general. We believe that this approach is justified as the outcomes
provide a sound rationale for allocating resources toward future research efforts.
The past dominance of culture-based studies has imposed limitations on our ability
to test a specific suppression hypothesis. While not without their limitations,
microbiomic methods currently provide the best tool for examining this question.
Suppression cannot be achieved for all pathogens in question as the factors
predicted to suppress different diseases are different for each pathogen. Suppressive
soils are an asset to mankind as suppressive OM or compost can be produced but
suppressive soil is not a renewable resource.
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Chapter 6
Agricultural Soil Health and Pea Footrot
Disease Suppressiveness

Ebimieowei Etebu

6.1 Introduction

Peas are self-pollinating annual herb of 30-150 cm long. They are propagated from
seed at a recommended density of between 70 and 100 plants/m” (Davies
et al. 1985; Knott 1999). Their growing seasons vary from 80 to 150 days
depending on geographical region (Davies et al. 1985). They are grown in over
87 countries all over the world providing food for humans and feed for domestic
animals (Hulse 1994; McPhee 2003). Major pea-producing countries are France,
Russia, Ukraine, Denmark and the UK in Europe, China and India in Asia, Canada
and the USA in North America, Chile in South America, Ethiopia in Africa and
Australia (FAO 1994). Pea ranks fourth next to soybean, groundnut and beans in
global legume production (Hulse 1994); global production amounts to about 10.5
million tonnes of dry pea and 7 million tonnes of fresh peas (Duke 1981; FAO
2001). Peas are a good source of proteins, fat, carbohydrate, crude fibre, ash,
calcium, phosphorus, sodium, potassium, iron, thiamine, riboflavin, niacin and
ascorbic acid (Duke 1981; Hulse 1994). Notwithstanding their enormous nutritional
qualities and position in the total worldwide trade of pulses, the cultivation and
production of peas are challenged by an array of constraints. Top among the
constraints affecting pea production are diseases and pests, especially root and
footrot diseases (Graham and Vance 2003). Root and footrot diseases occur wher-
ever peas are grown in the world (Hagedorn 1976; Persson et al. 1997). Several soil
fungi associate with pea roots and are responsible for the diseases. Some of these
fungi include Aphanomyces euteiches, Pythium ultimum, Rhizoctonia solani,
Thielaviopsis basicola, Fusarium oxysporum, Ascochyta pinodella, Sclerotinia
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sclerotiorum and Nectria haematococca (anamorph Fusarium solani f. sp. pisi)
(Hagedorn 1991; Hwang and Chang 1989; Oyarzun et al. 1993a).

Nectria haematococca (anamorph F. solani f. sp. pisi is the most important
fungus (Hwang and Chang 1989) among the suite of fungi responsible for root rot
disease complex in peas. It is a soilborne pathogen responsible for pea footrot
disease in particular. N. haematococca is pathogenic on all commercial processing
pea cultivars (Hagedorn 1991; Griinwald et al. 2003), accounting for as much as
57 % of pea yield losses (Kraft 1984; Oyarzun 1993). Neither genetic resistance nor
chemical control is effective in the control of pea footrot disease; as such the
disease is controlled or managed only through avoidance of fields with high disease
potential. Identifying agricultural fields with a high disease potential has therefore
been paramount in the implementation of preventive measures (Oyarzun 1993).
Like several other soilborne plant diseases, the ability of N. haematococca to cause
disease in peas is, in part, dependent on the health of the soil on which peas are
grown. Some soils, referred to as ‘suppressive soils’, either completely inhibit
disease initiation or truncate its progression in susceptible plants, in spite of
favourable conditions for disease incidence and development (Cook and Baker
1983; Schippers 1992).

This chapter is therefore intended to discuss the factors that make for agricultural
soil health with respect to pea footrot disease suppression or otherwise. The chapter
is divided into four sections under the following subheadings: the causal pathogen,
pea footrot disease symptoms and assessment, molecular basis of pea footrot
disease and the potential role of agricultural soil health indices in pea footrot
disease suppressiveness.

6.2 The Causal Pathogen: Nectria haematococca

Footrot of peas is caused by the soilborne fungus Nectria haematococca. The
fungus is a member of a heterogeneous group of ascomycetous fungi composed
of both homothallic and heterothallic groups (Booth 1971). Members of mating
population VI (MPVI) infect and cause disease on nine plant species and one
animal species; occur as secondary/tertiary pathogens, in 14 species of plants;
and can exist as saprophytes in soil (Van Etten and Kistler 1988; Funnell and
Van Etten 2002). They are best known and studied as pathogens of the garden pea
(Pisum sativum), where they are often referred to as Fusarium solani f. sp. pisi,
reflecting the anamorphic stage of the fungus (Funnell et al. 2001). The fungus
F. solani survives in soils and plant debris and infects a wide variety of crops where
they cause diseases with symptoms such as wilting, rotting of seeds, damping off
and root and tuber rots, among others. Usually, asexual spores are produced, but
under certain conditions perithecial stages identified as Nectria haematococca are
found (Booth 1971; Matuo and Snyder 1972). Colonies of F. solani f. sp. pisi grown
on freshly prepared potato dextrose agar are characterised by typical blue-green to
buff-coloured sporodochia. Macroconidia are hyaline, measuring between 27 and
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Fig. 6.1 Conidia of l [
N. haematococca isolated ~

from agricultural soil with \\\

pea footrot disease history ®

in the UK (Courtesy: U

E. Etebu) :

60 pm long, ‘canoe-shaped’ conidia in transverse view, and a distinct ‘foot cell” at
the lower end, and divided by several cross-walls (Fig. 6.1) (Kraft 2001; Etebu
2008).

Morphological traits are not sufficient to differentiate pea pathogenic strains of
N. haematococca, from nonpathogenic forms, both of which are known to exist in
agricultural soils. Hence recent studies of this fungus aimed at understanding its pea
pathogenicity potentials have been hinged on DNA-based molecular techniques
(Oyarzun 1993; Etebu and Osborn 2009).

6.3 Pea Footrot Disease Symptoms and Assessment

As earlier mentioned, pea footrot disease is caused by the soilborne fungus
N. Haematococca. Some workers prefer to call the disease Fusarium root rot of
peas to reflect the anamorphic stage of the causal pathogen (Hagedorn 1991). The
disease was first reported in the USA and Europe at about 1918 (Kraft 2001). The
growth of N. haematococca and subsequent infection of the pea plant are facilitated
by chemical exudates formed by the root system. The fungus penetrates the plant
through the tap root just above the point of cotyledon attachment (Short and Lacy
1976; Integrated Pest Management 2002) (see Fig. 6.2 showing pea plant and
infection locus of N. haematococca).

Disease symptoms are produced on infected peas as early as 3 days of contact
with pathogenic forms of the fungus (Funnell et al. 2001); early symptoms appear
as reddish-brown streaks at the primary and secondary roots and later coalesce to
form a dark reddish-brown lesion (see Fig. 6.3) on the primary root up to the soil
line. Externally, symptoms are characterised by stunted growth, yellowing and
necrosis at the base of the stem (Fig. 6.4) (Kraft and Kaiser 1993; Kraft 2001;
Etebu 2008). Poor crop rotations, high soil temperatures (22-30 °C) and moist,
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Fig. 6.2 The pea plant. FL=open flower; FB =flower bud; CS=clam shell; F=fruit;
L =leaflets; S=stipule; SA=stem axis; T=tendril; N=node; I=internode; B = bracts;
ND =nodule; SR = seed remnant; TR = taproot; and LR = lateral root. Flower parts: sepal, keel,
wing, standard, calyx, staminal tube, anther, free stamen, stigma, style and ovary. Germinating
seed parts: cotyledon, radicle, hypocotyl, seed coat, primary root, epicotyl, secondary roots and
young shoot (Courtesy: F. Muehlbauer) (Source: Kraft 2001)

acidic (pH 5.1-6.2), low fertility and compact soils would generally facilitate pea
footrot disease following infection by the causal pathogen (Kraft 1984; Tu 1994).

Assessment and grading disease severity is very vital in plant pathological
experiments. Disease assessment and grading are usually aimed at evaluating
disease resistance or susceptibility among different varieties of a given species of
plants or of a given variety of crop under different agricultural practices. Disease is
usually graded through the use of scales often ranging from 0 to 5 or 1 to 9 such that
low figures on the scale depicts a corresponding low degree of damage in the
infected plant and vice versa (Infantino et al. 2006). Research on the assessment
of footrot disease on peas has focused on laboratory and greenhouse experiments
(Han et al. 2001). Studies conducted to assess the response of peas to footrot disease
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Fig. 6.3 Root symptom of Healthy pea root
pea footrot disease (Source:
Etebu 2008). (a) Healthy
pea root. (b) Footrot
symptom of infected

pea root

Fig. 6.4 Early field
symptoms of pea footrot
disease (Source: Processors
and Growers Research
Organisation 1997)
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Fig. 6.5 Greenshaft peas showing various degrees of footrot disease (Source: Etebu and Osborn
2011a)

have often centred on a disease index (DI) scale ranging from 0 to 5 to show the
differential symptomatic effect on pea roots infected with N. haematococca: 0 =no
discolouration; 5 =totally discoloured roots (Biddle 1984; Oyarzun et al. 1997,
Griinwald et al. 2003). Using the same scale, Griinwald and associates (2003)
described the various levels of footrot disease severity of the scale as follows:
0 =no symptoms; 1 = slight hypocotyl lesions; 2 =lesions coalescing around epi-
cotyls and hypocotyls; 3 = lesions starting to spread into the root system with the
root tip starting to be infected; 4 = epicotyl, hypocotyl and root system almost
completely infected and only slight amount of white, uninfected tissue left;
5 =completely infected root. This scale is largely subjective and requires a great
deal of technical expertise. A simpler and yet objective and accurate assessment
scale has recently been developed and adopted in recent studies (Etebu and Osborn
2009, 2010, 2011a, b, c). These authors, whilst maintaining the disease index
(DI) scale of 0-5, defined the different stages of disease severity to be 0 =no root
discolouration; 1 =1-20 % discolouration; 2 =21-40 % discolouration; 3 =41—
60 % discolouration; 4 = 61-80 % discolouration; and 5 > 81 % discolouration (see
Fig. 6.5).

6.4 Molecular Basis of Pea Footrot Disease

The interaction between P. sativum and N. haematococca, which leads to footrot
disease of the former, is in many ways similar to what is known with other plant-
soil-fungal interaction systems. Fungal pathogens are able to cause disease in plants
after they get established within the tissues. Plants generally resist microbial
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infection by producing antimicrobial secondary metabolites, either during their
normal course of development or in response to pathogen attack or stress (Kotchoni
and Gachomo 2006). Antimicrobial metabolites, formed constitutively within
plants in course of their normal development and growth, are generally termed
phytoanticipin. These metabolites potentially protect plants, wherein they are
formed, from attack against a wide range of pathogens (Mansfield 1983; Osbourn
1996). Conversely, phytoalexins are produced in response to pathogenic attack or
stress. As such, they are usually restricted to the infection locus and the surrounding
cells (Paxton 1980, 1981; Grayer and Harborne 1994; Smith 1996). Interestingly, a
number of studies have also shown that pathogenic attack on plants elicits
phytoalexinic response in both disease-resistant and disease-susceptible plants,
but the rate and amount of phytoalexin produced in resistant plants are significantly
higher than in susceptible ones (Morrissey and Osbourn 1999; Van Etten
et al. 2001).

Resistance genes play a vital role in conferring resistance on plants when
induced by pathogenic invasion, primarily through signal transduction which
leads to the activation of defence genes (Dangl and Jones 2001; Kotchoni and
Gachomo 2006). Numerous defence genes have been identified, most of which
occur within plants as multigene families (Douglas et al. 1987). Genes associated
with inducible defence responses encode, among others, hydrolytic enzymes such
as chitinases and glucanases and a number of other ‘pathogenesis-related
(PR) proteins’ whose functions are yet not properly understood (Bowels 1990;
van Loon et al. 1994). In addition, these genes also encode enzymes involved in
the synthesis of antimicrobial phytoalexins (Dixon and Paiva 1995). The garden pea
produces an isoflavonoid phytoalexin (+) pisatin, and many of the fungi that are
pathogenic on the pea plant are able to detoxify pisatin via demethylation (Van
Etten et al. 1989). The high virulence of pathogenic forms of N. haematococca
MPVI population on peas has been linked with the capacity of the fungus to
detoxify the pea phytoalexin, pisatin (Kistler and Van Etten 1984). All field iso-
lates, pathogenic on peas, are known to produce a microsomal cytochrome P450
monooxygenase enzyme called pisatin demethylase (pdm). Pisatin demethylase is
encoded by pisatin demethylase activity (PDA) genes (Van Etten et al. 1995;
Funnell et al. 2002; Liu et al. 2003), and these catalyse the detoxification of pisatin,
via demethylation (Fig. 6.6). All naturally occurring isolates of N. haematococca
that lack the ability to demethylate pisatin (PDA ™) normally lack PDA genes and
are not pathogenic on peas (Ciuffetti and Van Etten 1996; Wu and Van Etten 2004).

However, natural isolates of N. haematococca vary quantitatively in pisatin
demethylating ability, and as a result, three whole cell phenotypic groups have
been classified (Matthews and Van Etten 1983). These include PDA~, PDA" and
PDA". The first group (PDA™) lacks the ability to detoxify pisatin. The second
group (PDA") produces low levels of pisatin demethylase enzyme after long
exposure to pisatin, whilst the third group (PDA™) rapidly produces moderate to
high levels of pisatin demethylase enzyme on exposure to pisatin. In some earlier
publications, PDA"™ phenotype has been referred to as PDA™ or PDA™" and the
PDA™ phenotype as PDA', PDASY or PDASM (Mackintosh et al. 1989). Deductions
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Fig. 6.6 Detoxification of pisatin through demethylation. Pisatin demethylated to 3,6a-
dihydroxy-8, 9-methylenedioxypterocarpan (DMDP) (Source: Matthews and Van Etten 1983)

from earlier conventional genetic studies inferred that PDA was inherited as a
single gene, and in addition, the PDA gene was considered to be an absolute
requirement for any microorganism to infect and cause disease on peas (Kistler
and Van Etten 1984). This position was later debunked as studies with site-directed
disruption experiments of PDA genes proved otherwise. Disrupting the PDA gene
in a pea pathogenic fungus was expected to render it nonpathogenic on peas, but
this was not the case. Although site-directed disruption of the PDA gene reduced the
capacity of the fungus to cause disease, it did not render the gene-disrupted strains
completely nonpathogenic. The reduction in pathogenicity in PDA site-disrupted
strains on peas rather than becoming nonpathogenic raised questions on previous
conventional genetic studies and begged for answers. This apparent inconsistency
was explained and synchronised by two findings. Firstly, PDA gene is located on a
1.6 million base pair (Mb) conditional dispensable chromosome (Wasmann and
Van Etten 1996), and secondly, some additional gene(s) located on the same
dispensable chromosome were observed as additional requirement for high viru-
lence on peas (Wasmann and Van Etten 1996; Etebu and Osborn 2009, 2011b).
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PEP1  PEP2 PEP3 PDA PEP5 PEP4

Fig. 6.7 Schematic representation of the PEP gene cluster. The cluster represents the PEP gene
cluster found in strain 77-13-7 of N. haematococca MPVI and contains six genes that are expressed
during infection of pea (black rectangles) and four ORFs with homology to different class II fungal
transposable elements (orange rectangles) [Adopted from Han et al. (2001), Temporini and Van
Etten (2002)]

These additional genes which are also expressed in pathogenic forms of
N. haematococca during pea infection are PEPI, PEP2, PEP3, PEP4 and PEP5
(Fig. 6.7), all clustered together with the PDA gene (Temporini and Van Etten
2002).

All highly virulent isolates possess at least one homologue of each of the six
genes except PEP4 (Temporini and Van Etten 2002). Of the six genes located on
the dispensable chromosome of N. haematococca, PDAI, PEPI, PEP2 and PEPS
are generally termed the ‘pea pathogenicity’ (PEP) cluster essentially because each
of these genes is able to independently confer pathogenic properties to nonpatho-
genic isolates of N. haematococca that lack the conditional dispensable chromo-
some (Ciuffetti and Van Etten 1996; Han et al. 2001). The role of PEPI, PEP2 and
PEP3 in pea pathogenicity is yet unknown (Idnurm and Howlett 2001; Temporini
and Van Etten 2002). Whilst PDA is responsible for detoxification of pisatin, the
PEPS gene is suggested to be involved in the efflux of pisatin (Han et al. 2001). An
excellent review by Van Etten and associates (2001) observed that
N. haematococca tolerates pisatin through degradative (PDA) and
non-degradative (PEPS5) means, suggesting that both types of tolerance mecha-
nisms may operate in synergism during infection. They further suggested that
elimination of both mechanisms in N. haematococca may be required to make it
nonpathogenic. Although PEP3 is usually not included among the pea pathogenic-
ity genes (Han et al. 2001; Liu et al. 2003), apparently because of its inability to
independently confer pathogenic attributes when used to transform nonpathogenic
strains, several workers have shown that it apparently plays a significant role in pea
pathogenicity. This position stems from the fact that whereas homologues of pea
pathogenicity genes (PDAI, PEPI, PEP2 and PEPS5) could sometimes occur in
isolates with low virulence, PEP3 homologue is the only gene that is present
exclusively in highly virulent isolates, pathogenic on peas (Temporini and Van
Etten 2002; Han et al. 2001). The importance of the PEP3 gene in pea pathogenicity
culminating to pea footrot disease is further elucidated by the fact that the PDA and
PEP3 genes are physically located between PEP2 and PEPS (Fig. 6.6) and isolates
lacking PDA and/or PEP3 are not highly virulent even when other pea pathoge-
nicity genes are present in the cluster of genes (Temporini and Van Etten 2002).
Similarly, recent molecular studies aimed at targeting pea pathogenicity genes of
N. haematococca as a means to quantify population of pathogenic forms of the
pathogen in soil identified PDA, PEP3 and PEP5 as major determinants of pea
footrot disease (Etebu and Osborn 2010, 2011a).
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6.5 Potential Role of Soil Health Indices on Pea Footrot
Disease Suppressiveness

Disease incidence and severity among different plant-pathogen interactions are, in
part, directly related to pathogen inoculum density (Bhatti and Kraft 1992; Sugha
et al. 1994; Navas-Cortés et al. 2000). Although this phenomenon has also been
demonstrated between peas and N. haematococca (Etebu and Osborn 2011a),
literature is awash with reports of several other studies involving plant-pathogen
interactions (including the interaction between peas and N. haematococca) where
this relationship is not always the norm (Ristaino 1991; Oyarzun et al. 1994; Etebu
and Osborn 2011c¢). Different soils differentially affect the inoculum potential of
F. solani f. sp. pisi in peas even when the inoculum density of the pathogen is the
same in all soils. This differential effect of virulent spores of N. haematococca in
peas clearly indicates that the interactions between a susceptible pea plant and its
specific pathogen, leading to pea footrot disease, are largely dependent on the soil
environment.

Soil is a complex and dynamic biological system that houses numerous organ-
isms involved in recycling organic matter and associated nutrients and in the
process modulates the outcome of many plant-pathogen interactions. Soils have
the capacity to either facilitate or suppress the incidence, severity and/or progres-
sion of plant disease. Depending on the side of the divide it tilts, a soil would be
considered healthy or otherwise. A healthy soil from an agricultural view point lies
in its ability to suppress the activity of plant pathogens, such that disease incidence,
progression and/or severity on susceptible host plants would be significantly
delayed or completely obliterated, in spite of the presence of a pathogen and
climatic conditions favourable for disease (Schippers 1992; Abawi and Widmer
2000; Van Bruggen and Semenov 2000). Soils with this capability are referred to as
suppressive soils (Alabouvette 1990) as opposed to conducive or receptive soils.
The capability of suppressive soils to control the pathogenic activity of pathogens is
dependent on inherent biotic and abiotic soil properties (Alabouvette et al. 1982).

6.5.1 Biotic Factors Affecting Agricultural Soil Health
and Pea Footrot Disease Suppressiveness

Biotic factors include all aspects of association between plants and other organisms,
particularly microorganisms in soils. The composition of microbial communities
plays very crucial roles in the fertility/health status of agricultural soils, and these
have been exploited in agricultural practice for decades (van Veen et al. 1997,
Girvan et al. 2003; Nannipieri et al. 2003). All natural soils are able to suppress the
activity of plant pathogens, in some way, by reason of the presence and activity of
its resident soil microorganisms. So the concept of disease suppressive soils is often
described in terms of both general suppression and specific suppression (Cook and
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Baker 1983). General suppression is a component of disease suppressive soils, so
manipulating the biotic components of soils has always been directed at achieving
specific suppression against specific plant disease(s). Among the varied practices
adopted to achieve specific suppression is the practice of amending crop soils with
organic matter to restore and improve soil quality. Hence, the application of organic
amendments aimed at improving agricultural soil health through enhancement of
soil suppressiveness, especially for soilborne diseases, has received a considerable
resurgence in recent times.

Biotic components of soil quality commonly measured during research/experi-
mentation include soil organic matter, respiration, microbial biomass (total bacteria
and fungi) and mineralisable nitrogen (Stevenson 1994). Although soil organic
matter is generally considered to be a biological factor, a recent review by Etebu
and Osborn (2012) treated it as a chemical component of abiotic factors, because
plants and animals living in soil usually account for less than 5 % of the soil organic
carbon (Stevenson 1994). Biotic factors affecting pea footrot disease include initial
pathogen (N. haematococca) density, microbial biomass and soil microbial richness
and diversity.

6.5.1.1 Initial Density of N. haematococca

Although the inoculum potential of a soil, defined as the pathogenic energy present
to cause infection (Bouhot 1979), is dependent on many factors, the pathogen
inoculum load present in soil at the outset of cultivation is generally known to
significantly dictate the incidence and severity of soilborne diseases among plants
(Cullen et al. 2001; Goud and Termorshuizen 2003). As a result, it is a common
practice to allow fallow periods between susceptible crops to repress build-up of
high inoculum load in fields to avoid disease outbreaks in such fields. A 6-year
rotation period is thought to deter the build-up of N. haematococca and is therefore
practised with respect to pea cultivation in some European countries (Oyarzun
et al. 1993b). This practice may not be very effective in the management and
control of the disease because it does not guarantee a significant reduction of the
pathogen inoculum load (Etebu and Osborn 2010). Employing other reliable and
effective means to identify agricultural fields with high disease potentials, prior to
crop planting, is pivotal in the management of pea footrot disease. Since soils with
high disease potential are generally characterised by high initial inoculum density
of plant pathogen(s) (Rush and Kraft 1986; Bhatti and Kraft 1992; Navas-Cortés
et al. 2000), there has to be a reliable means of quantifying pathogenic forms of
N. haematococca in agricultural fields, prior to pea cultivation. Until very recently,
isolation and quantification of N. haematococca in soil had relied on the use of
peptone-pentachloronitrobenzene agar (PPA) (Oyarzun et al. 1994). Although this
medium is considered to be a Fusarium-selective medium, it is not specific to
Fusarium solani (Dhingra and Sinclair 1995), neither does it discriminate between
pathogenic and nonpathogenic forms of the pea footrot pathogen (Etebu and Osborn
2009, 2010).
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Goud and Termorshuizen (2003) attempted to quantify N. haematococca in soil,
using molecular approaches targeting ITS regions. Unfortunately, like culture-
dependent assays, molecular assays targeting the ITS region were equally
unsuitable because it also does not discriminate between pathogenic and nonpatho-
genic forms of the pathogen (Suga et al. 2000). The discovery of a cluster of six pea
pathogenicity genes (PDA, PEPI, PEP2, PEP3, PEP4 and PEPS5) which patho-
genic strains of the fungus are known to possess has helped in no little ways to the
development of molecular assays that differentially detects and quantifies patho-
genic forms of the fungus in soil without recourse to culture. In particular, molec-
ular assays targeting three of the pathogenicity genes (PDA, PEP3 and PEPS) have
been developed and validated. The assays showed that gene copy numbers of each
of the three genes (PDA, PEP3 and PEPS5) quantified from soil DNA were compa-
rable to the number of pea pathogenic forms of N. haematococca in soil (Etebu and
Osborn 2010, 2011a). In a related review article, Etebu and Osborn (2011d) opined
that the PEP3 gene would be the most ideal indicator gene to target in the molecular
quantification of pea pathogenic forms of N. haematococca in soil, because of all
the six genes linked with pea pathogenicity, the PEP3 homologue is the only gene
that is present exclusively in highly virulent pea pathogenic isolates (Han
et al. 2001; Temporini and Van Etten 2002). PEP3 gene copy numbers of up to
100 g~ ' soil would constitute a threshold number for infection, potentially capable
of causing economically significant pea footrot disease. So agricultural fields
having this density of PEP3 gene copies at the outset of pea cultivation could be
considered pea footrot disease suppressive soils if viable peas planted thereon do
not show appreciable degree of pea footrot disease.

6.5.1.2 Microbial Biomass

Soil microbial biomass represents the fraction of the soil responsible for the energy,
nutrient cycling and regulation of organic matter transformation (Gregorich
et al. 1994; Turco et al. 1994). The biological activities of nutrient cycling and
organic matter decomposition are facilitated by soil organisms particularly micro-
organisms, and these are largely concentrated in the topsoil (<30 cm deep).
Microbial communities constitute the first line of soil inhabitants that change,
both in structure and diversity, in the event of any change in soil conditions.
Changes in microbial populations and activities therefore indicate a real change
in soil health (Pankhurst et al. 1995). Although soil microorganisms constitute a
very small fraction of total soil organic matter, the rate of organic matter decom-
position and nitrogen mineralization is directly related to the microbial biomass of
the soil, and the rate at which organic matter decomposes is a measure of soil health
(Jenkinson 1988; Singh 1995; Carter et al. 1999). The works aimed at studying the
effect of soil microbial biomass and pea footrot disease suppressiveness in agricul-
tural soils are grossly limited, and some of the few existing studies have often
focused on the relationship between microbial biomass (measuring biomass indices
such as carbon and nitrogen) and yield without reference to pea footrot disease. A
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very recent study with peas showed that soil microbial biomass positively correlates
with pea dry matter yields (Jannouraa et al. 2014). The relationship between
microbial biomass and pea footrot disease was not specifically reported in this
recent work, but some relatively earlier works had shown that soil organic matter,
which includes microbial biomass among others, influences the health of agricul-
tural soils with respect to pea footrot disease suppression (Etebu and Osborn 201 1c,
2012).

6.5.1.3 Microbial Diversity

Microbial communities play vital roles in the acquisition and recycling of nutrients
required for maintenance of soil structure, degradation of pollutants and the bio-
logical control of plant and animal pests, as well as the sustenance of agricultural
soil health and plant growth and productivity (Bossio and Scow 1995; Hill
et al. 2000). The significance of biological diversity, often simply termed ‘biodi-
versity’, in ecological studies has been in limelight and appreciated since as early as
the 1950s. Biodiversity is an index of community stability and could be defined as a
measure of variability among living organisms. This includes diversity within
species, between species and of ecosystems (Swift 1974; Harper and Hawksworth
1995; Nielsen and Winding 2002). Biodiversity studies began with plant and animal
communities up till the 1960s. Microbiologists began to investigate the impact of
biodiversity on the function and structure of microbial communities from about the
1960s, and from then up till now, the subject of microbial diversity has continually
been accorded due recognition and significance in ecological studies (Swift 1974).
A case in point is the formulation of the ‘Diversities International Research
Program’ in 1991 and the Biodiversity Treaty that was issued from the United
Nations Conference on Environment and Development in 1992 in Rio de Janeiro,
Brazil. These institutional drives were intended to promote scientific investigations
into the origins and conservation of biodiversity and the impact of biodiversity on
ecological functions (Colwell 1996). Closely linked to the subject of biodiversity is
the concept of ‘resilience’. This concept was first introduced into ecological
parlance by Holling (1973) to explain the non-linear dynamics observed in ecosys-
tems. Ecological resilience was defined as the amount of disturbance an ecosystem
could withstand without altering self-organised processes and structures.
Biodiversity as an index of resilience enhances the efficiency and stability of
some functions of the ecosystems (Tilman and Downing 1994; Tilman et al. 1996),
and these are dependent on the diversity of functional groups of soil organisms in
the ecosystem, as well as the species diversity within these groups (Walker 1992). A
resilient agricultural soil would therefore be a soil with diverse species of micro-
organisms, as components of its microbial community, with none enjoying an
exclusive dominance status in terms of abundance (Pankhurst et al. 1996). A
biologically diverse soil would be resilient and be able to suppress plant disease.
Soilborne pathogens are suppressed by soils through a variety of ways; these
include induced resistance, direct parasitism, nutrient competition and direct
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inhibition through antibiotics secreted by beneficial organisms (Sullivan 2001).
Changes in soil microbial diversity result from ecosystem management, global
change (Bossio and Scow 1995) and agricultural practices such as organic amend-
ments (Pankhurst et al. 1996; Girvan et al. 2003, 2004). These practices impact
agricultural soil health either negatively or positively resulting to plant disease
receptive (conducive) or suppressive soils, respectively. There has been consider-
able development of techniques for characterising and measuring diversity, in
particular at the molecular level for both culturable and non-culturable microor-
ganisms (Rondon et al. 2000; Theron and Cloete 2000). Biodiversity is studied at
three levels of complexities, and these include genetic (intraspecies diversity),
species (numbers of species) and ecological (community diversity) (Harper and
Hawksworth 1995). Species richness or abundance is considered to be the funda-
mental measures of biodiversity (Magurran 1988). Recent microbial diversity
studies have often relied on indices derived from formulae put forward by different
workers. Two commonly used indices are the Simpson’s diversity index and
Shannon-Weaver diversity index. In particular, the Simpson’s diversity index has
been used to measure the fungal diversity of agricultural soils with pea footrot
disease histories in the UK, and the interrelationship between fungal diversity and
pea footrot disease in those soils was studied some years ago (Etebu 2008).
Specifically, fungal richness/biodiversity within the soils was investigated through
the generation of terminal restriction fragments using labelled FAM-ITS4 and ITS1
primers in a molecular assay, and Simpson’s diversity index (SDI) used as measure
of the diversity of fungi (TRFs) was calculated from the formula

SDI = 1— Zn(n—1)
N(N —1)

where SDI = Simpson’s diversity index, n =relative abundance of the different
terminal restriction fragments (TRF) and N =total number of TRF (Fowler
et al. 2005).

Results of the study herein referred to showed that whilst fungal richness was
significantly different in different agricultural fields, a perceived inverse correlation
to footrot disease was not significant (P =0.05), but it was nonetheless signifi-
cantly, positively correlated to shoot length and to total plant dry weight. This
indicates that fungal richness promotes pea plant growth, and this by extension
further supports the widely accepted view that agricultural soils endowed with
numerous fungal species boosts the yield of food crops.
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6.5.2 Abiotic Factors Affecting Agricultural Soil Health
and Pea Footrot Disease Suppressiveness

The biotic environment could be considered to be the sole determinate factor
responsible for receptivity or suppressiveness of agricultural soils, whilst the
prevailing abiotic factors simply play a modulating role (Oyarzun et al. 1998).
This seems to be the case with pea footrot disease suppressive soils. Soil chemical
factors such as pH, total oxidised nitrogen, soluble ammonium nitrogen, carbon/
total nitrogen ratio (C/N), phosphate and potassium have been shown to be posi-
tively related to pea footrot disease (significant at P <0.05), indicating that a
decrease of these factors in soil would render such soils suppressive to pea footrot
disease whether or not the threshold density of pathogenic forms of
N. haematococca (100 g~ 'soil) required for disease is present. Plant growth and
microbial growth are both limited by nitrogen availability in many ecosystems
(Kaye and Hart 1997). Although fertilisers are often applied to soil in the majority
of agricultural management practices, peas are relatively unresponsive to fertilisers,
particularly nitrogen, except when nodulation is poor or fails completely
(Muehlbauer et al. 1983). This is because peas, in association with Rhizobium,
are capable of fixing atmospheric nitrogen which meets their requirement for high
yield (Crozat et al. 1994). The form of nitrogen (NO5 or NH,) has been noted as an
important factor when it comes to its role in disease suppression in soil (Janvier
et al. 2007). Studies have shown that pea footrot disease is not influenced by total
ammonium nitrogen (NH4-N) but total oxidised nitrogen (TON) does, as the latter
has been observed to have a significantly positive correlation to the disease. Of
further interest is the fact that TON is also positively related to inoculum density of
N. haematococca in soil quantified via pathogenicity genes (Oyarzun et al. 1998;
Etebu and Osborn 2010, 2011c). Since peas are capable of meeting their nitrogen
requirements through atmospheric nitrogen fixation, excess TON not utilised by pea
plants in soil infested with pathogenic F. solani f. sp. pisi may be utilised by pea
footrot disease pathogen for growth and reproduction, thereby increasing the
chances of inoculum proliferation in soil.

A predictive disease model for pea footrot disease was recently identified and
proposed as DI = 1.97 +[(3.48 x phosphate) + (—0.66 x C/N)], where DI represents
disease index (0 =no disease; 5 = maximum disease); phosphate is measured in
mg/g soil; N represents total ammonium nitrogen, also measured in mg/g soil; and
C represents soil organic carbon measured as percentage loss of ignition (LOI).
Both potential predictors contribute significantly (P < 0.05) to the variability of pea
footrot disease which is often observed on different agricultural soils. Whilst
phosphate contributed 31 % of the variation in pea footrot disease, C/N ratio
accounted for an additional 11 %. The model showed that the relative abundance
of three soil chemical factors, phosphate, carbon and nitrogen, in part, determines
whether or not a soil would be suppressive to pea footrot disease. Whilst phosphate
positively correlated to pea footrot disease, as part of the same model, C/N ratio was
found to be negatively correlated to the same disease (Etebu and Osborn 2011c).
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What this portends is that a combination of a relative decrease in phosphate and a
high C/N ratio would render a soil suppressive to pea footrot disease. Expression of
the PDA gene, responsible for pea footrot pathogenicity in N .haematococca, is
known to be suppressed in culture by glucose and amino acids (Straney and Van
Etten 1994; Khan and Straney 1999). It could therefore mean that carbon existing as
sugars and carbohydrates in soil could, depending on the relative amount of total
ammonium nitrogen, suppress the expression of the PDA gene in N. haematococca
required to initiate footrot disease in peas.

6.6 Conclusion

Although pea footrot disease is largely dependent on the interaction between the
pea plant itself and the causal pathogen N. haematococca, the incidence, progres-
sion and severity of the disease are often modulated by soil factors such as
microbial biomass, microbial richness and diversity, pH, total oxidised nitrogen,
phosphate and potassium. Agricultural soils with inputs that seek to decrease
phosphate and total nitrogen, depending on the relative amount of total carbon,
would generally be suppressive to pea footrot disease whether or not the threshold
density of pathogenic forms of N. haematococca (100 g~ soil) required for disease
is present. In contrast soils with high carbon/total nitrogen (C/N) ratio value would
potentially also render a soil suppressive to pea footrot disease whether or not the
threshold density of pathogenic forms of N. haematococca (100 g~ soil) required
for disease is present.
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Chapter 7

Managing the Phytotoxicity and Inconsistent
Nematode Suppression in Soil Amended
with Phytonematicides

Phatu W. Mashela, Zakheleni P. Dube, and Kgabo M. Pofu

7.1 Introduction

The global withdrawal of environment-unfriendly synthetic nematicides from agro-
chemical markets resulted in the emergence of various alternatives for managing
plant-parasitic nematodes (Chedekal 2013; Stirling 2014). However, the introduced
alternatives had inherent drawbacks. For instance, most crude extracts from plants
with acceptable efficacies on suppression of nematodes were highly phytotoxic and
could therefore not be sanctioned for use in crop husbandry. The European and
Mediterranean Plant Protection Organization (EPPO 2010) and other such legal
entities in various countries have zero tolerance on products that induce phytotox-
icity on crops which are being protected against pests. Invariably, some
non-phytotoxic products have had inconsistent results on target pests, which raised
credibility issues for their registration. Incidentally, most products to be used in
agricultural pests such as plant-parasitic nematodes have to undergo registration
after intensive efficacy and non-phytotoxic trials.

Plant-parasitic nematodes are among the most injurious soilborne pests in
cropping systems, with yield losses ranging from 5 % to 15 % (Stirling 2014) and
translating to billions of US dollars (Chitwood 2002; Khan et al. 2008). Following
the withdrawal of highly effective nematicides, the use of nematode-resistant
genotypes had been in the forefront as a management strategy of choice in reducing
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nematode densities to below injurious levels. However, in plant genotypes without
nematode resistance such as watermelon (Citrullus lanatus), peppers (Capsicum
annuum) and potatoes (Solanum tuberosum), the yield losses escalate to as high as
50 % and at times to complete crop failure due to infection by the root-knot
(Meloidogyne species) nematodes (Pofu et al. 2012). Reliance on nematode resis-
tance was not sustainable due to the existence of nematode races and sensitivity of
nematode-resistant genotypes to environmental factors such as high soil tempera-
ture (Dropkin 1969), salinity (Mashela et al. 1992) and honeydew-inducing foliar
insects (Pofu et al. 2012). Lack of nematode-resistant genotypes in certain econom-
ically important crops and incompatibility of intergeneric nematode-resistant root-
stocks and scions also negated the widespread adoption of nematode resistance
technology (Pofu et al. 2012). Notwithstanding the listed drawbacks and the degree
of nematode resistance in a given cultivar, the extent of crop losses is also depended
upon the aggressiveness of the target nematode. For example, Meloidogyne species,
lesion nematode (Pratylenchus species), sting nematode (Belonolaimus
longicaudatus) and burrowing nematode (Radopholus similis) are highly aggres-
sive, and, therefore, each may induce excessive damage to the host plants. In
contrast, the citrus nematode (Tylenchulus semipenetrans) is not aggressive, but
could be highly damaging in soils with salinity problems (Mashela and Nthangeni
2002; Duncan 2009).

Management of plant-parasitic nematodes in cropping systems is indispensable if
crop enterprises are to be profitable and thereby improve food security on a global
scale. Due to various setbacks on nematode resistance, organic amendments and/or
other biological agents were tested on a grand scale for the suppression of population
nematode densities. Notably, higher plants, biocontrol agents and fungi have since
provided a broad spectrum of active compounds for use in nematode management
(Chitwood 2002; Okwute 2012; Chedekal 2013). Phytonematicides as an alternative
management strategy in nematode suppression comprise a class of plant-based
nematicides, which are available as aqueous plant extracts (Egunjobi and Afolami
1976; Rossner and Zebitz 1987; Chedekal 2013), methanol plant extracts (Usman
2013), ethanol plant extracts (Khan et al. 2008), oilcakes (Muller and Gooch 1982),
essential oils (Meyer et al. 2008), fermented crude plant extracts (Kyan et al. 1999;
Ncube 2008; Pelinganga and Mashela 2012; Pelinganga et al. 2013a), powders
(Ahmad et al. 2013) or granules (Mashela et al. 2008, 2011, 2012).

Phytonematicides differ from conventional organic amendments, which may
include crop residues, manures, compost, organic manures, agro-industrial wastes
and sewage sludge (Castagnone-Sereno and Kermarrec 1991; D’Addabbo 1995;
Thoden et al. 2011; Stirling 2014). Generally, phytonematicides were introduced to
mitigate the drawbacks of conventional organic amendments in suppression of
plant-parasitic nematodes (Mashela 2002), which include (1) inconsistent results
in nematode suppression; (2) large quantities (10-500 t/ha) which were required to
achieve nematode suppression; (3) unavailability of the materials; (4) high transport
costs to haul the materials from the production site to that of use; (5) negative
period, with the subsequent time-lag to allow for microbial decomposition in order
to avoid negative periods; and/or (6) decrease in soil pH, which inherently
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imbalances the availability of essential nutrient elements in the soil (Jafee
et al. 1994; Belair and Tremblay 1995; McSorley and Gallaher 1995; Mashela
2002; Kimpinski et al. 2003; Thoden et al. 2011; Stirling 2014). Inputs for most
phytonematicides are locally collected from indigenous plants (Muller and Gooch
1982; Akhtar and Malik 2000; Oka 2010; Mashela et al. 2011; Ahmad et al. 2013),
which possess complex allelochemical compounds (Chitwood 2002; Okwute
2012). In purified formulation, most phytonematicides lose their nematode sup-
pression capabilities (Wuyts et al. 2006; Oka 2010; Ntuli and Caboni 2012; Okwute
2012) and are accompanied by unacceptable high phytotoxicity levels on crops
being protected against nematodes (Mian and Rodriguez-Kabana 1982a, b; Meyer
et al. 2008). Generally, phytonematicides rely on allelochemicals as their active
ingredients and are used in vivo for defence against invading pathogens (Rice 1984;
Inderjit et al. 1999). Roots of certain allelochemical-producing plants exude copi-
ous quantities of allelochemicals to provide competitive edge against competitors
during interference (Inderjit et al. 1999; Rice 1984). The objective of this overview
was to provide the dosage model as an alternative strategy in managing plant-
parasitic nematodes with specific reference to addressing efficacy, phytotoxicity
and inconsistent result issues of phytonematicides.

7.2 Distinction Between Phytonematicides and Organic
Amendments

In the original overview on organic amendments, Muller and Gooch (1982) noted
that between 1971 and 1981, out of 33 organic amendment trials, those with at least
91 % success frequency on nematode suppression were in the form of powders and
oilcakes from neem (Azadirachta indica), peanuts (Arachis hypogaea) and castor
(Ricinus communis). Later, other reviews (Alam 1993; Ferraz and de Freitas 2004;
Oka 2010) confirmed that neem extracts, particularly those from seed kernels, had
high bioactivities on nematode populations. Mashela et al. (2011) introduced a
classical model on the ground leaching technology (GLT) system, with the research
focus being on powdered plant products from selected plant organs with the view of
ameliorating the numerous drawbacks of conventional organic amendments in
smallholder tomato (Solanum lycopersicum) farming systems in South Africa. In
the GLT system, powdered materials were derived from unshelled dried castor
bean, fever tea (Lippia javanica) leaves, wild cucumber (Cucumis myriocarpus)
fruit and wild watermelon (Cucumis africanus) fruit. In all cases, the four products
each consistently reduced population densities of Meloidogyne species and
T. semipenetrans. Overall, the GLT system uses 0.2-0.7 powdered materials/ha
for 4000 tomato plants when compared with 10-500 t organic amendments/ha
required to effect consistent results in nematode suppression (Mashela 2002). In
order to distinguish the powdered materials with their small quantities required in
suppression of nematodes relative to large quantities required in conventional
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organic amendments, the former were referred to as phytonematicides (Mashela
etal. 2011). Phytonematicides at the concentration used are intended to consistently
suppress population densities of the target nematodes, while stimulating growth of
the protected crops instead of inhibiting plant growth and productivity (Pelinganga
2013). Certain phytonematicides can be highly effective in nematode suppression.
Incidentally, the efficacy of powdered materials from C. myriocarpus fruit in
nematode suppression was similar to those of aldicarb and fenamiphos nematicides
(Mashela et al. 2008).

The major distinctions between phytonematicides and conventional organic
amendments could be:

1. The empirically based small quantities applied to achieve consistent nematode
suppression under diverse conditions as opposed to large quantities.

2. In GLT system there is gradual release of active ingredients from crude extracts
into the rhizosphere which is achieved through irrigation water or rainfall as
opposed to microbial degradation in conventional organic amendments.

3. Phytonematicide products mimic synthetic chemical nematicides since they
could be commercially packaged in relatively small containers with label infor-
mation which includes active ingredients, along with efficacy features.

4. Phytonematicides like most non-fumigant nematicides do not have negative
periods and could therefore be applied as post-planting products.

5. These products are required to comply with relevant legislation in terms of
avoiding health risks to end users, nontarget organisms and the environment.

The drawback of the GLT system was its high labour costs since products were
manually applied, which rendered the system less appealing to large commercial
tomato producers (Mashela et al. 2011). An alternative technology, referred to as
botinemagation (Mashela et al. 2011), was developed for use in large-scale tomato
farming systems, where crude extracts from fermented plant organs were used
through drip irrigation systems. Using dried fruits of C. myriocarpus and
C. africanus fruits, fermented crude extracts as liquid formulations consistently
reduced population densities of Meloidogyne species in tomato production
(Pelinganga et al. 2013a, b).

Not all plant organs contain allelochemicals with nematicidal properties. In
South Africa, Van Wyk et al. (2002) listed 372 plant species on the basis of their
toxicity to humans and animals, which were for the purpose of this discussion
classified into six using their degree of toxicity (Table 7.1). Approximately 22.6,
18.3 and 6.7 % of the listed plants were described as being poisonous, very
poisonous and deadly, respectively, to humans and livestock. The degree of toxicity
to humans and animals does not confer a plant a better status to be a candidate for
serving as source of phytonematicides. Cucumis myriocarpus and R. communis,
from which two phytonematicides were developed for the GLT system (Mashela
2002; Mashela and Nthangeni 2002), were regarded as being poisonous and very
poisonous, respectively (Van Wyk et al. 2002). However, the deadly oleander
(Nerium oleander) and tamboti (Spirostachys africana) did not have
phytonematicidal properties against Meloidogyne species (Mashela et al. 2011).
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Table 7.1 Count and percent ~(Jassification Count %

count (.)f plants clustered Not really poisonous 14 3.8

according to the degree of

toxicity to humans and Poisonous 84 22.6

livestock in South Africa Very poisonous 68 18.3
Deadly 25 6.7
Causes skin allergies or contact dermatitis 18 4.8
Poisonous to animals 163 13.8
Total 372 100

Statistics developed from Van Wyk et al. (2002)

In contrast, certain plants listed as ‘not really poisonous’, namely, fever tea (Lippia
javanica) and Brassica species, produced potent phytonematicides (Mashela
et al. 2010). Among the listed plant species, only 0.8 % plant species were tested
against nematodes in South Africa, with only 0.55 % having some nematicidal
properties. At a global level, among the 45 papers of biological control agents of
nematodes discussed at the 2014 International Congress of Nematology in Cape
Town, South Africa, 42, 36, 18 and 4 % were on botanicals, fungi, bacteria and
enzymes, respectively. The highest percentage of phytonematicide papers clearly
illustrated the potential importance and interest in this group of biological control
agents in plant nematology.

7.3 Efficacy of Phytonematicides

The majority of in vitro trials have had in excess of 90 % suppression of nematode
numbers from phytonematicides (Okwute 2012). However, due to their high phy-
totoxicities and restricted measures (EPPO 2010), a large number of botanicals with
potent nematicidal properties do not make it beyond in vitro tests. Notwithstanding
the high rejection of most products, detailed assessments on mode of action for
certain phytonematicides had been undertaken.

7.4 Mode of Action of Phytonematicides

The distinguishing feature of synthetic pesticides is their single active ingredients,
with clearly defined bioactivities. In synthetic insecticides, such single active
ingredients had high incidents of insect resistance, particularly in insects with
high reproductive capabilities (Nzanza and Mashela 2012). However, although
certain nematode species have high reproductive capabilities, resistance to syn-
thetic nematicides in plant-parasitic nematodes had not been observed (Van Gundy
and McKenry 1975). In contrast to synthetic pesticides, phytonematicides have
multiple active ingredients, with complementary modes of action. For instance, in
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wild garlic (Tulbaghia violacea), the plant bulb contains sacrid volatile oils and
sulpho-oxides—each being a derivative of allicin, which has insecticidal and
nematicidal properties (Vijayalakshmi et al. 1996; Nzanza and Mashela 2012;
Mashela et al. 2012). In insects the mode of action for the allicin derivatives had
been identified as antifeedant, repellent and insecticidal (Vijayalakshmi et al. 1996;
Dhanalakshmi 2006). Similarly, in insects, azadirachtin in neem had been shown to
have antifeedant, repellent and anti-ovipositor properties, with capabilities for
delaying or preventing moulting in insects. Apparently, using phytopesticides
confers a broad spectrum of active ingredients, with multiple modes of action. In
phytonematicides, observations on mode of action had been limited to chemotaxis,
juvenile motility, egg hatch, juvenile mortality or juvenile paralysis, with limited
information on behavioural responses of adult nematodes.

7.4.1 Chemotaxis

Chemotaxis is a phenomenon where nematodes direct their movement according to
the gradient of selected chemical cues in the environments (Bargmann and Mori
1997). Positive chemotaxis occurs when movement is towards the increasing
gradient of chemical cues. Conversely, movement towards the opposite direction
of the increasing gradient is described as negative chemotaxis (Bargmann and Mori
1997). The nematode is literally exposed to both liquid- and airborne volatilised
chemicals in the air-water interface of the soil, which could either be water-soluble
and/or volatile chemoattractants or chemorepellents. According to Bargmann and
Mori (1997), water-soluble chemoattractants are detected by chemoreceptors in
nematodes at micromolar concentrations, while the volatile chemoattractants are
detected at picomolar concentrations. Water-soluble and volatile chemoattractants
are used for short- and long-distance chemotaxes, respectively (Prot 1980). In
contrast, water-soluble and volatile chemorepellents are toxic and could cause
either paralysis or death of the nematode. In phytonematicides, both
chemoattractants and chemorepellents are important. Chemoattractant
phytonematicides may disorientate the nematode from being guided by
chemoattractant cues produced by potential host plants, thereby deferring penetra-
tion and attack of host by nematodes (Wuyts et al. 2006). In contrast,
chemorepellents may induce various behavioural changes in the nematode, includ-
ing paralysis and death (Bargmann and Mori 1997).

The body of a nematode is ‘wired’ with chemoreceptors, particularly on the
frontal and cervical regions (Ferraz and Brown 2002), suggesting that
chemoattractants and chemorepellents play important roles in behavioural activities
of nematodes. Plants release numerous chemicals through exudation, leaching,
volatilisation and microbial degradation for different reasons (Stirling 2014). Sim-
ilarly, phytonematicides release potent chemicals either through leaching,
volatilisation or microbial degradation (Mashela et al. 2011, 2012). Generally,
increasing concentrations of phytochemicals could interfere with chemotaxis in
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one of three ways: no effect (neutral chemotaxis), attract (positive chemotaxis) and
repel (negative chemotaxis). Responses characterised by these three phases in the
environment subscribe to density-dependent growth (DDG) curves (Salisbury and
Ross 1992; Liu et al. 2003), which constitute an important part of this review.

Using purified phytochemical compounds, Wuyts et al. (2006) demonstrated that
certain chemical compounds from Philenoptera violacea in the Fabaceae family
had similar and/or different effects on chemotaxis—which is dependent much on
the nematode species. In their work (Wuyts et al. 2006), among the tested chemical
compounds produced through the shikimic acid pathway, 26 % repelled R. similis,
2.6 % attracted this nematode, while 45 % were neutral. In contrast, of the 37 %
tested chemical compounds on P. penetrans, even those that were chemorepellent
to R. similis had no effect on this nematode. In contrast, some chemorepellents to
R. similis were also repellent to M. incognita. Although the approach used by Wuyts
et al. (2006) did not provide information on physiological activities of the target
chemicals in nematode bodies, it provided broad clues in terms of what we want to
convey using DDG patterns later on in this overview. The three nematode species
used depicted neutrality to the largest number of chemical compounds produced
through the mevalonate pathway, followed by inhibition of motility and then
repellence as depicted in chemotaxis (Wuyts et al. 2006). A remarkable feature in
the work of Wuyts et al. (2006) was, therefore, the agreement of their observations
with the concept of DDG patterns, particularly with the observed repeated neutral
responses.

7.4.2 Motility

Juveniles from unhatched eggmasses which were previously exposed to crude
extracts from leaves of Borelin remained motile, while those exposed to crude
extracts of garlic bulb or neem seed kernels had impact on juvenile motility
(Agbenin et al. 2005). According to DDG principles, different concentrations of
phytonematicides might have no effect (neutral) on, stimulate and/or inhibit motil-
ity of nematodes (Salisbury and Ross 1992; Liu et al. 2003). Wuyts et al. (2006)
observed that a chemical compound which was neutral in one nematode species
could inhibit juvenile motility in another nematode species, vice versa. Similarly,
those that were chemoattractants in chemotaxis for one nematode species might be
neutral and/or inhibitive in juvenile motility for another nematode species. Oka
et al. (2000) showed that essential oils from 12 of 27 plants immobilised more than
80 % M. javanica J2s after a 2-day exposure, with immobilisation being amenable
to DDG patterns.
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7.4.3 Egress

Egress in M. incognita was inversely proportional to concentrations of crude
extracts from garlic and neem (Agbenin et al. 2005; Chedekal 2013). Although
egress is a physical process, in most plant-parasitic nematodes, it is stimulated by
external chemical cues from roots (Prot 1980). According to Wuyts et al. (2006),
some phytochemical compounds were neutral towards egg hatch, while others were
inhibitive. In contrast, one flavanone, which is a hesperetin chemical compound,
was both stimulatory and inhibitive to egress in R. similis (Wuyts et al. 2006). Most
active ingredients from phytonematicides have the capability to penetrate
eggmasses, where J1s become exposed to aqueous solutions (Hirschmann 1985;
Parmar 1987; Agbenin et al. 2005). Incidentally, the materials interfered with stylet
development, rendering it incapable of piercing through the eggshell and, therefore,
resulting in complete failure of egress (Hirschmann 1985; Parmar 1987).

Using in vitro trials, essential oils from 27 different plant species, at 1000 pL/L
only 30 % of plants inhibited egress, while at 600 pL/L only 15 % of plants had oils
with inhibitive properties (Oka et al. 2000). Ojo and Umar (2013) demonstrated that
crude extracts from testa of cocoa bean (Theobroma cacao) plants had significantly
higher effects on egress of M. javanica than oil palm fibre, with differences
attributed to different chemical constituents. Cocoa bean testa contains alkaloids
and flavonoids, with egress inhibition being directly proportional to the concentra-
tion of the listed chemical compounds (Ojo and Umar 2013). However, in the same
study, Ojo and Umar (2013) observed that oil palm fibre, which was devoid of
alkaloids and flavonoids, had negligent effects on egress. Okeniyi et al. (2013)
demonstrated increasing concentrations (0, 10, 25, 50 and 100 %) of leaf crude
extracts from the coastal golden leaf (Bridelia micrantha), euphorbia (Mallotus
oppositifolius), abeere (Hunteria umbellate) and citron (Citrus medica)—each
increased inhibition of egress in M. incognita. Removal of eggs from the chemical
compounds resulted in reversal of the extract effects.

7.4.4 Mortality

In vitro exposure of Meloidogyne J2s to crude extracts from hen’s nettle (Fleurya
interrupta), panicled peristrophe (Peristrophe bicalyculata) and king of bitters
(Andrographis paniculata) resulted in 100 % mortalities (Mukherjee and Sukul
1978). Similarly, high Meloidogyne J2 mortalities were observed in crude extracts
from leaves of marigold (Tagetes species), Indian gooseberry (Emblica officinalis)
and Christ’s thorn (Carissa carandas) during in vitro exposure (Toida and
Moriyama 1978; Haseeb et al. 1980). Also, in vitro exposure of M. incognita J2s
to crude extracts or aqueous extracts from fresh leaves of various plants resulted in
high mortalities (Agbenin et al. 2005; Chedekal 2013). Similarly, crude extracts of
either cocoa bean testa or oil palm fibre resulted in high mortalities of M. javanica
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juveniles (Ojo and Umar 2013). Juvenile mortalities were directly proportional to
increasing concentrations of phytonematicides and exposure time (Agbenin
et al. 2005). In some instances, ‘mortalities’ were reversible when J2s were
removed from the chemicals (Wuyts et al. 2006).

7.4.5 Paralysis

Paralysis involves irreversible interference of nematicides with the nervous systems
of J2s. Generally, affected J2s can still wiggle, but have complete loss of coordi-
nated mobility. Phytonematicide-induced paralysis reports on plant-parasitic nem-
atodes are uncommon. An exceptional case is that in Ntalli et al. (2011), where
paralysis of Meloidogyne J2s was regularly observed when exposed to aliphatic
ketones from rue (Ruta chalepensis).

7.5 Variation in Efficacy of Phytonematicides

Incidentally, biological entities respond to various abiotic and/or biotic factors
through a myriad of complex processes and mechanisms. For instance, when
various plant-parasitic nematodes infect plants at population densities below the
tolerance limit, plant growth is invariably stimulated (Wallace 1973), while at high
population densities, growth is reduced (Seinhorst 1967). Similarly, infection by
different nematode species on various legumes either stimulated, had no effect on
or inhibited nodulation and/or nitrogen fixation (Huang 1987). Vesicular-arbuscular
mycorrhizal (VAM) fungi on various host plants also resulted in positive, neutral or
negative growth responses (Smith 1987). Different fertilisers and/or salinity levels
can also induce such growth responses in plants. In soil allelochemical residue
(SAR) trials, it was shown that while SAR effects from one phytonematicide
stimulated growth of the successor crop, SAR effects consistently reduced popula-
tion densities of Meloidogyne species (Mashela and Dube 2014), with reduced
population densities subscribing to similar inconsistent growth patterns (Zasada
and Ferris 2003). Mashela (2014) showed that SAR effects had inhibitive effects on
nodulation by Bradyrhizobium japonicum in cowpea (Vigna unguiculata). Others
(Mashela and Dube 2014) argued that for phytonematicides to be successful, their
inhibition concentration range to nematodes should overlap the stimulation range to
the crop being protected against nematodes.

Sites of action in organisms by allelochemicals are not yet established. However,
cucurbitacins from fruits of wild Cucumis species were shown to have the potential
to inhibit cell division in cancer at high concentrations, while the materials were
highly cytotoxic to healthy cells (Lee et al. 2010). In contrast, when used at low
concentrations, cytotoxicity was avoided, but division of healthy cells was stimu-
lated, thereby rendering the materials cancerous (Lee et al. 2010). These
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observations in cancer trials provided clues on the site of action of cucurbitacins—
the cellular level.

Reports which demonstrated that conventional organic amendments increased
population densities of nematodes in Europe (Belair and Tremblay 1995;
Kimpinski et al. 2003), had no effect on nematode numbers in Florida, USA
(Jafee et al. 1994; McSorley and Gallaher 1995) and reduced nematode numbers
(Stirling 2014) raised credibility issues on organic amendments due to the ‘per-
ceived’ inconsistent results (McSorley 2011). The efficacy of phytonematicides is
dependent upon the concentration of allelochemicals in the organ used for
processing the intended products. Generally, the accumulation of secondary metab-
olites in organs varies from season to season (Mudau et al. 2008), with high
inconsistent results in nematode suppression and high phytotoxicities during certain
seasons. However, the variability that leads to inconsistent results should not be
confounded with DDG patterns in allelochemical-containing products. Although
the variability of concentrations of allelochemicals in a particular organ could be
associated with DDG patterns in certain cases, DDG principles are primarily related
to responses of living entities in response to increasing concentrations of
allelochemicals ex vitro. In organs such as fruits or bulbs where the accumulation
of secondary metabolites appears to level off with maturity, variability in efficacy
of phytonematicides on nematode suppression had mostly been due to different
concentrations in the processed product (Meyer et al. 2008). Generally, sources that
result in the final product being of high variability are undesirable, particularly
when commercial products are envisaged. On the basis of the three phases (stim-
ulation, neutral and inhibition) being characterised by different concentration
ranges, one could argue that the various materials of plant origin did not have
‘inconsistent’ results on nematode suppression, but what was being observed in a
particular time was a reflection of differences in concentrations with respect to the
allelochemicals involved.

7.5.1 Density-Dependent Response Patterns
in Phytonematicides

At low concentrations, crude extracts of neem leaf were shown to stimulate growth
of maize (Zea mays) and tomato seedlings, while at high concentrations, the
opposite occurred (Egunjobi and Afolami 1976; Rossner and Zebitz 1987). Simi-
larly, Inderjit et al. (1999) noted that at low concentrations root leachate from
golden crownbeard (Verbesina encelioides) consistently stimulated plant growth of
various plant species. Also, at low concentrations, nemarioc-B phytonematicide
stimulated growth of tomato seedlings, where the product was viewed as having a
“fertiliser effect’ (Mashela 2002). However, detailed analysis of essential nutrient
elements in leaves did not support the ‘fertiliser effect’ view since the product had
negligible effect on accumulation of essential nutrient elements. In subsequent
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studies (Mafeo et al. 2011a, b; Pelinganga et al. 2012, 2013a, b), it was shown that
various plant variables (y-axis) when subjected to lines of the best fit on increasing
concentrations of nemarioc-A (x-axis) invariably resulted in quadratic relation-
ships, which is a strong indicator for the existence of DDG patterns (Salisbury
and Ross 1992; Liu et al. 2003). A myriad of complex models regarding DDG
patterns exist in biological entities, including plant-parasitic nematodes (Ferris and
Wilson 1987; Duncan and McSorley 1987). The DDG tenets are closely related to
the original conceptual framework of the carrying capacity (Nicholson 1933),
which had since been used in a wide range of disciplines. DDG patterns have
three distinct growth responses: stimulated, saturated (neutral) and inhibited growth
(Salisbury and Ross 1992; Liu et al. 2003), with biological indices which had been
used to unravel diverse biological responses to increasing pressures from their
environments. DDG principles have the ultimate aim of improving decision-
making systems in sustainable management of natural resources. Generally, plants,
nematodes and microbes respond to increasing concentrations of allelochemicals
through DDG patterns (Rice 1984; Ferris and Wilson 1987; Zasada and Ferris 2003;
Liu et al. 2003), with attempts to investigate the mechanisms involved still being at
conceptual stages, except that the site of action is at the cellular level (Lee
et al. 2010).

Biological entities respond to increasing concentrations of allelochemicals in
phytonematicides through DDG patterns, which comprise three phases, namely,
stimulation, neutral and inhibition phases (Salisbury and Ross 1992; Liu et al. 2003;
Pelinganga et al. 2012, 2013a, b). DDG patterns are an advanced modification of
the 1933 Nicholson’s carrying capacity model, which had been adapted and used in
various disciplines. Liu et al. (2003) quantified concentrations of allelochemicals
which lead to three stages that characterise DDG patterns for various organisms
using the curve-fitting allelochemical response dosage (CARD) computer-based
model. The CARD model quantifies the three phases through seven biological
indices: (1) threshold stimulation (D,,) =the allelochemical concentration that
initiates the stimulation phase, (2) saturation point (R;)=the concentration that
terminates stimulation or starts the neutral phase, (3) 0 % inhibition (D)= the
concentration that terminates the neutral phase, (4) 50 % inhibition (Dsy) = the
concentration at half the distance of the inhibition phase, (5) 100 % inhibition
(D100) =the concentration at the end of the inhibition phase), (6) the sensitivity
index (k) = provides the degree of sensitivity of an organism to the test product and
(7) the coefficient of determination (R%) = provides the degree of the strength of the
CARD model. Generally, stimulated (D,,—R;) and inhibited (Dy—D;qy) growth
concentrations are ideal representatives for phytonematicides and herbicides,
respectively. The CARD model had since been empirically adapted to generate
phytonematicide concentrations which stimulate plant growth while reducing pop-
ulation densities of nematodes using fruits as organs of preference in order to avoid
confounding variability of allelochemical concentrations in the source and the
actual concentration of allelochemicals in the processed product (Mafeo and
Mashela 2010; Pelinganga and Mashela 2012). Using the three phases of the
CARD model, we are currently in a position to argue that observations that
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nematode populations were not consistently suppressed by application of conven-
tional organic amendments, which were dubbed ‘inconsistent’ since the materials
sometimes stimulated (Belair and Tremblay 1995; Kimpinski et al. 2003), had no
effect on (Jafee et al. 1994; McSorley and Gallaher 1995; Thoden et al. 2011) or
inhibited population densities of nematodes (Mashela et al. 2011), were biologi-
cally incorrect. Incidentally, it should also be noted that not all plant organs or
species have allelochemicals which have potent nematicidal properties (Mashela
et al. 2011). In most plants with nematicidal allelochemicals, due to their auto-
allelopathy, the chemical compounds in vivo are compartmentalised in organs not
always preferred for use in conventional organic amendments. For instance, in
C. myriocarpus fruit, cucurbitacin A is compartmentalised in seeds (Jeffrey 1978),
which are hardly used in conventional organic amendments for fear of spreading the
‘weed’ through seed dispersal. Similarly, in neem the active ingredient,
azadirachtin, is primarily concentrated in seed kernels (Parmar 1996).

Another important feature of DDG patterns in the CARD model is that the
variable (y-axis) and the concentration of allelochemicals (x-axis) invariably have
quadratic relationships (Salisbury and Ross 1992; Liu et al. 2003; Pelinganga
et al. 2013a, b; Pelinganga and Mashela 2012). On this basis, should there be a
positive linear instead of quadratic relationship between dependent and indepen-
dent variables, results could be suggesting that the concentrations of the
phytonematicide used were within the stimulation range—as observed in various
trials. Incidentally, no effective response of dependent variables over increasing
independent variable levels could suggest that phytonematicide concentrations
were either within the neutral range (R,—Dg) or below D,,. In contrast, negative
linear relationship invariably suggested that the concentration of allelochemicals
tested was within the inhibition range (Dg—Djq0). In biology, literature is replete
with responses to abiotic and/or biotic factors that can be described as relationships
that have positive (D,,—R;), neutral (R,—DO0) or negative linear responses
(Do—Djgo) (Salisbury and Ross 1992). Interestingly, such responses had not
attracted attention as those in conventional organic amendments, where the
responses were broadly viewed as evidence that phytonematicides were unsuitable
for use in management of plant-parasitic nematodes since they were unpredictable.

7.5.2 Fluctuations in Concentrations of Allelochemicals
In Vivo

Allelochemicals in plants are produced for ‘unknown’ physiological roles through
various pathways, with the major ones being the (a) shikimic acid pathway,
(b) malonic acid pathway and (c) mevalonic acid pathway (Lai 2008). Concentra-
tions of any allelochemical within the pathways are in continuous state of fluctu-
ation as depicted by a large number of precursors and reversible chemical reactions
which are linked to the end of glycolysis just prior to the Krebs cycle of respiration
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(Lai 2008). Primarily, the formation of secondary metabolites helps to remove
excess end products along the respiration pathway, particularly the acetyl co-A at
the end of glycolysis (Campbell 1990). Responses to a phytonematicide in the plant
being protected against nematodes are primarily a reflection of the phytonematicide
concentration level at the time that particular organ was harvested for the develop-
ment of the phytonematicide in question. For instance, phytonematicides derived
from leaves such as those of fermented crude extracts from L. camara plants have
the tendency of being highly inconsistent in nematode suppression due to seasonal
variation of active ingredients in leaves. Also, the drying conditions of the organ
after harvest might have deleterious effects on concentrations of the
allelochemicals (Makkar 1991). For instance, shade-, sun- and oven-dried plant
materials from the same plant organ may eventually contain different chemical
concentrations due to differential chemical losses through volatilisation. Also,
exposure of the harvested materials to rainfall as is common in maturation of
conventional organic amendments may result in leaching out of allelochemicals
since they are primarily nonstructural.

Timing of nematode sampling with reference to the initial application time of the
phytonematicide could also be an important factor to consider in the perceived
‘inconsistent’ effect of organic materials in nematode management. In GLT sys-
tems, nematode sampling for Meloidogyne species was empirically established at
56 days after inoculation of plants (Mashela et al. 2011). When Maila and Mashela
(2013) increased the sampling time from 56 to 150 days in citrus seedlings treated
with nemarioc-AG and nemafric-BG, the highest population densities of
T. semipenetrans were in phytonematicide-treated plants than in untreated controls.
The unexpected observation was explained on the basis of cyclic growth patterns of
population nematode densities, which subscribe to DDG patterns due to inherent
competition for infection sites (Fig. 7.1). Generally, soon after the application of a
phytonematicide, the product reduced population nematode densities, while those
in untreated control increased, resulting in a situation where growth in the two
populations was unsynchronised in a way that when the treated reached the trough
the control was reaching the peak (Maila and Mashela 2013). By 150 days, nem-
atode numbers under the untreated control were approaching the trough, while
those from the treated seedlings were approaching the peak after reaching the
trough within approximately 56-day application interval. Pofu and Mashela
(2014) quantified the cyclic growth of population nematode densities of
Meloidogyne species in four hemp (Cannabis sativa) cultivars and concluded that
from inoculation to the peak of the nematode densities approximately 56 days were
required, which was in agreement with the 56-day application interval for
phytonematicides in GLT systems.
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Fig. 7.1 Relative cyclic population densities of Tylenchulus semipenetrans on rough lemon under
untreated control and nemarioc-AG-treated pots at 150 days after inoculation with 25,000
nematodes

7.5.3 Confounding Survival Adaptations
with Phytonematicidal Effects

Nematodes have evolved unique survival strategies, which rendered them the status
of ‘undefeatable enemies’ after attempts to annihilate them failed. The survival
strategies had been classified into (1) intrinsic adaptations in the life cycle of the
nematode and (2) extrinsic rapid responses to environmental stresses (McSorley
2003). Intrinsic adaptations occur at three levels: (a) diapause in the egg (J1),
(b) developmental dormancy prior to egress in various nematodes and (c) sex
reversal, mainly in Meloidogyne species (Triantaphyllou 1973; Papadopoulou and
Triantaphyllou 1982). Extrinsic rapid responses to environmental stresses
(cryptobiosis = anabiosis) involve modifications in nematode cuticles which even-
tually decrease their permeability to water and related gases during J2, J3 and J4
stages, depending on the nematode species (Bird and Bird 1991; McSorley 2003).
Cryptobiotic responses to drought, low temperature, osmotic stress, low oxygen and
high concentrations of toxic chemical compounds had been referred to as
anhydrobiosis, cryobiosis, osmobiosis, anoxybiosis and chemiobiosis, respectively
(McSorley 2003). Both intrinsic and extrinsic adaptations might in many respects
be confounded to nemastatic responses observed in non-fumigant synthetic nema-
ticides (Van Gundy and McKenry 1975). For example, when eggs used in hatching
in vitro trials are allowed gradual permeation of chemicals to J1s, juveniles may
enter the diapause stage, with the resultant failure of egress. Similarly, when
cryptobiosis coincides with the application of any nematicide, the product might
be rendered unfit for the intended purpose. Notwithstanding, conditions should be
improved and specified during in vitro trials to establish efficacy of
phytonematicides on nematodes in order to avoid confounding survival strategies
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induced by gradual adverse effects on various stages of nematodes with the effects
of phytonematicides.

7.6 Magnitude of Phytotoxicity in Phytonematicides

Allelochemicals as active ingredients in phytonematicides are naturally phytotoxic
to other plant species during interference (Wuyts et al. 2006; Okwute 2012; Ntuli
and Caboni 2012). In banana (Musa acuminata) trial, application of 200400 g
powdered neem seed kernels per mat at 6-month application interval induced
phytotoxicity—characterised by complete wilting prior to fruiting (Musabyimana
et al. 2000). Additionally, in survivor plants, the inflorescence failed to emerge
(Musabyimana et al. 2000), resulting in a condition called choking, where the
inflorescence could not emerge through the whorl of the pseudostem. Wild garlic
(Tulbaghia violacea) bulbs contain sacrid volatile oils and sulpho-oxides—both
being derivatives of allicin (Vijayalakshmi et al. 1996). Crude extracts of garlic
bulb at 50 % concentration reduced population densities of plant-parasitic nema-
todes, but was highly phytotoxic to tomato seedlings (Sukul et al. 1974; Egunjobi
and Afolami 1976). However, at 20 % concentration, there were no noticeable
effects on tomato plant growth, while the product suppressed population densities
of M. incognita (Agbenin et al. 2005). Oil from clove (Eugenia caryophyllata),
when drenched using 0.1, 0.2 and 0.3 % concentrations at 0, 2, 5 and 7 days prior to
transplanting cucumber (Cucumis sativus), muskmelon (C. melo), pepper and
tomato seedlings, all concentrations were highly phytotoxic to all crops while
reducing nematode populations (Meyer et al. 2008). Sensitivities of seedlings to
clove oil from E. caryophyllata varied with plant species, with tomato seedlings
being the most sensitive among all the test plants (Meyer et al. 2008). Generally, at
transplanting, seedlings from various crops were all affected by oil at 0.2 and 0.3 %
concentrations. The product contains eugenol as an active ingredient, which is
naturally herbicidal at low concentrations (Walter et al. 2001; Tworkoski 2002;
Waliwitiya et al. 2005; Bainard et al. 2006; Boyd and Brennan 2006; Boyd
et al. 2006). Incide ntally, oilcakes from different plant species have high levels
of phytotoxicity to various crops at various concentrations (Haseeb et al. 1980;
Mian and Rodriguez-Kabana 1982a, b; Muller and Gooch 1982; Parmar 1996).
Ahmad et al. (2013) demonstrated that ground leaves of adulsa (Justicia adhatoda)
at 3 % (w/w) concentration were highly phytotoxic to tomato seedlings. Similar
phytotoxic effects were observed from high concentrations of L. camara root
extracts on various plant species (Shaukat et al. 2003).

Two phytonematicides from fruits of indigenous Cucumis species in
South Africa are available in granular formulation, nemarioc-AG and nemafric-
BG (Mashela et al. 2011), and liquid formulation, nemarioc-AL and nemafric-BL
(Pelinganga et al. 2013a). Nemarioc-AG phytonematicide was shown to be highly
phytotoxic to eight monocotyledonous and ten dicotyledonous crops, with most
crops failing to emerge when 5 g crude extracts were applied as pre-emergent
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drenches (Mafeo and Mashela 2009a, b, 2010). Similarly, both nemafric-BL and
nemarioc-AL were highly phytotoxic to tomato seedlings when applied at above
10 % concentration after transplanting (Pelinganga and Mashela 2012; Pelinganga
et al. 2013a, b). Nemafric-BL has cucurbitacin B (C5,H450g), while nemarioc-AL
contains two active ingredients, namely, cucumin (C,;H4009) and leptodermin
(C57H;330g) (Rimington 1938; Jeffrey 1978). Except in rare cases such as pyrethrins
that account for 80 % global uses of botanical pesticides, in purified form most
active ingredients of phytonematicides, including azadirachtin-containing products,
are not effective on nematode suppression, while they are highly phytotoxic to
crops (Wuyts et al. 2006; Okwute 2012). Subsequently, most active ingredients in
phytonematicides are applied as crude extracts.

7.7 Management of Phytotoxicity in Phytonematicides

Due to phytotoxicity and its zero tolerance in m ost legislative frameworks on
products used in agriculture, literature is replete with efficacy trials which do not go
beyond in vitro status. Using the concept of DDG patterns, there are basically three
concentration ranges, namely, stimulation, neutral and inhibition concentration
ranges (Fig. 7.2). Using the latter, we developed the concept of mean concentration
stimulation range in an attempt to answer the farmers’ question ‘How much
concentration of nemarioc-AL or nemafric-BL to apply?’ which was followed by
‘What is the application interval for the recommended concentration?’. The two
questions were empirically answered, with avoidance of phytotoxicity and the
efficacy of the products on nematode suppression in mind.

7.7.1 Establishing the Mean Stimulation Concentration
Range

The potential uses of the CARD model rely on the availability of empirically
generated data (Mafeo et al. 2011a, b, c; Pelinganga et al. 2012, 2013a, b). As an
illustration, an experiment was conducted on tomato plants inoculated with 5000
eggs and second-stage juveniles (J2s) of M. incognita/plant and subjected to 0, 2,
4, 8, 16, 32 and 64 % concentrations of nemafric-BL (Fig. 7.3). At 56 days after
initiating the treatments, plant variables were subjected to analysis of variance, with
significant (P <0.05) treatment means (Table 7.2) being further subjected to the
CARD model to generate the quadratic relationships.

From the CARD-generated biological indices (Table 7.3), the actual values of R,
for the variables measured were computed (Table 7.4). The mean actual D,, and
actual R, values were used to establish the concentration stimulation range (CSR),
which is representative of the stimulated growth in the test plant (Table 7.5).
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Fig. 7.2 Three distinct growth responses in density-dependent growth patterns

Fig. 7.3 Tomato seedlings for generating mean stimulation concentration range

Half the distance of the integrated CSR is referred to as the mean concentration
stimulation range (MCSR). By definition, MCSR is the concentration of a
phytonematicide which stimulates plant growth, while suppressing population
densities of the target nematode (Pelinganga et al. 2013a; Mashela et al. 2014)
and is quantified as:
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Table 7.2 Means of plant growth in tomato seedlings in responses to increasing concentration of
nemarioc-AL phytonematicide

Dry root Plant height
Dry shoot (g) (2) (cm) Stem diameter (mm)

0 12.030 3.474 97.390 7.556
2 12.180 3.159 100.330 6.916
4 12.180 3.891 97.900 7.218
8 12.630 3.331 95.640 7.509
16 12.160 3.264 102.880 7.007
32 9.140 2.338 94.030 6.725
64 8.620 1.650 89.330 6.543
ns ns ns ns ns

ns not significant at P <0.05

Table 7.3 Curve-fitting allelochemical response dosage-generated biological indices on tomato
seedlings over six concentrations of nemarioc-AL phytonematicide

Dry shoot Dry root Plant Stem
Biological index mass mass height diameter Mean
Threshold stimulation 2.533 2.195 2.734 1.534 2.224
D)
Saturation point (R,,) 0.713 0.321 1.98 0.078 0.773
0 % inhibition (Dy) 11.482 9.209 19.942 5.420 10.961
50 % inhibition (Ds) 164.897 59.003 2899.739 | 1603.200 957.165
100 % inhibition (Dg0) | 703.5 170.3 2902.473 | 1604.735 1110.842
k 4 1 2 4 -
Sensitivity ranking: Y k=11
P< | 0.01 0.01 0.01 0.05

Table 7.4 Demonstration of how MCSR is computed from threshold stimulation and saturation
point biological indices

Concentration of nemarioc phytonematicide
Biological index DSM* DRM PHT SDR Mean
Threshold stimulation (D,,,) 2.533 2.195 2.734 1.534 2.249
Saturation point (R,) 0.713 0.321 1.980 1.612 0.773
Actual R), value 3.246 2.516 4.714 1.612 3.022
Mean concentration stimulation range (MCSR) 2.63 %

MCSR = (D,,,+adjusted R;)/2=(D,,+D,,+R;)2=(12D,,+R;)[2=D,,+ (R;/2) =2.244 +(0.773)/
2=2.244+0.3865=2.6305=2.63 % concentration would be non-phytotoxic to tomato plants
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MCSR = (D,, + adjusted R;,) /2 = (Dy, + D + R1)/2 = (2D + Ry) /2
== Dm + (Rh/2)

Using actual mean D,, and Ry, values in the MCSR formula provided the values of
2.63 and 2.99 % for nemafric-BL and nemarioc-AL, respectively, in tomato plants
(Pelinganga 2013). The MCSR value, which is empirically based on a series of
phytonematicide concentrations, should be interpreted alongside the overall
k-value of the plant to the test phytonematicide. The usefulness of a given product
for use as a phytonematicide is entirely dependent on the overall sensitivity (3’k) of
the plant being protected to the product used (Liu et al. 2003). The k-values, which
are plant and product specific, are generated using the CARD model and are defined
as the number of In (D + 1) transformations that serves as a biological indicator of
the degree of sensitivity of an organism to increasing concentrations of an
allelochemical (Liu et al. 2003). The lower is the mean k-value, the higher is the
sensitivity of the plant to the test allelochemicals and vice versa (Liu et al. 2003;
Mafeo and Mashela 2010; Pelinganga and Mashela 2012). In CARD model, as the
mean sensitivity (Yk/n) values increase, coefficients of determination (R?) also
increase to a peak, where k=1, followed by decreases from i+ 1 transformations
until the model stops running (Liu et al. 2003). The three DDG patterns and the
selected biological indices for nemarioc-AL phytonematicide on tomato plants
were illustrated for various potential purposes (Fig. 7.4).

In both nemafric-BL and nemarioc-AL phytonematicides, MCSR values were
established as being equivalent to 3 % concentration (Pelinganga et al. 2013b). In
other words, for every 3 L stock solution of nemafric-BL or nemarioc-AL
phytonematicides, 100 L chlorine-free water is used for application through drip
irrigation. After empirically determining the amount to be applied per irrigation, the
next step is to determine the application interval, which allows the computation of
the application frequency—a factor required in the computation of dosage (D) =
MCSR x application frequency.

7.7.2  Determining Phytonematicide Application Interval

The application interval (T) in days for the derived MCSR cannot be established
using the CARD model since the latter is exclusively used when the x-axis
represents increasing concentration of allelochemicals (Liu et al. 2003). The con-
cept ‘weeks-of-30-day-month’ for the x-axis was developed for Meloidogyne
species, where the x-axis was equivalent to 0, 1, 2, 3 and 4 ‘weeks-of-30-day-
month’ (Pelinganga and Mashela 2012; Pelinganga et al. 2013b). The unit ‘weeks-
of-30-day-month’ was developed to enhance the capability of a phytonematicide to
break the life cycle of Meloidogyne species since their life cycles under optimum
conditions in tropical and subtropical areas is approximately 30 days. In
T. semipenetrans with the life cycle of approximately 42 days, the unit would be
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Fig. 7.4 Application of concentration model

‘weeks-of-42-day-month’. Since empirical information is required to establish the
application interval, experiments are usually established with each tomato seedling
inoculated with 5000 eggs and J2s of M. incognita under greenhouse conditions
(Pelinganga and Mashela 2012). Nematode population densities were managed
using the empirically established MCSR value of 3 % for nemafric-BL at 0-day
(untreated control), 7.5-day (1 week x 30 days/4 weeks), 15-day (2 weeks x 30
days/4 weeks), 22.5-day (3 weeks x 30 days/4 weeks) and 30-day (4 weeks x 30
days/4 weeks) application interval. At 56 days after the treatment, plant variables
(y-axis) are then subjected to ANOVA, with significantly (P <0.05) different
treatment means being subjected to lines of the best fit to generate the quadratic
relationships (Y = box*+b,x+a), where the optimum application interval was
determined using x = —b,/2b; in weeks (Table 7.5). In nemafric-BL 3 % and
nemarioc-AL 3 %, the application intervals were 18 and 16 days, respectively
(Pelinganga et al. 2012, 2013a). Doubling the concentration from 3 % to 6 %
concentration had negligent effect on application interval of nemarioc-AL
phytonematicide, but increased that of nemafric-BL from 18 days (2.40 weeks x 30
days/4 weeks) to 20 days (Pelinganga et al. 2013a).

In the use of nematicides applied into the soil, the concept of dosage is important
and should be distinguished from dose and concentration (Van Gundy and
McKenry 1975). Dose is an amount of chemical taken up by the target pest to
effect detrimental behavioural changes, which may include disruption of juvenile
development in eggs, egress, disoriented motility and/or mortality in nematodes
(Van Gundy and McKenry 1975). In contrast, dosage (D) is the product of concen-
tration (C) and the application frequency (7,), which could be summarised as:

D(%) = C (%) X T

The T, is the proportion of the crop cycle (days) to the application interval (days),
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Table 7.5 Optimum application interval of nemarioc-AL phytonematicide at 3 % concentration
on tomato seedlings

Variable Quadratic relation R? X
Dry root mass (g) Y =—0.3838x>+ 1.5878x +6.901 0.92 2.07
Dry shoot mass (g) Y = —1.3405x" +5.0903x + 44.374 0.64 2.82
Dry fruit mass (g) Y=—0.8833x"+4.9781x+17.914 0.65 1.90
Plant height (cm) Y = —0.7202x° + 3.6208x + 57.275 0.88 2.51
Stem diameter (mm) Y =—-0.3427x*>+1.1775x + 12.945 0.65 1.72
2.20

with the factor being unit-less. For instance, at 56 days under greenhouse or
microplot conditions, T, values for nemafric-BL 3 % and nemafric-AL 3 % were
3.11 and 3.50, respectively. The model is primarily for seasonal crops, but can also
be adapted for perennial crops since nematode population dynamics for various
crops, particularly in citriculture, are well established (Duncan 2009).

7.8 Soil Allelochemical Residual Effects

The soil allelochemical residue (SAR) effects investigate post-application effects of
phytonematicides on various successor crops and nematode population densities.
Increasing the concentration and shortening the application intervals inherently
increase the dosage in the soil and, therefore, might defeat the purpose of
establishing the MCSR and T, values which are intended to ameliorate phytotox-
icity. Doubling the concentration of phytonematicides may have negligent effects
on the application interval, but serious consequences on dosage (Pelinganga
et al. 2013a) and, thereby, SAR effects. The SAR effects of phytonematicides
from Cucumis species were shown to have inhibitive effects of nodulation in
B. japonicum (Mashela and Dube 2014) while having stimulation effects on growth
of sweet-stem sorghum (Mashela 2014). In both cases, SAR effects reduced
population nematode densities of Meloidogyne species. Additional work is still
being under way to understand the chemistry of the SAR effects from
phytonematicides.

7.9 Conclusion

Higher plants provide a broad spectrum of active ingredients for use in the man-
agement of plant-parasitic nematodes, with their principal drawback being phyto-
toxicity since their active ingredients comprise allelochemicals. The development
of a phytonematicide where phytotoxicity is to be avoided consists of a series of
steps. Firstly, there is need to establish whether the plant organ intended for use as a
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phytonematicide has the potential to reduce population nematode densities under
in vitro and/or ex vitro conditions. Secondly, a series of concentrations with known
bioactivity effects on the target nematode under greenhouse conditions are used to
establish the MCSR value, which is a non-phytotoxic concentration to the crop
which is to be protected against nematodes. Thirdly, the MCSR is used to establish
the application interval (days), which should be based on the unit that would allow
the product to interrupt the life cycle of the target nematode. Using the proposed
procedures, commercial phytonematicides could be a reality in the management of
plant-parasitic nematodes.
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Chapter 8
Suppressiveness in Different Soils
for Rhizoctonia solani

Silvana Pompeia Val-Moraes

8.1 Introduction

Often a limiting factor in conventional crop production management, suppressive-
ness may change soil characteristics or alter the incidence of diseases caused by
soilborne pathogens. Generally, while these diseases are rare in undisturbed natural
ecosystems, they can be severe in conventional production systems and often
become a limiting factor. Agricultural soils suppressive to soilborne plant patho-
gens occur worldwide, and this characteristic results from both biotic and abiotic
factors, in a variety of intricate mechanisms. Since soil becomes suppressive to
target pathogens, determination of its main physical, chemical, and biological
attributes can be useful for comprehension of the mechanisms of suppressiveness
and to reveal information in other areas where the same pathogen is a problem.
Despite the importance of soil microbial communities in regulating soil ecosystem-
level processes, such as the nutrient cycle and organic matter decomposition, little
is known about the structure of these microbial communities and the factors that
influence them in soils (Val-Moraes et al. 2013). Soil quality is considered an
integrative indicator of environmental quality, food security, and economic viabil-
ity. Thus, soil itself serves as a potential indicator for monitoring sustainable land
management; a healthy soil supports high levels of activity, internal nutrient
cycling, resilience to disturbance, and biological diversity (Sharma et al. 2011).
Handling soil microbial communities using soil and crop management practices is a
basic strategy in developing sustainable agricultural systems (Van Bruggen 1995).
It is known that a range of specific soil microorganisms play an important role in
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suppressing soilborne plant diseases, as well as in plant growth promotion (Ken-
nedy and Smith 1995). Soil microbial diversity is reduced, and eventually an
increase in crop diseases occurs in conventional agricultural systems with low
crop diversity, increased genetic uniformity, and high mineral nutrient inputs,
which results in the need for chemicals to control plant diseases and pests, which
may cause environmental pollution (Sturz and Christie 2003). However, in natural
ecosystems with diverse vegetation types, soilborne diseases are rarely observed.
Soil suppressiveness is regularly described for Rhizoctonia solani, which is of high
importance among soilborne, plant pathogens, and damages a large number of hosts
worldwide. The overarching aim was the focus on recent progress toward
unraveling the microbial basis of suppressive soils.

8.2 Characteristics of Suppressive Soils

Few soils with experimentally demonstrated natural suppressiveness to soilborne
plant pathogenic fungi were found in nature. Suppressive soils are common in
ecologically balanced environments with ecosystems in climax, where the physi-
cochemical and microbiological constituents of the soil are stabilized (Schneider
1982). Soil microbe and phytopathogen interactions can occur before crop sowing
and/or in the rhizosphere, later influencing both plant growth and productivity
(Penton et al. 2014). Dobbs and Hinson (1953) first described this phenomenon,
referred to as widespread soil fungistasis. Healthy soils are essential to an ecosys-
tem’s ability to remain intact or to recover from disturbances such as drought,
climate change, pest infestation, pollution, and human exploitation including agri-
culture (Ellert et al. 1997). Research on suppressive microbial communities has
concentrated on bacteria, although fungi can also influence soilborne disease
(Penton et al. 2014). The development of biological disease suppression in soil
supporting monocultures or continuous cropping is a widespread natural phenom-
enon, yet the microbial mechanisms are often poorly understood (Berendsen
et al. 2012). However, general suppression is often enhanced by addition of organic
matter, certain agronomic practices, or the buildup of soil fertility (Rovira and
Wildermuth 1981), all of which can increase soil microbial activity. No one
microorganism is responsible for general suppression (Alabouvette 1986; Cook
and Baker 1983), and the suppressiveness is not transferable between soils (Cook
and Baker 1983; Rovira and Wildermuth 1981). Suppressive soils undoubtedly owe
their activity to a combination of general and specific suppression. The two function
as a continuum in the soil, although they can cause different effects in edaphic,
climatic, and agronomic conditions (Rovira and Wildermuth 1981). In most of the
cases, adding mature compost to a soil induces disease resistance (Sullivan 2004).
Suppressive soils also have been differentiated according to their longevity (Kumar
et al. 2012). Hornby (1983) divided suppressive soils into long-standing suppres-
sion and induced suppression. The former type of suppression is a biological
condition naturally associated with the soil; its origin is not known and appears to
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survive in the absence of plants. Most suppressive soils maintain their activity when
brought into the greenhouse or laboratory, which facilitates the assessment of their
properties and mechanisms of suppression under more controlled and reproducible
conditions (Kumar et al. 2012). The first step is to determine whether suppressive-
ness can be destroyed by pasteurization (moist heat, 60 °C for 30 min) (Shipton
et al. 1973), by using selective biocides (e.g., novobiocin or chloropicrin), or by
harsher treatments (e.g., steam, methyl bromide, autoclaving, or gamma radiation)
(Wiseman et al. 1996; Weller et al. 2002). Both general and specific suppressions
are eliminated by autoclaving and gamma radiation. General suppression is reduced
but not eliminated by soil fumigation and usually survives at 70 °C moist heat
(Cook and Rovira 1976). A second step, which allows confirmation of the biolog-
ical basis of suppression, involves transfer of suppressiveness to a raw conducive,
fumigated, or sterilized soil by addition of 0.1-10 % (w/w) or less of the suppres-
sive soil. The impact of soil edaphic factors on disease development in soil transfer
studies is minimized when suppressive and conducive soils are diluted into a
common background soil, allowing a direct comparison of the introduced micro-
biological components. Composts have been used for centuries to maintain soil
fertility and plant health. Hoitink (2004) reported the control of phytopathogens
with composts, which indicates their disease suppressive nature. Bent et al. (2008)
reported 5- to 16- fold reductions in population of root-knot nematode as compared
to identical but pasteurized soil 2 months after infestation. Since the earliest
observations of antagonistic disease suppressing soil microorganisms more than
70 years ago, plant pathologists have been fascinated by the idea that such micro-
organisms could be used as environmental friendly biocontrol agents, both in the
field and in greenhouses (Kumar et al. 2012). Penton et al. (2014), in studies of the
agricultural fields located in the wheat-cropping region in South Australia, which
have been under continuous cropping for more than 10 years, observed that
differences in pathogen inoculum levels between suppressive and
non-suppressive soils were small, indicating similar pathogen pressure.

8.3 Rhizoctonia

In 1858, Julius Kiihn, the founder of agricultural phyto-medicine, called a fungus
Rhizoctonia solani, which he had isolated from infected potatoes, the root killer.
Indeed, soilborne plant pathogenic fungi seem to be more difficult to control,
probably because their epidemiological statuses and ecological requirements are
yet to be characterized. Among the soilborne fungi, some directly produce damage,
such as R. solani, R. violacea, Phytophthora drechsleri, Pythiumaphani dermatum,
and Rhizopus arrhizus, these being responsible at various extents for severe root
rotting of the tubers or damping-off of seedlings. Others like Polymyxa betae have
an indirect role by transmitting the beet necrotic yellow vein virus (BNYVYV)
responsible for rhizomania disease (Liu and Lewellen 2007). However, the soil-
borne microorganism, R. solani, is the potential threat to the farmers cultivating
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sugar beet. R. solani is a phytopathogenic fungus which is present in the soil in very
low densities, but is able to cause disease in different plant species because in soil it
is saprotrophic and a facultative parasite. This species is complex and includes
14 anastomosis groups (AGs) which in turn include many different subgroups. The
former are characterized by the ability of their members to anastomose within a
group, while the latter through various biochemical, nutritional, molecular, or
phenotypic traits. However, apart from AG B which includes fungi that establish
a pseudo-symbiotic association with orchids, the other AG includes plant patho-
genic members which all have very broad host spectra. AG 3 appears to have the
narrowest host spectrum and it is responsible for diseases mainly in plants of the
solanaceous family. The other AG can attack plants from various botanic families,
and similarly, one plant can be attacked by various AGs of R. solani. In the case of
sugar beet, AG 4 of R. solani and to a lesser extent AG 2-2 can cause damping-off
of seedlings, while necroses and root rotting of adult tubers are due exclusively to
AG 2-2. This subgroup can also cause damages in carrots (Janvier et al. 2006),
tomato (de Gurfinkel et al. 1994), or pine (Guillemaut 2003). Moreover, within this
subgroup AG 2-2, three populations of R. solani have been identified: the popula-
tion AG 2-2I1IB occurs mainly in northern European countries (the Netherlands,
Germany), while AG 2-2IV concerns southern European countries (Spain, France).
The third one, AG 2-2LP, concerns mainly bulbs (Guillemaut 2003). The first one
causes more severe and noticeable damage in corn in the Netherlands than the
second one in France. However, corn in France can harbor and allow the develop-
ment of R. solani, causing a strong primary inoculum toward the forthcoming
susceptible crop of sugar beet. The damage caused by this disease is variable and
may lead to complete loss of the yield. The control of this disease is the main
problem because the chemical control is not environmentally friendly and there is
only partial genetic resistance available against the disease, which is not sufficient
for the control. Even long rotation without sugar beet does not guarantee the
complete control of the disease because of two main reasons: firstly, R. solani has
a broad host spectrum and can survive on the intermediary cultures and weeds, and
secondly this fungus has the ability to survive by making sclerotia. The biological
control has not been consistently successful against this pathogen, but the potential
antagonistic activity of soilborne microflora has recently been assessed (Zachow
et al. 2008). Therefore, there is a need for a pioneering research approach to find
new methods to control this devastating pathogen. A high between-season mobility
of patches was observed when sugar beet was monocropped (Hyakumachi 1996).
The patches never occurred at the same place where they were observed in the
previous season. In the preliminary studies, higher suppression toward the disease
caused by R. solani AG 2-2 was observed in the soil from within the disease patches
than in the soil from healthy areas in the same laboratory (Guillemaut 2003). The
resulting hypothesis is that the increased suppressiveness inside the diseased
patches may be due to the accumulation of the antagonistic microflora against
R. solani AG 2-2. This accumulation of antagonistic microorganisms and higher
suppression may explain the patch mobility between seasons.
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8.4 Hosts and Geographic Distribution

The pathogen has a great number of host species and has been found in seeds of
Brassica spp. (broccoli, Brussels sprouts, cabbage, Chinese cabbage, kale, kohlrabi,
mustard, rutabaga, turnip), Capsicum spp. (peppers), Citrus spp. (lemon, sweet
lemon, pomelo, key lime, and more), Gossypium spp. (cotton), Lycopersicon
esculentum (tomato), Phaseolus spp. (bean, string bean, field bean, flageolet bean,
French bean, garden bean, haricot bean, pop bean, or snap bean), Spinacia oleracea
(spinach), Vigna unguiculata (yard-long bean, bora, bodi, long-podded cowpea,
asparagus bean, pea bean, snake bean, or Chinese long bean), Zea mays (maize),
and Zinnia elegans (common zinnia, youth-and-old-age) (Neergaard 1977).

In Latin America, R. solani occurs in Mexico, all countries of Central America,
and the Caribbean and in South America in the Amazon region of Peru and Brazil, the
coffee zone of Colombia, and the northwestern region of Argentina. Other countries
that have described the disease are the USA, Japan, the Philippines, Burma, and Sri
Lanka and as a minor pathogen in Kenya and Malawi (Gélvez et al. 1989).

8.5 Biology and Transmission

In nature, R. solani exists as many strains, differing in cultural appearance, phys-
iology, and pathogenicity. Naturally occurring strains or isolates differ in myce-
lium, growth rate, saprophytic deportment, and enzyme production (Abawi 1989).
The teleomorph of Thanatephorus cucumeris may occur and form a hymenial layer
at the base of plants and/or the underside of soil aggregates during periods of high
humidity and rainfall. Basidia are short and barrel shaped with stout straight
sterigmata, while basidiospores are smooth, thin walled, and hyaline (Abawi
1989). R. solani is a very common soilborne pathogen (Sneh et al. 1991) with a
great diversity of host plants (Table 8.1 modified).

8.6 Treatment Versus Control

Because R. solani has a mondial distribution, including in uncultivated soils,
execution and eradication are usually not effectual field control measures. The
fungus can be eradicated from infected greenhouse soil by steaming at 60 °C for
30 min. R. solani infection may be reduced by various cultural practices. In
Colombia the infection is less severe during the wet rainy season if the beans are
planted on raised beds that promote good drainage. Shallow planting minimizes
seedling damage so that less seedling tissue is exposed to the inoculum. Seeds
planted 7.5 cm deep developed more root rot and hypocotyl injury than seed planted
only 2.5 cm deep (Abawi 1989). Continuous planting of beans in the same field
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Table 8.1 Diseases arranged by anastomosis
(According to Sneh et al. (1991))
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groups and host range of Rhizoctonia solani

Anastomosis
group Diseases Host
AG 1-1A “Sheath blight”/*“sheath Rice
spot”
“Sclerotial disease”/“leaf Corn
blight”/*“banded leat”
“Leaf blight”/“banded leaf” | Sorghum
“Leaf blight” Bean, soybean
“Summer blight” Crimson clover
“Southern blight” Camphor seedlings
“Brown patch” Turfgrass
“Web blight” Bean, rice, soybean, figs, leguminous woody
plants, hortensia
AG 1-IB “Rot” Cabbage
“Bottom rot” Lettuce
“Damping-oft” Buckwheat, soybean, flax, pine
“Damping-off”/“crown root | Carrot
rot”
AG 2-1 “Damping-oft” Crucifers
“Bud rot” Strawberry
“Leaf blight” Tulip
“Root rot” Japanese radish, subterranean clover
AG 2-211IB “False sheath blight” Rice
“Sheath blight” Mat rush, ginger, gladiolus
“Black scurf” Edible burdock
“Brown patch” Turfgrass
“Crown/brace rot” Corn
“Damping-oft” Sugar beet, tree seedlings, chrysanthemum
“Root rot” Konjak, Chinese yam
AG 2-21V “Root rot”/“leaf blight” Sugar beet
“Large patch” Turfgrass
AG 3 “Black scurf”/*stem/stolon Potatoes
cankers”
“Target spot” Tobacco
“Leaf blight” Tomato
“Brown spot” Eggplant
AG4 (HGT/ “Fruit rot” Tomato
HGII/HGID) | “Stem rot” Pea
“Damping-off”/“stem Potato
canker”
“Damping-oft”’/“root rots” Soybean, loblolly pine seedlings, onion,
stevias, pea, snap bean, cotton, peanuts, slash
“Pod rot” Snap bean

(continued)
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Table 8.1 (continued)

Anastomosis
group Diseases Host
AG S5 “Black scurf” Potato
“Brown patch” Turfgrass
“Root rot” Beans, soybeans, adzuki beans
AG 8 “Bare patches” Cereals
AG9 “Weak pathogen” Crucifers, potatoes

increases the inoculum density of R. solani. However, crop rotation with non-host
crops reduces the incidence of bean root rot even though it does not completely
eradicate the pathogen. Fungus populations rapidly decline in soil planted with
wheat, oats, barley, or maize. Population levels remain relatively high in soil
planted with susceptible bean, pea, or potato plants. An alternative to crop rotation
would be the incorporation of selected residues or decomposable material. In
addition, many antagonists or mycoparasites such as Trichoderma species have
effectively reduced activities of R. solani when incorporated with organic amend-
ments or applied directly on the seed. Deep plowing is another cultural practice that
is effective in reducing surface inoculum of R. solani and thus disease incidence.
Turning under soil and crop residue to a deep 20-25 cm was found to reduce
Rhizoctonia root rot on beans for 3 years (Abawi 1989).

Fungicides that are effective against R. solani include PCNB (the most com-
monly used fungicide to control R. solani), benomyl, carboxin, Busan 30A, thiram,
zineb, chloroneb, and others. These fungicides are commonly applied as seed
treatments (1-3 g i.a./kg seed) before or during planting (Abawi 1989). Biological
control with Trichoderma harzianum, Bacillus subtilis, and B. licheniformis
reduced Rhizoctonia root rot. Seed treatment and root drenching with bacterial
suspensions with 0.5 % chitin were more effective against R. solani in Capsicum
annuum (Sid et al. 2003) than addition of the organisms without chitin.

8.7 Induction of Suppressiveness

Disease control relies largely on the treatment of preplant soils with broad-spectrum
pesticides, such as methyl bromide, that are being phased out of agricultural
production (Weller et al. 2002). Soils that have not undergone Malus domestica
(apple) cultivation are suppressive to replant disease. But, in contrast to the take-all
and Solanum tuberosum (potato) scab-suppressive soils that are induced by mono-
culture, orchard soils become progressively more conducive to replant disease the
longer the orchard is in production. Mazzola (1999) demonstrated this phenomenon
by introducing an inoculum of R. solani AG 5 (a member of the replant pathogen
complex) (Mazzola 1997) into soils collected from orchard blocks in their first to
fifth years of growth and from nearby noncultivated areas. Apple seedling growth
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was significantly reduced in soils from the third-, fourth-, and fifth-year blocks as
compared to growth in noncultivated soil or in soil from first- to second-year
blocks.

Healthy soils are suppressive soils; thus, disease suppressiveness can be consid-
ered as an indicator of soil health. However, suppressiveness is a complex process
that depends on several factors. Moreover, its measure, through pathogen-specific
bioassays, if possible, is time and labor intensive. That is why it would be very
interesting, and useful, to find other soil characteristics highly related to soil
suppressiveness, but easier to measure. This need for indicators of soil health is a
real concern, from the field scale to the global level. Therefore, it is necessary to
define an exact strategy, from sampling to validation, which would allow for the
proposal of indicators (Janvier et al. 2007).

8.8 Conclusion

Although soil quality involves physical and chemical characteristics in addition to
biological ones, soil health is primarily an ecological characteristic. Ecosystem
health has been defined in terms of ecosystem stability and resilience in response to
a disturbance or stress. Accordingly, it is suggested that indicators for soil health
could be found by monitoring responses of the soil microbial community to the
application of different stress factors at various intensities. Therefore, indicators for
soil health could also function as indicators for disease suppressiveness. Disease
suppression can be viewed as manifest ecosystem stability and health.
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Chapter 9
Microbial Suppressiveness of Pythium
Damping-Off Diseases

Mona Kilany, Essam H. Ibrahim, Saad Al Amry, Sulaiman Al Roman,
and Sazada Siddiqi

9.1 Introduction

Soilborne plant pathogens causing wilts, root and crown rots, and damping-off are
major yield-limiting factors in the production of fiber, food, and ornamental crops.
Most soilborne pathogens are difficult to control by conventional strategies such as
the use of synthetic fungicides. The lack of reliable chemical controls, the occur-
rence of fungicide resistance in pathogens, and the breakdown or circumvention of
host resistance by pathogen populations are among the key factors underlying
potentials to develop other control measures. The search for alternative strategies
has also been stimulated by public concerns about the adverse effects of soil
fumigants such as methyl bromide on the environment and human health. Cook
and Long (1995) postulated that many plant species have developed a defense
strategy against soilborne pathogens that involves the selective stimulation and
support of populations of antagonistic rhizosphere microorganism. Over the past
century, evidence has accumulated that such plant-associated microorganisms
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account for many examples in which susceptible plants remain almost free of
infection despite ample exposure to the virulent inoculum of soilborne pathogens.
Natural disease-suppressive soils probably are the best examples in which the
indigenous microflora effectively protect plants against soilborne pathogens. Sup-
pressive soils initially become apparent because the incidence or severity of disease
is lower than expected for the prevailing environment or as compared to that in
surrounding soil (Cook and Baker 1983). Suppressive soils have been described for
many soilborne pathogens including Phytophthora cinnamomi, Phytophthora
infestans, Pythium splendens, Pythium ultimum, Rhizoctonia solani, and Ralstonia
solanacearum (Mazzola 2007). Among the fungal diseases, damping-off is a
serious disease complex worldwide of a wide range of seedlings in nurseries,
glasshouses, gardens, crops, and forests and can damage both germinating seeds
and young seedlings. Two types of damping-off diseases were known, preemer-
gence damping-off and postemergence damping-off (Yang 2001). Damping-off is
incited by any of a handful of fungal diseases, including several root rots (Pythium,
Phytophthora) and molds (Sclerotinia or white mold, Botrytis or gray mold)
(Agrios 1997). Pythium species cause more than 60 % mortality of seedlings both
in nursery and in main field (Manoranjitham et al. 2000). Management of Pythium
damping-off is very difficult due to its wide host range, soilborne nature, and
prolonged survival of propagules in the soil. Traditionally, this disease is
remediated by the application of synthetic fungicides. But the excessive use of
fungicides resulted in the accumulation of residual toxicity and environmental
pollution and altered the biological balance in the soil by attacking the beneficial
microorganisms besides development of resistance in Pythium spp. against fungi-
cides. Therefore, it is necessary to develop an effective, cheap, and environmentally
safe nonchemical method for the control of damping-off disease. So, microbial
control has been developed successfully as an alternative strategy and became a
good promise in the field of microbial control in the past two decades (Muthukumar
et al. 2011; Singh and Sachan 2013). Accordingly, biocontrol of Pythium damping-
off disease with biological control agents (BCAs) including filamentous fungi,
bacteria, actinomycetes, and yeasts has been intensively studied involving
Enterobacter cloacae, Gliocladium virens, Trichoderma harzianum, Rhizoctonia
spp., Pseudomonas spp., and Cladorrhinum foecundissimum, which are considered
as ecologically sustainable and safe crop protection solutions (Khare and Upadhyay
2009; Muthukumar et al. 2011). The biological control products are regulated by
governmental regulations for registration and use. Suppression of damping-off by
biocontrol agents is the consequence of the interactions between soilborne patho-
gen, plant, and microbial community. The occurrence and development of soil-
borne diseases depend on several factors affecting either the pathogen or the plant.
The complexity of the interactions between a pathogen and its plant host, influenced
by biotic and abiotic factors of the environment, makes the control of the diseases
often very difficult (Weller et al. 2002). Mycoparasitism, antibiosis by enzymes and
secondary metabolites, competition, and induction of plant defense system are
typical mechanisms of biocontrol agents (Singh and Sachan 2013). Soil interferes
in many ways in the relationships between microorganisms, pathogens, and host
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plant. It can even modify the interactions among microorganisms themselves. In
disease-suppressive soils, disease incidence or severity commonly remains low in
spite of the presence of the pathogen, a susceptible host plant, and favorable
climatic conditions. Soil suppressiveness to diseases depends on the pathogen itself,
its inoculums density and its intrinsic aggressiveness, and also on different soil
factors including both biotic and abiotic components. Soil abiotic components such
as texture, organic matter content, pH, and temperature and moisture greatly affect
the behavior of the pathogens and determine disease incidence or severity. Soil
biotic factors that affect on the occurrence and development of soilborne diseases
include: autecology of pathogens, interactions between microorganisms and path-
ogens, and interactions between plants and pathogens (Messiha et al. 2007;
Steinberg et al. 2007). Soil physicochemical and biological factors interact to
provide rapidly changing ecological niches and microbial components (Cook and
Baker 1983). Soil organic matters also have a profound influence on microorgan-
isms in soil, particularly those, including some pathogen, saprophytic and obligate
plant parasites. This chapter presents recent advances and findings regarding the
role of beneficial microbes in the Pythium damping-off disease suppression and the
biological aspects highlighting the mechanisms of action of biocontrol process.

9.2 Damping-Off Diseases

Damping-off diseases are worldwide economically significant on numerous agri-
cultural, ornamental, and horticultural crops and can be caused by soilborne plant
pathogenic fungi under various environmental conditions (Salman and Abuamsha
2012). The name damping-off usually refers to the disintegration of stem and root
tissues at and below the soil line. The plant tissues become water-soaked and
mushy, and the seedling wilts and falls over (Fig. 9.1).

Damping-off diseases, however, can have several phases. The fungi that cause
these diseases can attack the seed or the seedling below the soil line before it
emerges, causing a preemergence damping-off where seeds become soft and
mushy, turn dark brown and germinating seedlings shrivel, and may darken.
Preemergence damping-off disease is difficult to be diagnosed because the seeds
are not visible; consequently, the losses are often attributed to “poor seed” (Baker
1957). If the germinant has not emerged after a considerable period, the seed should
be excavated and examined; if the seed contents are decayed, then damping-off
fungi may be involved. On the other hand, postemergence damping-off causes
death of seedlings after emergence or transplanting at the soil line where stem
tissue near the soil line is weakened and decayed, usually causing plants to topple
and die.

When only roots are decayed, plants may continue growing but remain stunted,
wilt, and eventually die. As seedlings get older, they become more resistant to
damping-off pathogens. Most pathogens that cause damping-off diseases are
responsible for diseases as the plant grows to maturity. Root rot, crown rot, stem
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Fig. 9.1 Damping-off
caused by Pythium
(Courtesy: “Martin
Chilvers, Michigan State
University.” Reproduced
with permission)

lesions, basal rot, crater rot, bottom rot, and stem girdling diseases may all be
associated with damping-off pathogens attacking mature plants. Generally,
damping-off is caused by over 30 species of fungi such as Pythium, Rhizoctonia,
Fusarium, Alternaria, Sclerotinia, Phytophthora, Thielaviopsis, and Botrytis (Flint
1998; Yang 2001). The most common culprits that are associated with damping-off
are Pythium species (water molds) and Rhizoctonia solani (true fungi). Pythium is a
cosmopolitan and biologically diverse genus. Most species reside in soil inhabi-
tants, although some are aquatic inhabitants. Most Pythium spp. are saprobes or
facultative or opportunistic plant pathogens causing a wide variety of diseases,
including damping-off (Larkin et al. 1995; Sumner et al. 1990). Damping-off
diseases caused by Pythium species usually begin as root rot. This group of fungi
survives as oospores in the soil that germinate to attack root tips and root hairs,
causing a progressive deterioration of the root. The seedling may wilt or rot in the
ground. Pythium species are often responsible for preemergence damping-off
(Agrios 1997). The environmental conditions that favor damping-off vary
according to the pathogen. Pythium spp. tend to be most active during the spring
months when soil temperatures are still cool and soil moisture is plentiful (Flint
1998; Yang 2001). Landis et al. (1990) have been reported that although damping-
off disease is usually caused by fungi or oomycetes, stresses such as high surface
soil temperatures and chemicals can also cause damping-off symptoms.
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9.3 Microbial Control of Pythium Damping-Off

Strategies to control soilborne diseases are limited because of their extremely broad
host range, their ecological behavior, and the high survival rate of resistant forms
such as oospores and sclerotia under different environmental conditions, and
cultivars with complete resistance are not available (Li et al. 1995). Many pathol-
ogists have investigated that biological control agents offer an environmentally
friendly alternative to protect plants from soilborne pathogens (Whipps 2001;
Weller et al. 2002). Damping-off suppression can operate directly on fungal plant
pathogens in the bulk soil, in the rhizosphere, and in some cases in plants. In the
bulk soil, antagonistic soil microbes may act directly on resting spores or on active
mycelium during a saprotrophic phase of plant pathogens, thus suppressing the
plant pathogen directly. This suppression can be either specific or general. Specific
disease suppression is caused by one or a few specific microorganisms. General
disease suppression is caused by multiple microorganisms, acts against multiple
pathogens, and is quickly restored. General disease suppression is directly related to
microbial metabolic activity and mediated by availability of nutrients and energy
available for growth of the pathogen through the soil. General disease suppression
acts mainly in the bulk soil and is therefore largely congruent with pathogen
suppression; it is especially effective against pathogens that have a saprotrophic
phase. Also, in the rhizosphere, antagonists may suppress pathogens by interfering
directly with germination, growth, and infection processes or indirectly through
inducing host resistance (Termorshuizen and Jeger 2008). Effective biological
control of damping-off requires careful matching of antagonists to pathosystems
to achieve any of the three types of biological control: preventative control,
eradicative control, or reductive control. Accordingly, biological control agents
are more target specific and hence have fewer negative effects on nontarget
organisms or even beneficial organisms in the rhizosphere (Cunniffe and Gilligan
2011).

9.3.1 Microbial Diversity and Disease Suppression

BCAs are beneficial organisms acting as naturally occurring enemies against
pathogen such as bacteria and fungi. In last three decades, several antagonists
were used to provide direct effects on Pythium spp., causal agent of damping-off,
reducing their growth and preventing establishment in the rhizosphere (Howell
2003; Faltin et al. 2004). However, most of them showed inconsistent in vitro
results, and only very few antagonists were analyzed under open field conditions
(Grosch et al. 2005). The ability to control disease is more likely related to the
production of specific metabolites or other substances than to the ability to produce
fungal reproductive propagules (Lewis and Papavizas 1984). A wide range of
aerobic microorganisms are involved in this aspect, and their introduction into
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soil improves fertility and structure and a range of population effects that may lead
to suppression of plant pathogens and eventually of disease. However, it is difficult
to determine exact suppression mechanisms as compost represents a “microbial
community structure rather than a single species” (Boulter et al. 2002).

9.3.1.1 Bacterial Biocontrol Agents

In the past, Broadbent et al. (1971) found difficulty in controlling Pythium
damping-off. Few actinomycetes were antagonistic to P. ultimum than to the
other plant pathogenic fungi (Broadbent et al. 1971), as for antagonistic bacteria
effectively acted as a biological control agent against Pythium damping-off:
Enterobacter cloacae, Bacillus spp., P. cepacia, P. corrugata, P. fluorescens,
P.marginalis, P. putida, P. syringae, P. viridifiava, and Erwinia herbicola (Gravel
et al. 2005). Stenotrophomonas maltophilia and Lysobacter enzymogenes have been
exploited to control P. ultimum in sugar beet (Palumbo et al. 2005). Actinoplanes
philippinensis and Micromonospora chalcea were also investigated to control
damping-off in cucumber (El-Tarabily 2006). Li et al. (2007) concluded that all
paenibacilli prevented preemergence damping-off caused by P. aphanidermatum.
Serratia entomophila strain M6 is a suitable candidate for exploitation as biocontrol
agent of P. aphanidermatum (Chairat and Pasura 2013). Recently, it was observed
that E. faecalis is a bactericidal agent producing diffusible metabolites which
inhibited P. ultimum growth in vitro as shown in Fig. 9.2 (Kilany et al. 2015).

Streptomyces rubrolavendulae (Yen) S4 has been described as a biocontrol
agent for controlling Pythium damping-off disease of the horticultural plant
Joseph’s coat caused by P. aphanidermatum (Loliam et al. 2013).

9.3.1.2 Fungal Biocontrol Agents

Fungi have a broad-spectrum antagonistic activity against Pythium damping-off.
Biocontrol of preemergence damping-off induced by Pythium species is achieved
by coating radish and pea seeds with T. harzianum or T. koningii (El-Katatny
etal. 2001). Besides, control of Pythium spp. in tobacco, sugar beet, and cauliflower
by T. harzianum through soil application was recorded (Das et al. 2002). The
successful application of Trichoderma species for the management of damping-
off caused by Pythium species in chili and tomato has been reported (Jayaraj
et al. 2006; Muthukumar et al. 2011). Two biological control agents, Pythium
nunn and T. harzianum isolate T-95, were combined to reduce Pythium damping-
off of cucumber in greenhouse (Paulitz et al. 1990). Gliocladium virens most
consistently and effectively controlled damping-off of zinnia, cotton, and cabbage
seedlings caused by P. ultimum (Lumsden and Locke 1989). Pre- and postemer-
gence damping-off of wheat caused by P. diclinum was successfully controlled by
Gliocladium roseum or T. harzianum (Abdelzaher 2004). Eight isolates of binucle-
ate Rhizoctonia spp. from South Australian plant nurseries and potting mix



9 Microbial Suppressiveness of Pythium Damping-Off Diseases 193

Fig. 9.2 Antifungal activity of E. faecalis against P. ultimum, where (a) refers to the control and
(b) refers to the sample (Kilany et al. 2015)

suppliers were screened for ability to control damping-off disease caused by
P. ultimum var. sporangiiferum (Harris et al. 1993). C. foecundissimum has a
considerable potential as a biocontrol agent for damping-off of eggplant and pepper
caused by P. ultimum (PuZ3). Antagonistic activities of Aspergillus species, Pen-
icillium species, and Trichoderma species against P. debaryanum were studied by
in vitro dual culture experiment (Hasan et al. 2013).

9.4 Mechanism of Microbial Control of Pythium Damping-
Off

The antagonists encounter the pathogen either by direct antagonism (physical
contact and/or a high degree of selectivity for the pathogen by the mechanism
(s) expressed by the BCA(s)) or indirect antagonism (activities that involve stim-
ulating of plant host defense (Pal and Gardener 2006)). Pythium damping-off
suppression is the consequence of the interactions between the plant, pathogens,
and BCAs (parasitism, predation, mutualism, protocooperation, commensalisms,
neutralism, and competition), depending on the environmental conditions
(Chisholm et al. 2006). Several strategies have been used to study the complex
tripartite interaction in order to improve advantageous interactions, enhance the
practical application of these beneficial microorganisms, and unravel the mecha-
nisms of biological control (Vinalea et al. 2008; Rey and Schornack 2013). Most
described mechanisms of pathogen suppression include the modulation by relative
occurrence of other organisms in addition to the pathogen as shown in Fig. 9.3. The
most effective BCAs studied appear to antagonize pathogens using multiple mech-
anisms (Iavicoli et al. 2003).
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Fig. 9.3 Mechanisms of specific biocontrol agents for controlling plant pathogens

9.4.1 Mycoparasitism

Various microorganisms were recorded as parasites to soilborne pathogenic fungi
in many systems (Elad 1995), depending on the production of antibiotics and fungal
cell wall-degrading enzymes. It has been reported that antibiotics and hydrolytic
enzymes are not only produced together but act synergistically in mycoparasitic
antagonism (Schirmbock et al. 1994).

9.4.1.1 Lytic Enzymes

Harman et al. (1980) had suggested that mycoparasitism was the principle mech-
anism of Pythium damping-off when seeds were coated with Trichoderma
hamatum. Their suggestion was based on evidence that in the presence of Pythium
spp., T. hamatum becomes able to produce hydrolytic enzymes p-1,3-glucanase and
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cellulase, on observation of hyphal parasitism in vitro on Pythium spp. (Elad
et al. 1982). Stenotrophomonas maltophilia and Lysobacter enzymogenes have
the potential to antagonize P. ultimum infecting sugar beet by production of pro-
teases and glucanases, respectively (Palumbo et al. 2005). The mycoparasitism of
S. rubrolavendulae S4 against P. aphanidermatum was indicated by the degradation
of P. aphanidermatum mycelium by means of cellulase production which was
demonstrated by electron micrographs (Loliam et al. 2013). Moreover, P. putida
strain N1R provides biocontrol of P. ultimum by enzymatic degradation of volatile
seed exudates, which would otherwise stimulate the pathogen to cause preemer-
gence damping-off (Paulitz 1991).

9.4.1.2 Antibiotics

Many microbes produce and secrete one or more compounds with antibiotic
activity (Shahraki et al. 2009). It has been shown that some antibiotics produced
by microorganisms are particularly effective against plant pathogens and the
diseases they cause (Islam et al. 2005). Concomitantly, pyoluteorin, a new antibi-
otic, gliovirin, and gliotoxin had been isolated from P. fluorescens Pf-5, T. virens
(GV-P), and T. virens (GL-21), respectively, that are effective antibiotics against
damping-off incited by P. ultimum (Wilhite et al. 1994). Mutants of T. harzianum
with altered antibiotic production were found inhibitory to P. ultimum (Graeme-
Cook and Faull 1991). Further, the mechanism adopted to interpret Pythium
damping-off biocontrol by P. fluorescens was attributed to the production of both
antibiotics 2,4-diacetylphloroglucinol and viscosinamide (Thrane et al. 2000).
Recently, T. viride was found highly inhibitory to P. indicum and
P. aphanidermatum, the causal organisms of damping-off of tomato, by the effect
of volatile and nonvolatile metabolites that inhibit the mycelial growth of
P. aphanidermatum as well as increased the plant growth (Neelamegam 2004;
Khare et al. 2010; Muthukumar et al. 2011). Moreover, Leclere et al. (2005)
found that B. subtilis BBG100 exert profound effect to control damping-off caused
by P. aphanidermatum by mycosubtilin. The efficacy of Calothrix elenkenii against
damping-off disease, caused by P. aphanidermatum in three vegetable crops,
tomato, chili, and brinjal, is due to antifungal compound production (Manjunath
etal. 2010). Chaetomium globosum control the damping-off in sugar beet caused by
P. ultimum by production of cheatomin (Lo 1998).

9.4.2 Suppression by Other By-Products

The suppression of Pythium damping-off involves production of microbial metab-
olites such as ethanol, ammonia, siderophore, etc. Toxic metabolites produced by
Trichoderma spp. on seed coats are the principal mechanism of biological control
of Pythium damping-off. E. cloacae is a potential antagonist against Pythium spp.
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owing to production of ethanol which is an effective stimulant of sporangium
germination, and reductions in ethanol production may reduce or delay sporangium
germination of Pythium spp. thereby delaying seed colonization (Nelson 1987).
Besides, Howell et al. (1988) reported that ammonia produced by E. cloacae was
involved in the suppression of P. ultimum-induced damping-off of cotton. Simi-
larly, P. aeruginosa and P. fluorescens produced siderophores to control P. ultimum
damping-off in tomato and potato (Goud and Muralikrishnan 2009). Moreover,
glycolipids that are produced by Pseudomonas spp. can damage the zoospores that
are released from the sporangia of Pythium spp. (Stanghellini and Miller 1997).
P. putida produced volatile metabolites to control P. ultimum damping-off in pea
and soybean (Lo 1998).

9.4.3 Attachment to Pathogen Surfaces

Biocontrol activity may be requiring the attachment of BCAs to the surface of the
host cells. Attachment mechanisms play a vital role in cell-cell interactions between
fungi and other microorganisms (Douglas 1987).Cook and Long (1995) success-
fully used the attachment phenomenon to select potential BCAs among
phyllosphere bacteria and yeasts. A common observed feature of the E. cloacae-
Pythium system in vitro was the ability of E. cloacae to attach to the hyphae,
agglutinate cell wall fragments of P. ultimum inhibiting mycelial growth (Nelson
et al. 1986). It was suggested that the agglutination of cell wall fragments of
P. ultimum occurred in the absence of some sugars or in the presence of others.
In the absence of sugars, cells of E. cloacae attached to the hyphae. This is
consistent with studies of phytoplanktonic bacteria where carbon starvation appar-
ently promotes the attachment of bacteria to surfaces (Marshall 1980). On the other
hand, in the presence of glucose or sucrose (sugars that block the agglutination of
cell wall fragments by blocking available receptor sites), bacteria did not attach to
the hyphae (Nelson et al. 1986). Furthermore, P. fluorescens provided superior seed
protection from Pythium damping-off in naturally infested soils by adhering to
hyphae of P. ultimum leading to fungal growth inhibition (Callan et al. 1990).

9.4.4 Competition

Generally, nutrient and space competition have been believed to play an important
role in disease suppression. Biocontrol by nutrient competition can occur when the
biocontrol agent decreases the availability of a particular substance, thereby limit-
ing the growth of the pathogen. Soilborne pathogens, such as species of Pythium,
infecting through mycelial contact, are more susceptible to competition by other
soil- and plant-associated microbes than by those germinating directly on plant
surfaces which they invade through appressoria and infection pegs. Rhizosphere or
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phyllosphere BCAs are generally protecting the plant by rapid colonization, thus
consuming completely the limited available substrates so that none is left for
pathogens to grow. Apparently, it was suggested that competition for nutrients
between germinating oospores of P. aphanidermatum and bacteria significantly
correlated with suppression of damping-off in the greenhouse (Fldd and Chet
1987). It appears more likely that competition is the primary mechanism by
which P. oligandrum protects seed from infection by P. ultimum resulting in
protection of sugar beet seeds from damping-off (Martin and Hancock 1987).
Furthermore, Green et al. (2001) explained the biological control using
T. harzianum by competition with P. ultimum for substrates from the seed coat
and wounded or infected root tissue. Moreover, effective catabolism of nutrients in
the spermosphere has been identified as a mechanism contributing to the suppres-
sion of P. ultimum by E. cloacae (van Dijk and Nelson 2000; Kageyama and Nelson
2003).

9.4.5 Role of Host and Disease Suppression

Apparently, host plants possess a little predictive value for the disease that is
actually developing. This can be due to host-induced factors, such as induced
systemic resistance (ISR), systemically acquired resistance (SAR), and specific
disease suppression. The importance of host species in substrate-induced disease
suppression has rarely been investigated. Van Rijin (2007) studied the effect of
compost on disease suppression of the same isolate of P. ultimum using five
different host seedlings (pea, cucumber, tomato, carrot, and sugar beet) and six
composts mixed with peat. There was a significant interaction between pathosystem
and compost type. Since in this experiment the host was the sole source of variation,
host-mediated effects must explain this interaction. The genetic and functional
diversity of the rhizosphere community is a key factor of specific disease suppres-
sion (Weller et al. 2002). This diversity varies according to plant species through
the quantity and quality of root exudation and rhizodeposition (Bergsma-VIami
et al. 2005). Therefore, plants evolve strong defense mechanisms to effectively
ward off pathogens while supporting development toward useful interactions (Jones
and Dangl 2006; Bonneau et al. 2013). Microbe-associated chemical stimuli can
induce plant host defenses through biochemical changes that enhance resistance
against subsequent infection by a variety of pathogens. Induction of host defenses
can be local and/or systemic, depending on the type, source, and amount of stimuli.
Induced systemic resistance (ISR) is mediated by jasmonic acid (JA) and/or ethyl-
ene, which are attributed to a variety of microorganisms and can result in control of
multiple pathogens (Paulitz and Matta 1999). One of the most important biological
agents is S. plymuthica, currently used in greenhouses which may provide econom-
ical prolonged protection against damping-off by sensitizing susceptible cucumber
plants to elaborate a wide range of defense mechanisms (Benhamou et al. 2000).
Ramamoorthy et al. (2002) recorded that in addition to direct antagonism of
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P. fluorescens and plant growth promotion, induction of defense-related enzymes
involved in the phenylpropanoid pathway collectively contributed to enhance
resistance against invasion of P. aphanidermatum in tomato and hot pepper.
Moreover, Howell et al. (2000) and Howell (2003) demonstrated that application
of T. virens to cotton seedling induced the resistance in the host plant by synthesis
of much higher concentrations of the terpenoids desoxyhemigossypol (dHG),
hemigossypol (HG), and gossypol (G) in developing roots than those found in
untreated controls. Some biocontrol strains of Pseudomonas sp. and Trichoderma
sp. are known to strongly induce plant host defenses against Pythium damping-off
(Harman et al. 2004; Haas and Défago 2005). The mechanism of 7. harzianum Rifai
for controlling maize seedling disease caused by P. ultimum Trow was investigated
by proteome technique, and the result suggested that T. harzianum strain T22 was
not only able to promote seedling growth but also induce the plant resistance by
protein accumulation (Chen et al. 2005). B. subtilis strain BSCBE4 and
P. chlororaphis strain PA23 obviously reduced the incidence of damping-off of
hot pepper incited by triggering the plant-mediated defense mechanism in response
to infection by P. aphanidermatum (Nakkeeran et al. 2006).

9.4.6 Metabolism of Germination Stimulants

Preemergence damping-off incited by P. ultimum in cotton was controlled using
Trichoderma virens; this was attributable to metabolism of pathogen germination
stimulants by the biocontrol agent released by the seed (Chen et al. 1988). In
addition, the mechanisms involved in the biocontrol of preemergence damping-
off of cotton seedlings incited by P. ultimum were studied by Howell (2002; 2003)
who found that control by T virens (G6, G6-5) or protoplast fusants of T. virens and
T. longibrachiatum (Tv1-30, Tvl-35) was due to metabolism of germination stim-
ulants released by the cotton seed. These compounds normally induced pathogen
propagules to germinate. It is apparent that T. virens completely inhibited mycelial
growth and sporangium production of P. aphanidermatum, the causal agent of
Chinese-kale damping-off (Intana and Chamswarng 2007). It is apparent that
P. fluorescens had the capacity to inhibit the germination of Pythium oospores, its
growth, and the infection process (Cook and Long 1995; Ellis et al. 1999). One of
the more effective bacterial species studied for its Pythium suppressiveness is
E. cloacae. Molecular evidence showed that strain E6 of E. cloacae has the
potential to inactivate the fatty acid that stimulates Pythium sp. germination,
consequently protecting seeds from damping-off disease (van Dijk and Nelson
1997). Researchers provided strong evidence to support a mechanism for the
suppression of Pythium damping-off by E. cloacae through which E. cloacae
metabolize seed exudate fatty acid stimulants of P. ultimum sporangium germina-
tion resulting in reduction in sporangium germination and subsequent seed infec-
tion (van Dijk and Nelson 2000). E. cloacae protect the corn and cucumber seeds
from P. ultimum infections by reducing sporangial activation and germination
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(Windstam and Nelson 2008). E. cloacae are also effective in inactivation of the
stimulatory activity of the seed exudates, thereby reducing P. ultimum sporangium
germination on carrot, cotton, cucumber, lettuce, radish, tomato, and wheat
(Kageyama and Nelson 2003). Suppressive efficiency of bacterial consortia to
P. ultimum damping-off was attributed to degradation of seed exudate linolenic
acid that stimulates the germination of P. ultimum sporangia (McKellar and Nelson
2003).

9.4.7 Soil Dynamics

Soil physicochemical and biological factors interact to provide hastily changing
ecological niches and microbial components. Biological control of soilborne path-
ogens could be possible through manipulation of soil condition (Cook and Baker
1983). Soil organic substances support the largest numbers and types of microor-
ganisms interacting with each other leading to modification or alteration in soil
conditions that greatly influence the microbial community and their activity in soil
ecosystem (Boulter et al. 2002). The extent of soilborne pathogen suppression will
vary substantially depending on the quantity and quality of organic matter present
in soil (Hoitink and Boehm 1999). It appears more likely that the primary mech-
anism by which P. oligandrum protects sugar beet seed from P. ultimum damping-
off infection is alteration of the quality and quantity of sugar beet seed exudates in
the spermosphere (Martin and Hancock 1987). Another aspect of the microbial
populations studied was their composition and diversity in relation to disease
suppression. Broad-spectrum biological control of diseases caused by Pythium
requires the supplementation of organic nutrients in soil for survival of biocontrol
agents where the decomposition level of organic matter significantly affects the
composition of bacterial taxa as well as the populations and activities of biocontrol
agents (Hoitink and Boehm 1999). Concomitantly, soil microbial community and
carbon and nitrogen availability could be exploited as predictors to the relative
growth of P. ultimum and P. aphanidermatum and the incidence of cotton seedling
damping-off (Kowalchuk et al. 2003). The influence of microbial community
structures in the different rock wool treatments toward Pythium disease suppression
was investigated (Postma et al. 2005). Furthermore, the findings obtained by Manici
et al. (2004) indicate that the green manures suppress Pythium sp. and also induced
an increase in total soil microbial activity.

9.5 Commercially Available Biocontrol Agents

Currently, biocontrol of damping-off with bacterial and fungal antagonists is being
investigated very intensively. The problems associated with the commercial accep-
tance of biological control agents of Pythium damping-off are discussed, and
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several methods of improving selection, activity, and use are described. Commer-
cially available biocontrol rhizobacteria include B. subtilis strains GB03 (Kodiak;
Gustafson), MBI 600 (Subtilex; Becker Underwood), and QST 713 (Serenade;
AgraQuest), B. pumilus strain GB34 (Yield Shield; Gustafson), B. licheniformis
strain SB3086 (EcoGuard; Novozymes), a mixture of B. subtilis strain GB122 and
B. amyloliquefaciens strain GB99 (BioYield; Gustafson), several Bacillus spp.
(yield-increasing bacteria in China), S. griseoviridis K61 (Mycostop; AgBio Devel-
opment), and a few strains of P. fluorescens, P. putida, and P. chlororaphis
(Cedomon; BioAgri). These biocontrol bacteria can be applied as dry products
(granules or powders), cell suspensions (with or without microencapsulation), or
seed coatings (Schisler et al. 2004). Several commercial products of Trichoderma
like Biocure, Antagon, Bioderma, Trichofit, Dermapack, and Trichosan in India and
Binab-7, Azadderma, F-Stop, Trichodex, and Trichodermin abroad have appeared
in the market which indicate that bioagents are becoming popular (Kanjanama-
neesathian et al. 2003; Khare and Upadhyay 2009). In the field, reproducible cost-
effective biological control is rare. Nevertheless, G. virens, P. oligandrum,
T. harzianum, and C. minitans have been exploited commercially for the control
of damping-off disease incited by Pythium. Fungal antagonists have been intro-
duced into soil or applied to seeds, and biocontrol of damping-off is sometimes
equivalent to standard fungicide applications (Whipps 1997; Fravel et al. 1998).
Although the number of biocontrol products is increasing tremendously, these
products still represent a low proportion of fungicides: a total share of 3.5 % of
the total crop protection markets (Fravel 2005).

9.6 Methods of Application of BCAs

Pythium spp. are effectively controlled by seed treatment because the fungus is
active early in the season during seed germination (Heydari and Misaghi 2003).
Eventually, application of biological control strategies requires more knowledge-
intensive management to be effective. So, there are several methods of application
of antagonisms: (1) overall application, (2) application to the infection site, (3) one
place application, and (4) occasional application (Heydari et al. 2004).

9.7 Conclusion

Generally, damping-off disease is caused by different species of Pythium and it
represents a major economic problem. Traditionally, chemical pesticides have been
used to control most soilborne fungal diseases, but they are restricted by many
hazards they cause. An alternative strategy for damping-off disease management
was established by a tremendous number of biocontrol agents including bacteria,
actinomycetes, and fungi. Such BCAs became successfully popular for control of
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Pythium damping-off diseases and are considered as an important economic tool for
protecting the crops. BCAs have different suppressive potentials on Pythium
damping-off diseases in the same particular ecological niche. The study of the
population dynamics and tripartite interaction between the plant, pathogen, and
antagonist is crucial to understand the mechanistic pathway of biocontrol agents
and, consequently, to develop an appropriate biocontrol strategy. Predominantly,
the different mechanisms of antagonism occur across a spectrum of directionality
related to the amount of interspecies contact and specificity of the interactions. The
most effective type of antagonism is direct antagonism resulting from physical
contact and/or a high degree of selectivity for the pathogen by the mechanism
expressed by the BCA (e.g., hyperparasitism). Conversely, indirect antagonisms
result from activities that do not involve sensing or targeting a pathogen by the BCA
through two mechanisms, competition and stimulation of plant host defense. The
latter mechanism is more prevalent within the indirect antagonism. Mixed-path
antagonism has been observed though some mechanisms involved the production
of antibiotics, lytic enzymes, and other by-products as well as suppression of
germination. Additionally, some microorganisms exhibited one mechanism, while
others may work through several mechanisms. The latter microorganisms are likely
to be more robust under extreme conditions. In spite of a plethora of examples in the
literature of microbes with biocontrol activity against Pythium damping-off dis-
eases, very few have given considerable levels of reproducible control across a
number of seasons and sites. Two microbial groups, Pseudomonas spp. and
Trichoderma spp., have given the greatest success. Therefore, BCA applications
have been used successfully in combination with each other’s. In the future, it is
expected that better-performing BCAs will be developed. However, there is still
great potential for the discovery of microbes with increased biocontrol abilities and
to produce novel bioactive products.
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Chapter 10
Interaction of Rhizobia with Soil
Suppressiveness Factors

Kim Reilly

10.1 Introduction

Soil health can be broadly defined as ‘the competence with which soil functional
processes (e.g. nutrient cycling, energy flow) are able to support viable, self-
sustaining (micro) faunal and (micro) floral ecosystems’ (Sturz and Christie 2003).
In contrast soil quality is defined by its ‘suitability for a specific use’. This definition
encompasses biological, physical and chemical attributes and is dependent on the
soil type and land use context (Griffiths et al. 2010). The balance between chemical,
physical and biological components contributes to maintaining soil health and
quality (Nautiyal et al. 2010). There has been an increasing awareness of the
importance of soil quality and soil health in sustainable agricultural production.
The role of rhizobia in N fixation has long been recognised; however, more recently,
the role of rhizobia in soil suppressiveness has been explored and is reviewed here.
For the purposes of this chapter, soil suppressiveness is defined as ‘the phenomenon
whereby incidence of crop disease remains low even though a virulent pathogen and
a susceptible host are present’. As discussed elsewhere in this volume, both biotic
and abiotic factors can contribute to suppressiveness. From a biological perspective,
suppressiveness may be general (i.e. nontransferable and attributed to the activity of
soil total microbial biomass) or specific (i.e. due to the effect of individual or specific
groups of microorganisms and is transferable) (Weller et al. 2002).

The rhizobia are defined as symbiotic nitrogen-fixing soil bacteria which form
nodules on the roots of leguminous plants. They are generally aerobic, motile,
non-sporulating rods and are chemoheterotrophic (i.e. require preformed organic
compounds as a source of carbon and energy) and diazotrophic (i.e. can fix
atmospheric nitrogen). N fixation occurs only after forming nodules on the roots
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of leguminous plants and not in free-living states. The first rhizobia species
Rhizobium leguminosarum was described in 1889 (Frank 1889), and subsequently
described rhizobia were initially classified within the genus Rhizobium (Young
et al. 2001). Initially those bacteria capable of forming symbiotic N-fixing nodules
were placed in the genus Rhizobium and considered as rhizobia, and those which
formed tumours or hairy roots in the genus Agrobacterium. However, with the
advent of molecular methods, the classification of rhizobia has recently undergone
extensive and significant change (Weir 2012). Current taxonomy is based on 16S
rRNA sequence data and has led to substantial reclassification and renaming. Well-
known examples include Agrobacterium tumefaciens (now Rhizobium radiobacter)
and Sinorhizobium meliloti (now Ensifer meliloti).

To date over 98 bacterial species belonging to 14 genera have been identified as
rhizobia (Fikri-Benbrahim and Berrada 2014; Shiraishi et al. 2010; Weir 2012).
Most rhizobia belong to the order Rhizobiales within the a-proteobacteria and are
predominantly found in the genera Rhizobium, Ensifer (previously Sinorhizobium),
Bradyrhizobium and Mesorhizobium. Not all species within each genus form
N-fixing symbiotic root nodules. For example, species such as Rhizobium
radiobacter (previously Agrobacterium tumefaciens), Ensifer adhaerens and
Bradyrhizobium betae are not considered rhizobia although they may cause galls
or tumours as described above. Some rhizobial species occur in widely different
genera in the B-proteobacteria and y-proteobacteria and have arisen due to hori-
zontal gene transfer of plasmids carrying symbiotic genes.

The ability to form symbiotic nodules is usually mediated by a plasmid pSym
which carries nod and nif genes responsible for nodule formation and nitrogen
fixation, respectively. In contrast pathogenic types which cause tumours or hairy
roots harbour pTi or pRi plasmids, which carry vir genes responsible for virulence.
In some instances some bacterial strains may carry both types of plasmid
(Fig. 10.1). The first reported strains of this type were reported by Velazquez
et al. (2005) who described Rhizobium rhizogenes strains which induced N-fixing
symbiotic nodules in Phaseolus vulgaris and also caused hairy root or tumour
formation in non legume plants (Velazquez et al. 2005). Rhizobial plasmids are
commonly large (>500 kb) and may carry essential genes; thus, some authors
consider that the rhizobial genome may more properly be considered a multipartite
genome with two components—a core genome and an accessory genome. In some
instances, for example, within the genus Bradyrhizobium, the symbiosis genes are
integrated by lateral gene transfer into the main chromosome forming a ‘symbiosis
island’ (SI) (Laranjo et al. 2014) (see Fig. 10.1).

Under the previous classification scheme, rhizobia were classified based on
phenotypic criteria and were grouped depending on host specificity (cross inocula-
tion between rhizobia and their host plants) and on growth in culture media. Species
were classified as ‘fast growing” and ‘slow growing’, and such descriptors are still
used in the literature. Rhizobia such as Bradyrhizobium japonicum are categorised
as ‘slow growing’, whilst Ensifer xingianense (Sinorhizobium fredii) is described as
‘fast growing’ (Chen et al. 1988; Fikri-Benbrahim and Berrada 2014). Certain
rhizobial species or subspecies (i.e. biovars) only nodulate specific legume species,
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Fig. 10.1 Variability in plasmid composition and functional outcome in symbiotic and pathogenic
bacteria

whilst others are promiscuous and can nodulate a range of hosts. Rhizobia and their
legume hosts have been categorised into ‘cross-inoculation groups’. Each group
comprises all of the legume species that will develop nodules if inoculated with
rhizobia isolated from any other member of the sample group (Table 10.1). This
concept is widely used by famers and extension services to guide formulation of
soil rhizobial inoculants.

Formation of N-fixing symbiotic nodules involves a complex interplay of
responses between the plant root and the rhizobia bacterium and involves the
coordinated expression of both plant and bacterial genes. During symbiotic nodule
formation, the legume plant produces flavonoid compounds in the root exudate that
are recognised by the bacterium and induce expression of nodulation genes (nod
genes) in the symbiotic rhizobia bacterium. Nod factors induce responses in the
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Table 10.1 Common legume/rhizobia cross-inoculation groups

Cross-inoculation group Rhizobia

Alfalfa group: Ensifer meliloti (previously
Alfalfa (Medicago spp.); sweet clovers (Melilotus spp.) Sinorhizobium meliloti)
Bean group: Rhizobium leguminosarum
Beans (Phaseolus spp.) bv. phaseoli

Clover group: Rhizobium leguminosarum
Clovers (Trifolium spp.) bv. trifolii

Cowpea group: Bradyrhizobium spp.
Peanut (Arachis hypogaea); cowpea (Vigna unguiculata)

Soybean group: Bradyrhizobium japonicum
Soybeans (Glycine max)

Pea and vetch group: Rhizobium leguminosarum
Peas (Pisum spp.); vetches (Vicia spp.); lentils (Lens bv. viceae

culinaris); faba bean Vicia faba)

Chickpea group: Mesorhizobium ciceri
Chickpea (Cicer arietinum)

Source: Modified and adapted from University of Florida Extension service http://edis.ifas.ufl.edu/
aal26, USDA extension services http://efotg.sc.egov.usda.gov/references/public/ia/
agronomytechnotel lattach.pdfand College of Tropical Agriculture and Human Resources exten-
sion service http://www.ctahr.hawaii.edu/bnf/Downloads/Training/BNF%?20technology/
Rhizobia.PDF

legume host including (1) deformation and branching of root hairs, (2) induction of
gene expression and (3) induction of cell division (Atlas and Bartha 1986) (Gage
2004). Host plant lectins play a role in specificity by binding to the plant cell wall
and to saccharide moieties on compatible bacteria. Following this chemical inter-
play within the nodules, the rhizobia convert atmospheric dinitrogen (N,) into plant
available forms and the plant in turn provides carbon substrates to the rhizobia.

10.2 Suppressive Effects of Rhizobia

Rhizobia may occur not only in symbiotic nodules on legume roots but also survive
as free-living bacteria prior to nodulation. Some strains are able to colonise and
survive in the rhizosphere of non legume crops or in other soil microenvironments,
and both free-living and symbiotic forms can have a range of direct and indirect
effects which may contribute to soil suppressiveness and prevention of crop disease
(Antoun et al. 1998; Avis et al. 2008; Dakora 2003). Suppressive effects of rhizobia
have predominantly been reported against fungal and nematode plant pathogens,
although other effects are also reported (Avis et al. 2008).


http://edis.ifas.ufl.edu/aa126
http://edis.ifas.ufl.edu/aa126
http://efotg.sc.egov.usda.gov/references/public/ia/agronomytechnote11attach.pdfand
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10.2.1 Suppressive Effects Against Fungal Pathogens

Suppressive effects of rhizobia against fungal pathogens have been described since
the 1970s. A strain of B. japonicum could inhibit sporulation in a range of fungal
plant pathogens including Phytophthora megasperma, Pythium ultimum, Fusarium
oxysporum and Ascochyta imperfecta, whilst 49 different strains of Sinorhizobium
meliloti were reported to reduce growth of F. oxysporum (Antoun et al. 1978; Tu
1979). A number of studies indicated that inoculation of plants such as soybean,
common bean, mung bean, sunflower and okra with rhizobia could reduce inci-
dence of root pathogens including Phytophthora, Fusarium, Macrophomina and
Rhizoctonia (Buonassisi et al. 1986; Ehteshamulhaque and Ghaffar 1993; Tu 1979).

In a recent study, soil amendment with crop debris of wild rocket (Diplotaxis
tenuifolia) led to suppression of Fusarium wilt in cucumber seedlings and was
accompanied by a change in the rhizosphere microbial population. Rhizobium spp.
were amongst a group of bacterial species whose populations showed a significant
increase in the suppressive soil (Klein et al. 2013).

10.2.2 Suppressive Effects Against Nematodes

Nematode suppressive soils have been described in a number of studies and
Rhizobium species have been consistently implicated in this type of suppression.
Rhizobium species have been identified as responsible for soil suppressiveness
against the plant pathogenic nematode Heterodera schachtii (Yin et al. 2003).
H. schachtii cysts isolated from a suppressive soil could transfer this property to
non-suppressive soils, and when rDNA from the cyst-associated bacteria was
sequenced, only rDNA sequences from the Rhizobium spp. group were consistently
associated with high levels of suppressiveness. Rhizobium spp. have been shown to
suppress juveniles of the soybean cyst nematode H. glycines, and in a recent study
Rhizobium spp. and Streptomyces spp. sequences were the dominant bacterial
DGGE bands detected in the bacterial communities associated with nematode
cysts in a 2-year study on a long-term monoculture nematode suppressive soil
(Zhu et al. 2013).

10.2.3 Other Suppressive Effects

Although less widely reported, suppressive effects on other crop pathogens and
pests have been noted. For example, during legume/cereal rotations in Africa,
populations of the parasitic weed Striga (witchweed) that can cause heavy losses
in cereal crops have shown significant decreases when legume soybean, groundnut
or cowpea was used as the preceding crop (Carsky et al. 2000). This is attributed
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both to symbiotic N supply and to antagonistic compounds produced by legume
rhizobia. Similarly, broomrapes (Orobanche spp.) are parasitic weeds which cause
severe losses in vegetable, legume and sunflower crops. In a recent study (Bouraoui
et al. 2012), germination of O. foetida in a co-culture with its plant host faba bean
(Vicia faba) was reduced by up to 75 % following inoculation with selected
Rhizobium strains. Suppressive effects of rhizobia against bacterial and viral dis-
ease in bean have also been reported (Elbadry et al. 2006; Huang et al. 2007).

10.2.4 Mechanism of Suppressive Effects

Proposed mechanisms include direct effects such as competition with pathogens for
nutrients and for preferred colonisation sites on the root; production of antimicro-
bial, antibacterial or germination inhibition compounds by the rhizobia themselves;
as well as indirect mechanisms such as improved plant nutrition and plant growth
and elicitation of plant defence responses (induced resistance). Where plant or
rhizobial produced compounds are present in the soil as root exudates and/or
from crop residue decomposition, they can inhibit soilborne pathogens in the
legume crop and also for crops rotated with the legume crop.

10.3 Substances Produced by Soil Rhizobia

10.3.1 Nod Factors

Nod factors are lipooligosaccharide molecules produced by rhizobial bacteria that
are involved in symbiotic nodule formation. The structure of the oligosaccharide
backbone determines the host specificity and the biological activity of the bacte-
rium (Savoure et al. 1994). Several studies indicate that Nod factors can elicit the
production of plant phytoalexin defence compounds, thereby protecting the plant
from disease (Dakora 2003) (see Sect. 10.4.1). Nod factors can be perceived by
non legume crops (Khaosaad et al. 2010), and this provides a direct mechanism to
explain disease suppression in legume and succeeding crops.

Nod factors of some Rhizobium spp. have also been demonstrated to increase
colonisation of roots by mycorrhizal fungi such as Glomus. Application of Nod
factors at concentrations of 10~° M could promote the colonisation of legume and
non legume plants by AM fungi (Dakora 2003). Application of low concentrations
of Nod factors (1077—1079 M) to soybean roots has been shown to increase root
biomass, and foliar application of Nod factors also increased grain yield and
photosynthate production in non legumes including rice, bean, canola, apple and
grape (Matiru and Dakora 2005; Souleimanov et al. 2002). Recent studies in barley
and alfalfa indicate that where rhizobia or Nod factors are applied prior to the AM
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fungus (rather than co-inoculated), colonisation by the second symbiont was
inhibited (Catford et al. 2006; Khaosaad et al. 2010).

10.3.2 Phytohormones and Growth-Promoting Compounds

Rhizobia have long been known to produce plant growth-stimulating hormones
such as gibberellins, cytokinins and indole-3-acetic acid (IAA). Direct growth-
promoting effects of IAA have been observed in legumes and also in non legume
plants such as lettuce (Lactuca sativa) and canola (Brassica campestris) in response
to IAA produced by R. leguminosarum (Antoun et al. 1998). Some studies have
shown substantial root hair proliferation in rice and other cereals in response to
inoculation with rhizobia, the proliferation being attributed to hormones including
IAA and gibberellins produced by the rhizobia and resulting in enhanced nutrient
uptake capacity by the plant (Yanni et al. 2001).A number of other compounds
produced by rhizobia can stimulate plant growth. The compound lumichrome was
originally identified from culture filtrates of E. meliloti. At low concentration
(5 nM), lumichrome increased growth in a range of legume and non legume crops
including soybean, maize, millet, sorghum and cowpea. At high concentration,
however, growth was inhibited in soybean, millet and cowpea (Matiru and Dakora
2005). Lumichrome may readily be produced in the rhizosphere by breakdown of
riboflavin, which may account for its effect on a range of plant types. Rhizobial
strains which produce large amounts of lumichrome could thus be of interest as a
general crop growth promoter (Matiru and Dakora 2005).

10.3.3 Siderophores and Organic Acids

It has been demonstrated that rhizobia grown in culture secrete siderophores and
organic acids that would allow them to obtain nutrients from the soil in free living
stages. Organic acids serve to solubilise phosphorus (P) and manganese (Mn).
Siderophores are small, high-affinity iron-chelating compounds secreted by micro-
organisms such as bacteria and fungi. It is proposed that plants benefit directly from
the pool of bacterially solubilised nutrients in the rhizosphere (Dakora 2003).
Rhizobia produce a range of siderophores which can modulate plant iron nutrition
and in addition play a role in control of soilborne pathogens by sequestering iron
from pathogens, thereby suppressing their growth and proliferation (Hamdan et al.
1991). Out of 196 Rhizobium species examined, 181 produced siderophores; sub-
sequent studies showed that only siderophore-producing strains of Sinorhizobium
meliloti could inhibit growth of the pathogen Macrophomina phaseolina (Arora
et al. 2001).
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10.3.4 Hydrogen Gas

Hydrogen (H,) gas is a by-product of nitrogenase activity during nodule nitrogen
fixation. In HUP" thizobia, a hydrogenase uptake system oxidises the H, produced;
however, in HUP™ strains, the H, is released into the soil. The released hydrogen
gas has been shown to stimulate growth in a range of cereals, and this growth was
accompanied by an increase in soil bacteria able to oxidise nodule produced H,. It is
proposed that the secreted H, stimulates the proliferation of plant growth-
promoting bacteria resulting in increased plant growth (Dakora 2003).

10.4 Substances Produced by Legumes in Response
to Rhizobia

10.4.1 Phytoalexins and Phytoanticipins

Many plants produce phytoalexin defence compounds in response to both biotic
(e.g. pathogens) and abiotic (e.g. heavy metals, UV radiation) stresses (Dixon and
Lamb 1990). Phytoalexins are defined as low-molecular-weight compounds pro-
duced in response to pathogens which can slow or prevent the growth of plant
pathogens. The term phytoanticipin is used to describe preformed antimicrobial
compounds already present in the plant. Legume phytoalexins are predominantly
isoflavonoid phenolic compounds, including pisatin (Pisum sp.), glyceollin (Gly-
cine sp.), medicarpin (Medicago sp.) and coumestrol (Phaseolus vulgaris).
Non-isoflavonoid compounds such as stilbenes, benzofurans and furanoacetylenes
also occur as legume phytoalexins (Dakora and Phillips 1996). There is consider-
able evidence that inoculating legume plants with rhizobia or treating with Nod
factors induces production of phytoalexins that protect the plant against pathogens
(Avis et al. 2008; Dakora 2003; Savoure et al. 1994). Legume host plant secretion
of phytoalexins into the rhizosphere can occur at significant levels and is a direct
mechanism by which rhizobia can contribute to soil disease suppressiveness
(Dakora et al. 1993; Parniske et al. 1991).

Some isoflavonoid compounds such as coumestrol act both as nod gene inducers
and as phytoalexins, although the majority of nod gene inducers are not phyto-
alexins (Dakora et al. 1993).

10.4.2 Other Phenolic Compounds

During symbiotic nodule formation, the legume plant produces phenolic com-
pounds (commonly isoflavonoids) in the root exudate which can induce expression
of nod genes in the symbiotic rhizobia bacterium. For example, in soybean (Glycine
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max) compounds such as the flavonoids coumestrol, daidzein, genistein and
isoliquiritigenin are strong inducers of nod genes in the soybean symbiotic rhizobia
B. japonicum (Kape et al. 1992). In addition to their role in nod gene induction, such
compounds also play other roles. For example, flavonoid compounds can exhibit
chemotaxis, attracting the symbiont towards the root. This has been described for
fast-growing rhizobia species such as E. meliloti previously (R. meliloti), a symbi-
ont of alfalfa. However, chemotaxis towards pathogens also occurs, for example,
the isoflavonoids genistein and daidzein in soybean root exudate attract zoospores
of the soybean pathogen Phytophthora sojae (Dakora and Phillips 1996).

Isoflavonoids also affect the growth of both fungi and bacteria although the
interaction is complex. Daidzein can stimulate spore germination of the arbuscular
mycorrhizal fungus Glomus. Formononetin and biochanin A showed inhibitory
effects on growth of Glomus spp. at low concentration but stimulated growth at
high concentration (Dakora and Phillips 1996). In continuous soybean monoculture
systems, increases in total soil biomass were correlated with levels of daidzein and
genistein in the rhizosphere. Genistein significantly increased arbuscular mycorrhi-
zal (AM) hyphal length and spore density; however, soilborne pathogens were also
stimulated by soybean root flavonoids, which inhibited formation of symbiosis
(Weller et al. 2002; Wang et al. 2012).

Interestingly some flavonoids can also induce resistance within the symbiotic
rhizobia to plant root defence compounds such as phytoalexins. Soybean
isoflavonoids such as genistein, daidzein and isoliquiritigenin can induce resistance
to bactericidal concentrations of glyceollin (a soybean phytoalexin) (Kape
et al. 1992). Early experiments showed that a broad range of soybean rhizobia,
although initially susceptible to the soybean phytoalexin glyceollin, could adapt to
the presence of the phytoalexin and were able to tolerate previously bactericidal
concentrations following exposure to low concentrations of daidzein and genistein.
Such induced resistance allows the rhizobia to survive in the root rhizosphere,
despite accumulation of significant amounts of bactericidal phytoalexins (Parniske
et al. 1991).

10.5 Conclusions

Whilst the benefits of rhizobia for crop growth have long been appreciated, it is
clear that the benefits of rhizobia go beyond their role as nitrogen-fixing symbionts
in legume crops. There is convincing evidence that rhizobia not only enhance plant
growth but also play a role in reducing plant disease, in legume and other crops. The
mechanisms underlying these suppressive effects however are complex and inter-
related and remain to be fully explored. Unfortunately despite an initial flurry of
research in the 1990s, little further exploration has been carried out. Much of this
lack of study may be due to (a) the significant reclassification of the rhizobia
resulting in lack of clarity in terms, classification and nomenclature of rhizobial
strains and (b) the complexity of the interactions between rhizobia, other soil
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microbes and host and non-host plants. However, given the potential for identifi-
cation and/or development of rhizobial strains that could be used to boost crop
growth as N-fixing symbionts and also as disease suppressants, a renewed focus
would be welcome. Questions of interest include: (1) Are there differences in
compounds produced and suppressive effects between different cross-inoculation
groups and within different strains in the same cross-inoculation group? (2) What is
the role of pSYM plasmids in suppressiveness? For example, is plasmid copy
number important? How much variation is seen in pSYM sequences, and are
some variants more effective at inducing suppressiveness than others? Are some
variants more effective at establishing N fixation? (3) Is it possible to engineer
optimised inoculants by transforming effective N-fixing strains with additional
PSYM plasmids selected for disease suppressiveness? A further exploration of
these and other topics would be of future benefit.
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Chapter 11
Biocontrol of Plant Parasitic Nematodes
by Fungi: Efficacy and Control Strategies

Mohd. Sayeed Akhtar, Jitendra Panwar, Siti Nor Akmar Abdullah,
Yasmeen Siddiqui, Mallappa Kumara Swamy, and Sadegh Ashkani

11.1 Introduction

Nematodes are filiform roundworms belonging to phylum Nematoda commonly
found in plants, animals, and soil. They have the ability to utilize the various
organic sources for the production of energy (Akhtar and Panwar 2011). Some
plant parasitic nematodes usually feed on plant cells by choosing and establishing a
single feeding site known as sedentary feeders, while others are migratory feeders
which means they move from site to site on the root and rarely feed on plant single
cell. In general, the plant parasitic nematodes are documented as the utmost vicious
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pests for several economically important crops worldwide. Bowers et al. (1996)
reported that the nematode had the ability to alter the root exudates in qualitative
and quantitative fashion, which may influence the activity of beneficial and path-
ogenic microbes in the rhizosphere. The estimated average annual yield loss of
various crops by plant parasitic nematodes is about 12.3 % (Sasser and Freckman
1987), but it varies from 8.8 to 14.6 % from developed to developing countries
(Nicol et al. 2011; Palomares-Rius and Kikuchi 2013). Among the sedentary
feeders, Meloidogyne species are predominant and are considered as the most
damaging genera throughout the world. About 95 % of the total nematode
populations are represented only by four major species such as M. incognita,
M. javanica, M. arenaria, and M. hapla.

Suppression of plant diseases in the presence of a pathogen, suitable host plant,
and favorable climatic conditions is known as soil suppressiveness (Mazzola
et al. 2004; Weller et al. 2007). It is directly associated with the nature and fertility
level of the soil and the types of soil microorganisms. However, the level of disease
suppressiveness is directly proportional to the level of soil microbial activity,
meaning the larger the active microbial biomass, the greater the soil capacity to
use carbon, nutrients, and energy, thus lowering their availability to pathogens
(Kumar et al. 2012). Any treatment to increase the microbial activity in the soil
enhanced the suppression of pathogens by increasing competition for nutrients, but
overall it is a very tough task to control all types of soilborne pathogens by
suppressive soils. To control the diseases caused by plant parasitic nematodes,
frequent use of chemical nematicides has been increased in the past few decades
globally (Gupta and Dikshit 2010; Leng et al. 2011). But these chemical nemati-
cides possess several toxic effects on the human health, soil microbiota, and
environment. Thus, several cultural practices have been adopted for the manage-
ment of nematodes, but gradually the annual losses observed in the quality and
quantity of crop yields revealed that there is a decisive need to develop a new
eco-friendly way to control the plant parasitic nematodes. In this regard, biological
control strategies provide an alternative tool for management of plant parasitic
nematodes over the conventional chemical control strategies (Mazzola 2007). The
biological control of nematodes could be achieved either by managing the natural
habitats to marmalade by increasing the activity of native fungi or by introducing
new beneficial rhizospheric fungi or by the combination of both (Timper 2011).
Nevertheless, the augmentation of the beneficial microorganisms in the agricultural
fields and their potential benefits on the various crops is feasible through the
adoption of various management practices such as reduced tillage, crop rotation,
and lowering the micronutrient uses.

The rhizosphere is the immediate microenvironment surrounding the plant roots
which provides novel environments for microbes due to change in increased levels
of nutrients and intense microbial population (Giri et al. 2005; Gupta et al. 2012;
Yadav et al. 2015). The rhizoplane and the surrounding rhizosphere soil are
colonized and occupied by a wide range of microorganisms. Of the various micro-
organisms present, opportunistic fungi and arbuscular mycorrhizal (AM) fungi play
a key role in the biocontrol of diseases caused by plant parasitic nematodes.
Consequently, the plant parasitic nematode and beneficial rhizospheric fungi
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share common ecological niche and also influenced the plant growth and yield
attributes in various means (Akhtar and Siddiqui 2008; Akhtar and Panwar 2011).
Because of multifaceted nature, it is very hard to generalize the overall underground
interaction processes taking place between the plant parasitic nematodes, opportu-
nistic fungi, and AM fungi. The aim of this chapter is to provide an overview of the
biocontrol potential of opportunistic as well as AM fungi on the growth and
improvement of various crop plants and population of plant parasitic nematodes
in different pathosystems. The chapter also focuses on the cost-effective technol-
ogies used for the mass propagation of opportunistic fungi and AM fungi and their
ample application in the expansion of practical control system desired for the
sustainable agricultural practices.

11.2 Opportunistic Fungi

Fungi have the immense miscellany in their metabolic pathways and offer numer-
ous important classes of commercial compounds having nematicidal activity
(Li et al. 2007; Anke 2010) and limit the nematode densities by the production of
nematotoxic compounds due to their parasites and antagonistic or predatory actions
between fungi and plant parasitic nematodes (Lopez-Llorca and Jansson 2007;
Akhtar and Panwar 2011). Lopez-Llorca and Jansson (2007) found that the oppor-
tunistic fungi either directly parasitize the nematodes or secrete some nematicidal
metabolites which may affect the viability of one or more stages of the nematode
life cycle or having deleterious effects on reproductive structures of a nematode.
The secondary reproductive stage of the nematode is highly susceptible against the
opportunistic fungi. The obese females are highly prone to fungal attack similarly
like the parasitism of egg masses. The opportunistic fungi when come in contact
with nematode eggs grow more rapidly and parasitize the eggs during initial
embryonic developmental stages. This may reduce the parasitic actions of nema-
tode juveniles. Among the various known opportunistic fungi, P. lilacinus and
P. chlamydosporia have been extensively studied by several previous researchers
for their nematophagous knack and biocontrol potentiality (Khan et al. 2004;
Kiewnick and Sikora 2006; Siddiqui and Akhtar 2009a, b; Akhtar and Panwar
2011; Azam et al. 2013).

11.2.1 Paecilomyces lilacinus

Paecilomyces lilacinus (Thom) Samson is a mutual Hyphomycetes and is ubiqui-
tously distributed especially in warmer climates (Samson 1974). It is encompassed
in the group of frequently tested biocontrol agents against the plant parasitic
nematodes (Brand et al. 2010; Pau et al. 2012; Azam et al. 2013). It is basically a
saprophyte but could also compete for extensive range of substrates (Holland
et al. 2003; Pau et al. 2012).
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Fig. 11.1 Cross section of tomato root infected with root-knot nematode; (a) showing presence of
nematode, egg masses, abnormal phloem, and abnormal xylem in the cortical region; (b) showing
conidia of P. lilacinus surrounding the nematode eggs and egg masses; (c) disruption of eggs and
egg masses by P. lilacinus hyphae; (d) complete disintegration of nematode eggs by P. lilacinus
hyphae

Jatala (1986) reported that P. lilacinus infects eggs and females of plant parasitic
nematodes and destroyed the embryo within 5 days under laboratory conditions. He
found that the infection of nematode eggs starts in a gelatinous matrix with the
development of fungal hyphae which latter surrounds the entire nematode eggs. The
colonization of nematode eggs occurred through the diffusion of egg cuticle by the
fungal hyphal network by enzymatic or mechanical actions. His experiments
clearly indicated that P. lilacinus grow well between 15 and 30 °C. It also had
the adaptability to grow in a wide range of soil pH which made it a pretty modest
organism in most of the cultivated fields. The suppression of plant parasitic
nematode by P. lilacinus is ascribed by disintegration of the embryo, inhibition
of hatching, and parasitism of adult females (Fig. 11.1). However, after
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establishment of P. lilacinus in soil, it grows faster and spread rapidly within a short
span in the introduced area as dominant species. Moreover, the production of
secondary metabolites such as chitinases, leucinotoxins, and proteases has also
been associated with P. lilacinus infection (Park et al. 2004).

11.2.2 Pochonia chlamydosporia

Pochonia chlamydosporia (Goddard) Zare and Gams is a well-known
nematophagous fungus and ubiquitously distributed in all parts of the world. It is
naturally occurring as a facultative parasite of females, eggs, cyst, and plant
parasitic nematodes (Lopez-Llorca et al. 2008; Manzanilla-Lopez et al. 2013). In
the rhizosphere, this fungus could settle the host root as endophytes preferably with
the plants belonging to families Gramineae and Solanaceae and provide numerous
benefits to host plant defense against the soilborne pathogens (Macia-Vicente
et al. 2009a, b). P. chlamydosporia have been extensively studied for its biocontrol
potential against plant parasitic nematodes (Kerry and Hirsch 2011; Manzanilla-
Lopez et al. 2013). The efficacy of this potential biological fungus against the plant
parasitic nematode is affected by three major factors: (1) the amount of fungus in
the rhizosphere, (2) the rate of development of eggs in the egg masses, and (3) the
size of galls in which female nematode develops.

The population of P. chlamydosporia could be identified on the basis of position
and shape of conidia, the plethora of dictyo-chlamydospores, and the development
of conidia either in heads or chains (Zare and Gams 2004). P. chlamydosporia
infects the nematode eggs through the expansion of aspersoria at the tip or lateral
position of hyphae, which encompasses tightly to the surface of eggshells
(Fig. 11.2), and finally penetrated into eggshells by the formation of an infection
peg (Holland et al. 1999). A postinfection bulb leads to the expansion of mycelia
within the eggs that caused almost the complete devastation of their contents
(Tikhonov et al. 2002; Esteves et al. 2009a). Khan et al. (2004) reported that the
eggshells and juvenile cuticles both have been physically disrupted, and the fungal
hyphae willingly multiplied inside the eggs and juveniles due to enzymatic activity
and biosynthesis of diffusible toxic metabolites. P. chlamydosporia are reported to
secrete serine, protease, and chitinase responsible for the major structural changes
inside the nematode eggs which may result in the disintegration of lipid and
vitelline layers. Application of P. chlamydosporia as soil inoculants could reduce
the natural nematode population up to 90 % under field condition (Bordallo
et al. 2002), but the fungus differs in virulence toward nematode competence to
colonize the root and production of chlamydospore (Bordallo et al. 2002; Yang
et al. 2007; Macia-Vicente et al. 2009a, b). All these specific features make
P. chlamydosporia a successful biocontrol agent under different pathosystems
(van Damme et al. 2005; Rumbos et al. 2006; Esteves et al. 2009b).
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Fig. 11.2 Classical and electron microscopic images of root-knot nematode infected by
P. chlamydosporia; (a) egg of a nematode infected by P. chlamydosporia hyphae; (b) complete
disintegration of nematode egg by P. chlamydosporia hyphae; (c) electron microscopic view of
P. lilacinus hyphae covering the nematode egg; (d) disruption of nematode egg by
P. chlamydosporia hyphae

11.3 Arbuscular Mycorrhizal Fungi

Arbuscular mycorrhizal (AM) fungi are the key components of soil microbial
populations with ubiquitous distribution in almost all the agroclimatic conditions
of the world and form symbiosis with most of the land plants, in any kind of
terrestrial ecosystem (Akhtar and Siddiqui 2008). Currently, AM fungi have been
cited in the phylum Glomeromycota (Redecker and Raab 2006), and over
200 morphospecies of Glomeromycota have been described (Schiiller 2008). AM
fungi have been categorized on the basis of extra-radical mycelium and branched
haustoria-like structure within the cortical cells, termed as arbuscules. These
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Fig. 11.3 Microscopic view of colonization pattern of AM fungi inside the tomato root; (a)
showing hyphae of AM fungi; (b) showing formation of arbuscles; (¢) visualization of AM spores
inside the cortical tissue; (d) AM spores with hyphae stained with Melzer’s reagents

arbuscules are the core sites for the nutrient exchange (Fig. 11.3), where the fungi
supply water and nutrients like N and P to plants and in turn receive carbon from
plants (Bonfante and Genre 2010).

Due to their unique ability and adaptability in different agroclimatic conditions,
the AM fungi improved plant health by the acquisition of essential mineral nutrient
and water from soil and enhanced production of growth regulations, tolerance
toward various abiotic conditions, and mutualistic relationship with additional
rhizospheric microorganisms existing in the same ecological niche (Akhtar and
Siddiqui 2008; Akhtar 2011).
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11.4 Efficacy and Biocontrol Strategies of Beneficial
Rhizospheric Fungi

Persistence of plant parasitic nematodes is the most serious problem worldwide
because they nourish and multiply their population on live host plants and also
actively migrate inside the plants and aerial parts or in the rhizosphere. Among all
the available options, chemical control has been extensively used against the plant
parasitic nematode, due to its nonselective nature. However, use of chemicals to
control plant parasitic nematodes has been restricted in many countries due to their
environmental toxicity and ability to leach into the soil. They may cause the
hazardous effect on the soil microbial flora and fauna as well as on the environment
(Akhtar 1997). In the beginning, most of the fumigants were effectively used to
control the plant parasitic nematodes due to their nematicidal properties, but later
the detection of their remains in soil, water, and edible crops has caused awareness
among the global scientific community concerned about the safety of human health
and the environment (Alphey et al. 1988). Methyl bromide was the first fumigant
which was widely used against the pathogens causing soilborne diseases, but it has
been now banned and completely withdrawn from the market by imposing an
international agreement in most of countries worrying about the environment safety
(Oka et al. 2000).

Nowadays, several control measures such as the use of green manure, organic or
inorganic soil amendments, crop rotation, resistant variety cultivation, unplanted
treatment, and biological control have been used to limit the population of plant
parasitic nematodes in the soil. But, unfortunately, all these control methods have
led to limited success (Barker and Koenning 1998). Integrated pest management
provides a working methodology for pest management in sustainable agricultural
systems. With the increasing cost of inorganic fertilizers and the environmental and
human health hazards associated with the use of pesticides, opportunistic and AM
fungi may provide a more suitable and environmentally acceptable alternative for
sustainable agriculture. Several comprehensive reviews have been published time
to time exploring the possibilities of using AM fungi (Barea et al. 2005; Akhtar and
Siddiqui 2008; Smith and Read 2008; Akhtar and Panwar 2011) and opportunistic
fungi in the biocontrol of plant diseases (Atkins et al. 2005; Hildalgo-Diaz and
Kerry 2008). We have summarized some recently published results of interaction
studies between opportunistic fungi, AM fungi, and plant parasitic nematodes in
tabular forms (Tables 11.1, 11.2, and 11.3).
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Table 11.1 Effect of Paecilomyces lilacinus on the plant growth and reproduction of plant
parasitic nematodes

Effect on plant

Effect on nematode

Plant Nematode growth population References
Faba bean M. incognita | Pre- and Pre- and El-Shanshoury
posttreatment of postinoculation of et al. (2005)
plants with plant with
P. lilacinus P. lilacinus reduced
increased the shoot | the number of juve-
dry weight from niles from 95.4 to
11.1t0 13.3 % and | 97.4 % and 91.1-
9.1-12.1 %, 98.9 %, respec-
respectively tively, compared to
control
Tomato M. incognita | Pre- and Pre- and Esfahani and
postinoculation of postinoculation of Pour (2006)
nematode to fungus parasitized
P. lilacinus signifi- | the nematode eggs
cantly reduced the | by 72.0 % and
dry weight of plant | 68.0 %,
by 26.15-56.92 % respectively
Tomato M. incognita Use of P. lilacinus | Inoculation of fun- | Goswami
increased the root gus reduced the et al. (2006)
and shoot weight of | number of galls per
plants up to 27.83 % | plant, egg masses
and 46.8 %, per root system, and
respectively eggs per egg mass
up to 44.74 %,
34.23 %, and
16.90%,
respectively
Tomato M. incognita | Use of various glu- | Soil treated with Kiewnick and
cose formulations fungus reduced root | Sikora (2006)
of P. lilacinus galling, number of
increased the shoot | egg masses, and
weight by 1.83— final nematode pop-
9.89 % and root ulation in the roots
weight by 5.0— by 66 %, 74 %, and
14.2 % compared to | 71 %%, respec-
control tively, compared to
control
Tomato M. incognita | Use of single or Treatment with Anastasiadis
combined applica- | P. lilacinus reduced | et al. (2008)
tion of P. lilacinus | the number of eggs
with bacterial inoc- | per egg mass up to
ulants increased the | 18 % compared to
plant height up to untreated control
43 %
Tomato M. incognita | Inoculation of Use of fungus Siddiqui and

P. lilacinus
increased plant

caused the 44.0 %
and 76.0 %

Akhtar (2008a)

(continued)
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Effect on plant

Effect on nematode

Plant Nematode growth population References
length and shoot dry | parasitism on
of plants by females and eggs of
42.82 % and nematode
42.25 %, respec-
tively, over
nematode-infected
plants
Tomato M. incognita | Enhancement in Inoculation of Kannan and
shoot length P. lilacinus caused | Veeravel
(72.66 cm), shoot the highest reduc- (2008)
weight (42.66 g), tion in nematode
and root length population, galling,
(36.66 cm) was and egg mass per
recorded when gram root on
P. lilacinus was nematode-infested
applied in dose 10 g | plants
/kg soil compared to
control treatment
Tomato M. incognita | Treatment with dif- | The galling is Oclarit and
ferent spore inocu- | reduced from 89.89 | Cumagun
lums of P. lilacinus |to 97.31 % by the (2009)
increased the root application of dif-
weight from 37.94 | ferent loads of spore
to 65.58 % inoculum of
P. lilacinus
Lettuce Meloidogyne | Application of The reduction in Prakob
spp- P. lilacinus galling and nema- et al. (2009)
increased the yield | tode population was
of lettuce by achieved by
59.33 % in 34.89 % and
nematode-infested 61.76 % with the
soil under field application of
conditions P. lilacinus
Banana M. incognita | Use of P. lilacinus | Treatment with Sundararaju
significantly P. lilacinus reduced | and Kiruthika
increased the plant | the nematode popu- | (2009)
length (23.09 %) lation in soil root by
and pseudo stem 91.18 % and
girth (39.61%) 81.82 %
compared to
nematode-infected
plants
Ashwagandha | M. incognita | Treatment with Use of P. lilacinus | Sharma and
P. lilacinus reduced the root- Pandey (2009)
increased the shoot | knot indices
dry weight by approximately up to

84.23% over nema-
tode plants

50.0 % compared to

(continued)



11 Biocontrol of Plant Parasitic Nematodes by Fungi: Efficacy and Control. . .

Table 11.1 (continued)

229

Effect on plant

Effect on nematode

Plant Nematode growth population References
nematode-
inoculated plants
Chickpea M. incognita | Application of Inoculation of Siddiqui and
P. lilacinus caused | P. lilacinus caused | Akhtar (2009a)
26.83 % increase in |42 % and 70 % of
shoot dry weight of | re-isolation of
plants as compared | females and eggs
to nematode- from a nematode-
infested control infested plants
treatments
Tomato M. javanica Simultaneous inoc- | Concurrent use of Ganaie and
ulation of P. lilacinus reduced | Khan (2010)
P. lilacinus was the galling, egg
found better in masses, egg per egg
terms of plant mass, and final
growth than nematode popula-
sequential inocula- | tion by 31.44,
tion and causes 33.39, 46.40, and
41.26 % increase in | 47.13 %, respec-
shoot dry weight of | tively, compared to
plant compared to control treatments
control treatments
Tomato M. incognita | Results showed that | Preplanting soil Kiewnick
there is no signifi- treatment with etal. (2011)
cance difference P. lilacinus reduced
between the treat- the galling, egg
ments observed in masses per root
terms of plant system, and final
growth compared to | nematode popula-
control under tion by 66 %, 74 %,
growth chamber and 71 %, respec-
experiment tively, compared to
the inoculated con-
trol under growth
chamber
experiment
Guava M. enterolobii | ND Application of Carneiro
P. lilacinus reduced |et al. (2011)
the egg and egg
masses up to 40 %
over control
treatments
Okra M. incognita | Application of Use of various Kannan and
P. lilacinus as soil | combinations of Veeravel
inoculants with P. lilacinus as seed- | (2012)

neem cake
increased shoot
weight up to

ling treatment and
soil inoculants
reduced the galling

(continued)
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Effect on plant

Effect on nematode

Plant Nematode growth population References
4.17 %, but the from 26.50 to
results were more 64.96 % and juve-
pronounced nile population
(28.33%) when this | from 9.96 to
combination was 28.18 % over
applied with seed- | control
ling dip treatments
of P. lilacinus

Tomato M. incognita | Application of Treatment with Khalil
P. lilacinus P. lilacinus reduced | et al. (2012)
increased the shoot | the galls and egg
dry of plants up to | masses up to
73.19 % over 88.23 % and
untreated control 76.94 %,

respectively

Pepper M. incognita | Use of P. lilacinus | Seed and substrate | Rao
as seed and sub- treatment with P. et al. (2012)
strate treatment significantly
increased the seed- | lowered the root-
ling length from knot indices from
4.68 to 7.03 % 631058 %

Brinjal M. incognita | Inoculation of Use of P. lilacinus | Usman and
P. lilacinus reduced | lowered the root-rot | Siddiqui (2012)
the shoot dry weight | indices from 1.20 to
of nematode- 1.28
infested plants from
33.70 to 37.76 %

Tomato M. incognita | ND Alginate-formu- Aminuzzaman
lated P. lilacinus et al. (2013)
pellets at 1.6 %

(w/w) with soil
mixture reduced the
root galling by

66.7 %

Tomato M. incognita | One-week prior One-week prior Azam
inoculation of inoculation of et al. (2013)
P. lilacinus, nema- | P. lilacinus, nema-
tode increased the tode reduced the
shoot dry weight by | root-knot indices
57.0 % and egg-mass indi-

ces from 11 to 30 %

Tomato M. incognita Inoculation of Treatment with Khalil (2013)
P. lilacinus P. lilacinus reduced
increased the root the galling up to
length by 59.49 % 58.58 % and egg

masses by 65.18 %
Okra M. incognita | Treatment with var- | Application of vari- | Mukhtar

ious concentrations

ous concentrations

et al. (2013)

(continued)
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Effect on plant

Effect on nematode

Plant Nematode growth population References
of P. lilacinus of P. lilacinus
propagules reduced the number
increased the shoot | of galls from 14 to
dry weight by 4 to | 37 %, egg masses
8 % from 15 to 37 %,
nematode reproduc-
tion factor from
20 to 52 %
Tomato M. incognita | Single and twice Single or twice Udo
application of treatment with et al. (2013)
P. lilacinus P. lilacinus reduced
increased the shoot | the number of galls
dry weight of plants | and egg mass per
by 31.40-37.00 %, | root system by
respectively, over 52.86-67.71 % and
control 75.86-87.58 %,
respectively
Potato M. arenaria Use of Treatment with Abd-El-Khair
Bio-Nematon Bio-Nematon and El-Nagdi,
(P. lilacinus at 10% | (P. lilacinus at 108 | (2014)
unit/cm®) increased | unit/cm?) reduced
the plant height, the number of galls
number of leaves, and number of egg
and number of masses in root sys-
branches by 68.2 %, |tem by 77.4 % and
106.9 %, and 83.3%, respec-
137.0 %, respec- tively, under field
tively, compared to | condition
control treatments
under field
condition
Chickpea M. incognita | Use of P. lilacinus | Application of Mishra
increased the shoot | P. lilacinus reduced |et al. (2014)
length of plants by | the number of juve-
40.62 % compared | nile in root and
to control galling by 44.42 %
treatments and 65.88 %,
respectively
Brinjal M. incognita | Treatment with Inoculation of Ravindra

P. lilacinus
increased the shoot
and root length by
45.62 % and

29.41 %, respec-
tively, compared to
control treatments

P. lilacinus reduced
the root-knot indi-
ces up to 63.88 %
compared to control
treatments

et al. (2014)
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Table 11.2 Effect of Pochonia chlamydosporia on the plant growth and reproduction of plant

parasitic nematodes

Effect on nematode
Plant Nematode Effect on plant growth | population References
Hollyhock | M. incognita | Root dip treatment The frequency of col- | Khan
Petunia with onization of eggs, egg | et al. (2005a)
Poppy P. chlamydosporia masses, and females
increased the flower by P. chlamydosporia
production by 7-15 % | was recorded as 25—
on various tested 29 %, 47-60 %, and
ornamental plants 3641 %, respec-
under field conditions | tively, under field
conditions
Chickpea | Meloidogyne | Application of Use of Khan
spp- P. chlamydosporia P. chlamydosporia et al. (2005b)
increased the plant reduced the galling by
growth by 28 % and 23 % and egg mass
yields by 25 % of production by 18 %
nematode-infected
chickpea plants
Faba bean | M. incognita | Application of Application of El-Shanshoury
P. chlamydosporia P. chlamydosporia et al. (2005)
reduced the popula- reduced the popula-
tion density of nema- | tion density of nema-
todes on faba bean todes on faba bean
either with post- or
preinfection with the
range of 97.1 to
98.9 % compared to
control
Cabbage M. incognita | ND Use of Tahseen
Tomato P. chlamydosporia et al. (2005)
reduced nematodes
population by 51—
78 % in the tomato
compared to cabbage
Tomato M. incognita | Treatment with Use of Siddiqui and
P. chlamydosporia P. chlamydosporia Akhtar (2008a)
increased plant length | caused the parasitism
and shoot dry weight | on females and eggs
by 36.71 % and of nematodes by
36.63 %, respectively, |30.0 % and 67.0 %,
compared to respectively
nematode-infested
plants
Okra M. incognita | Combined application | Use of Dhawan and
of P. chlamydosporia | P. chlamydosporia Singh (2009)
with neem cake or with neem cake or
carbofuran signifi- carbofuran reduced
cantly increased the the galling, egg pro-
plant growth and yield | duction, and nema-
by 53 % and 64 %, tode population by
respectively, over 89 %, 90 %, and 81 %,
non-inoculated respectively
control

(continued)
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Table 11.2 (continued)
Effect on nematode
Plant Nematode Effect on plant growth | population References
Chickpea | M. incognita | Use of Inoculation of Siddiqui and
P. chlamydosporia P. chlamydosporia Akhtar (2009a)
caused 22.41 % caused 28 % and 66 %
increase in shoot dry | of re-isolation of
weight of plants as females and eggs from
compared to nematode-infested
nematode-infested plants
control plants
Okra M. incognita | Use of Treatment with Dhawan and
P. chlamydosporia P. chlamydosporia Singh (2011)
increased the shoot reduced galls and egg
length, shoot weight, | masses per plant and
root length, and root eggs per egg mass by
weight of plant by 54.8, 53.7, and
80.9, 74.1, 73.9, and 46.5 %, respectively,
80 %, respectively, under pot condition
over control treatment
under pot conditions
Guava M. enterolobii | ND Application of Carneiro
P. chlamydosporia etal. (2011)
reduced the disease
severity up to 61.5 %
as compared to con-
trol under glasshouse
conditions
Tomato M. javanica ND Among the various Dallemole-
tested isolates of Giaretta
P. chlamydosporia, et al. (2012)
isolates 64 and
10 were most efficient
in reducing the num-
ber of eggs by 72.0 %
and 60.0 %,
respectively
Tomato M. javanica Inoculation of Treatment with Escudero and
P. chlamydosporia P. chlamydosporia Lopez-Llorca
Pc123gfp increased Pc123gfp reduced the | (2012)
the root and shoot number of galls and
growth of plants egg masses per root
20 days after inocula- | system by 53.6 % and
tion compared to 32 %, respectively,
nematode-inoculated | compared to control
plants
Tomato M. incognita | Use of chlamydospore | Use of chlamydospore | Yang

inoculum of

P. chlamydosporia
(strain 4) increased
the shoot dry weight
up to 12.14 % com-
pared to
non-inoculated con-
trol treatment

inoculum of

P. chlamydosporia
(strain 4) reduced the
number of egg per
root system by almost
50 % compared to
non-inoculated con-
trol treatment

et al. (2012)

(continued)
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Effect on nematode

Plant Nematode Effect on plant growth | population References
Tomato M. incognita | ND Use of alginate- Aminuzzaman
formulated et al. (2013)
P. chlamydosporia
pellets at 1.6 % (w/w)
with soil mixture
reduced the nematode
density by 90 % on
tomato under green-
house conditions
Okra M. incognita | Use of various con- Treatment with vari- Mukhtar
centrations of fungal ous concentrations of | et al. (2013)
propagules enhanced | fungal propagules
the shoot dry weight suppressed the num-
from 5 to 10 % ber of galls from 12 to
32 %, egg masses
from 11 to 30 %, and
reproduction factor
from 20 to 43 %
Tomato M. javanica Treatment with Application of Podesta
P. chlamydosporia P. chlamydosporia et al. (2013))
increased the shoot by | reduced the number of
7.38 % and root mass | galls per plant by
by 4.64 % 12.68 % and number
of eggs per plant by
17.39 %
Brinjal M. incognita | Use of Inoculation of Ravindra
P. chlamydosporia P. chlamydosporia et al. (2014)
increased the shoot reduced the root-knot
length and root length | indices by 58.33 %
by 29.46 % and compared to control
33.88 %, respectively, | treatments
compared to control
treatments
French M. javanica Pre- and Pre- and Sharf
bean postinoculation of posttreatment of et al. (2014)
fungus to nematode in | plants with fungus to
soil increased the nematode reduced the
shoot dry weight of number of galls per
plant by 43.39— root system up to 55—
48.36 % and 13.79— 62.5 % and 2.5-7.5 %,
29.24 %, respectively | respectively
Cucumber | M. javanica Application of The application of Viggiano

P. chlamydosporia to
the soil increased
cucumber root mass
by 12.03 % compared
to control plants

P. chlamydosporia
reduced the number of
galls per gram of roots
by 49.44 % and the
number of eggs per
gram of roots by
40.58 %

et al. (2014)
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Table 11.3 Effect of AM fungi on the plant growth and reproduction of plant parasitic nematodes

Effect on nematode

Plant Nematode Effect on plant growth | population References
Chickpea | M. incognita |Inoculation of Application of AM fun- | Akhtar and
G. intraradices gus reduced the galling | Siddiqui,
increased the shoot and | up to 28.57% and nem- | (2006)
root dry weight up to atode population up to
9.68 and 14.75%, 27.32%
respectively
Mentha M. incognita | Use of G. aggregatum Inoculation of Pandey
increased the herb yield | G. aggregatum reduced | (2005)
up to 16.61 % and oil root-knot indices up to
yield up to 37.25 % 27.3 % over control
compared to control treatments
treatments
Tomato M. incognita | Application of both iso- | Treatment with both Kantharaju
lates of G. fasciculatum | isolates of et al. (2005)
increased the shoot G. fasciculatum reduced
weight up to 8.20- galling up to 41.3—
10.93 % and yield up to | 44.7 % and 60.1—
9.75-10.40 % 63.1 %, respectively
Banana M. javanica |ND Results showed that AM | Rodriguez
fungus-inoculated Romero and
plants had 20 % less Jaizme-
galling compared to Vega (2005)
non-mycorrhizal plants
Papaya M. incognita | Inoculation of Inoculation of Jaizme-
G. mosseae and G. mosseae and Vega
G. manihotis signifi- G. manihotis reduced et al. (2006)
cantly increased the the galling by 84-44—
plant growth, but the 99.59 % and number of
increase in plant growth | nematodes per root by
was marginal when each | 83.33-99.54 %
AM fungus was com-
pared individually
Tomato M. incognita | Use of G. mosseae and | Treatment with Siddiqui and
G. margarita both G. mosseae and Akhtar
increased the shoot dry | G. margarita both (2007)
weight of plant by reduced the galling by
35.34 % and 31.74 %, 60.22 % and 51.14 %,
respectively, but the respectively, and nema-
results were more pro- | tode population by
nounced when the AM 60.27 % and 50.41%,
fungi were used with respectively, but the
tested organic manures | results were more pro-
nounced when the AM
fungi were used with
tested organic manure
Chickpea | M. incognita |Inoculation of Use of G. intraradices Akhtar and
G. intraradices reduced the galling by Siddiqui
increased the shoot dry | 25.0 % and nematode (2007)

(continued)
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Table 11.3 (continued)
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Effect on nematode

Plant Nematode Effect on plant growth | population References
weight by 8.5 % com- population by 25.83 %
pared to nematode- compared to control
infested control

Tomato M. incognita |Inoculation of AM fun- |Inoculation of AM fun- | Shreenivasa
gus increased the plant | gus reduced the galling | et al. (2007)
dry weight by 34.80 % | by 66.09 %, number of
and yield by 54.54 % egg masses by 66.47 %,
compared to nematode- | and nematode popula-
infested plants tion by 55.20 %

Sunflower | M. incognita | Pre- and posttreatment | Pre- and postinoculation | Jalaluddin
of AM fungi to nema- of AM fungi reduced the |et al. (2008)
tode increased the plant | nematode infestation by
length by 6.02 % and 83.33 and 33.33 %,

2.41 %, respectively, respectively, compared

compared to nematode- | to nematode-inoculated

inoculated control control treatment

treatment

Tomato M. incognita | ND Inoculation of Reimann

G. intraradices reduced | et al. (2008)
the galling by 24 %,
while the results were
more pronounced
(60 %) with the combi-
nation of R. etli

Tomato M. incognita | Treatment with AM Inoculation of AM fun- | Siddiqui and
fungus increased the gus reduced the galling | Akhtar
shoot dry weight by by 30.30 % and nema- (2008b)
30.69 % compared to tode population by
nematode-infested con- | 38.44%
trol plants

Cucumber | M. incognita |Inoculation of All the tested AM fungi | Zhang
G. mosseae and reduced the galling et al. (2008)
G. versiforme signifi- index by 3.0, 2.4, and
cantly increased the 2.0, respectively. How-
shoot dry of plants by ever, inoculation with
39.38 % and 50.17 %, G. versiforme decreased
while the the number of galls per
G. intraradices was gram root by 45 %,
found least effective in | while the other two
terms of plant growth fungi also showed the

similar propensity, but
the trend was not
significant

Chickpea | M. incognita | Use of AM fungus Use of AM fungus Akhtar and
increased the shoot dry | reduced the galling by Siddiqui
weight by 15.11 %, 27.27 % under field (2009)

grain weight by
16.23 %, and yield by

conditions

(continued)
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Table 11.3 (continued)
Effect on nematode
Plant Nematode Effect on plant growth | population References
15.13 % under field
conditions
Tomato M. incognita | Treatment of AM fungi | Use of AM fungi Siddiqui and
increased the shoot dry | reduced the galling up Akhtar
weight of plants by to 26.08-29.71 % and (2009b)
29.9-30.9 % compared | nematode population up
to untreated control to 24.59-33.33 % com-
pared to untreated
control
Cucumber | M. incognita | Application of both Use of both levels of P | Zhang
levels of P with with AM fungus et al. (2009)
G. intraradices reduced the galling
increased the shoot dry | approximately up to 50—
of plants by 25.0 % and |54 %
28.42 %, respectively
Sweet M. incognita |Inoculation of AM fun- | AM fungus-treated Anjos
passion gus stimulated the root | plants showed 72.0 % et al. (2010)
fruit biomass of plants up to | reduction in the number
35.71 % and 10.94 % in | of galls per gram of
the non-disinfected and | roots and 87.7 % in egg
disinfected soil masses per gram of
roots in disinfested soil,
while in noninfected
soil the number of eggs
and galls per root sys-
tem were recorded 44.0
and 26.5 %, respectively
Cowpea M. incognita | ND Inoculation of AM fun- | Odeyemi
gus suppressed the root | et al. (2010)
galling and nematode
reproduction up to
12.80-72.73 % and
24.24-55.43 % on vari-
ous tested varieties of
cowpea in both pot
experiments
Acacia M. incognita | Treatment of AM fungi | Application of AM Soliman
farnesiana together with oxamyl fungi together with et al. (2011)
Acacia increased the shoot dry | oxamyl decreased no. of
saligna weight of both plants by | egg masses, eggs per

66.57-72.90 and 61.73—
65.18 %, respectively

egg mass, final nema-
tode population, and
buildup of nematode
approximately by
80.40 %, 47.90 %,
79.70%, and 89.80 %,
respectively, in both
tested plant species

(continued)
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Effect on nematode

Plant Nematode Effect on plant growth | population References
Pea M. incognita | Use of AM fungus sig- | Inoculation of AM fun- | Akhtar and
nificantly increased the | gus reduced the number | Panwar
growth (24.54 %), in the | of galls and nematode (2013)
nematode-inoculated population up to
plants 30.13 % and 32.23 %,
respectively
Tobacco M. incognita | Combined inoculation Combined inoculation Serfoji
of G. aggregatum with | of G. aggregatum with | et al. (2013)
neem cake caused the neem cake reduced the
maximum increase in nematode population by
the shoot dry (48.81 %) | 60.87 % and nematode
of plants over reproduction rate by
nematode-infested soil | 58.96 %
Mays M. incognita | Use of AM fungus Treatment with AM Odeyemi
increased shoot weight | fungus reduced the et al. (2013)
(17.58 % and 11.63 %) | galling (47.56 % and
and the yield (64.92 % | 44.81 %) and nematode
and 20.07 %) of plants | population (98.23 % and
under pot and field 80.81 %) under pot and
conditions field conditions
Tomato M. incognita | Results showed that all | Among all the tested Udo
the tested AM fungi AM fungi, et al. (2013)
increased the shoot dry | G. deserticola reduced
weight of plant com- the number of galls per
pared to control, but root system by 44.28 %
G. deserticola caused and number of eggs per
the height increase root system by 72.42 %
(40.17 %) in shoot dry
weight compared to
other tested fungi
Potato M. arenaria | Treatments with Stanes | Inoculation of Stanes Abd-El-
symbion vam (mixture | symbion vam (mixture | Khair and
of G. fasciculatum and | of G. fasciculatum and | El-Nagdi,
Gigaspora sp.) Gigaspora sp.) reduced | (2014)

increased the plant
height, number of
leaves, and number of
branches by 64.5 %,
82.2 %, and 113.4 %,
respectively, compared
to control treatments
under field condition

the number of juveniles
in soil, eggs, and egg
masses on root system
by 86.1 %, 69.8 %, and
71.9 %, respectively,
compared to control
treatments under field
condition
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11.5 Mass Propagation Strategies of Opportunistic Fungi
and AM Fungi

11.5.1 Mass Production of Opportunistic Fungi

Several media have been extensively used for the mass production of opportunistic
fungi. For the mass production of P. lilacinus potato dextrose broth (Rangaswami
1972), Richard’s medium, 10 % molasses (Rangaswami 1972), and semi-selective
medium (Mitchell et al. 1987) can be used. The highest mycelium weight and spore
production were achieved by using the semi-selective medium followed by 10 %
molasses medium (Prabhu et al. 2008). Corn meal agar and potato dextrose agar
media have also been used for the mass production of P. lilacinus (Robl et al. 2009).
Similarly, the mass production of Pochonia spp. was achieved by using shrimp agar
medium (Moosavi et al. 2010). Besides this wheat, bran and barley grain were also
used for the mass production of Pochonia spp. (de Leij and Kerry 1991; Crump and
Irving 1992). For the large-scale commercial production, liquid fermentation
method is generally used because of difficulties to improve spore production on
solid medium (Khan and Anwer 2011).

11.5.2 Mass Production of AM Fungi

AM fungi have the unique ability to improve the uptake of water and mineral
nutrients from the soil and also to guard the plants against the pathogen attack
(Smith and Read 2008). AM fungi also scavenge the available P through their extra-
radical hyphae and upsurge the secretion of various amino acids (such as serine and
isoleucine) and defense-related proteins (Akhtar and Siddiqui 2008; Akhtar
et al. 2011), which augments their importance toward the modern and profitable
agronomic practices. Due to their obligate nature, the AM fungi could not be
cultured in vitro, which may limit the mass production of AM fungal propagules.
In the conventional method of propagation, the AM fungi are propagated through
the pot or pan culture usually with single spore culture, swiftly spread on the
substrate, and finally colonize the root of host plants (Akhtar and Abdullah 2014).
This method is quite useful for the production of clean fungal inoculum with high
potentiality in a short span of time. Similarly, aeroponic culture systems allow the
production of cleaner spores and enable even nourishment of AM fungi-colonized
plants (Jarstfer and Sylvia 1999). Propagation of any AM fungal strains on root-
organ culture permitted the propagation of monoxenic strains that could be used
either directly as inoculum or as a starter inoculum for the mass production of AM
fungi. A very simple and low-cost technique of single spore pot culture has been
developed by Panwar et al. (2007). It permits undistributed growth of the mutual-
istic partners and visualization of germinating AM fungal spores and their mass
multiplication. Moreover, the mass production of AM fungal inoculum requires
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control and optimization of both host growth and fungal development. The micro-
scopic sizes of AM fungi, together with the complex identification processes, also
contribute to the drawbacks of inoculum propagation.

Nevertheless in vitro bulk production of AM fungal inoculum is a promising
approach, offering clean, viable, contamination-free fungal propagules. The cost of
in vitro inoculum may appear expensive compared to the greenhouse-propagated
fungal inoculum, but its use as starting inoculums is a warranty of purity (Akhtar
and Abdullah 2014). The main purpose of this cultural method is to provide pure,
clean, and reliable material as starter inoculum for the fundamental and applied
research. There were several reports which indicate that mycorrhizologists were
able to produce 25 spores/ml in 4 months’ incubation time (Chabot et al. 1992),
while the other workers claimed for the production of 3250 spores/ml in 7 months
(Douds 2002). Recently another work justifies the production of more than 2400
spore/100 g of soil after 120 days from single spore culture (Panwar et al. 2007).

11.6 Conclusions

The present chapter provides an overview on the interactions between opportunistic
fungi, AM fungi, and plant parasitic nematodes. Use of opportunistic and AM fungi
will not only reduce the load of nematicides in agricultural practices but also
increase the plant vigor through the uptake of essential mineral nutrients and also
reduce the nematode buildup in the plant and soil. Moreover, use of these biocontrol
agents has an eco-friendly approach toward the environment as well as human
health. The protection of nematode diseases by the application of these biocontrol
agents is a complex process which may depend upon the molecular interactions
between hosts, biocontrol agents, and pathogenic microorganisms. Application of
single or mixed inoculum of opportunistic fungi, AM fungi were found to be
effective in controlling the nematode diseases under greenhouse, pot, and field
conditions in various agroclimatic conditions. An overview of the recent cost-
effective technologies used for the mass propagation of these beneficial
rhizospheric microorganisms is discussed. The success of mass propagation of
indigenous biocontrol agents depends upon its selective nature toward edaphic,
environment, and other rhizospheric biota, but it is still a challenge to develop these
biocontrol agents in the sustainable agricultural practices to understand real under-
ground mechanisms involved between the host, biocontrol agents, and pathogenic
microorganisms.
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Chapter 12
Soil Suppressive Microorganisms and Their
Impact on Fungal Wilt Pathogens

M.K. Mahatma and L. Mahatma

12.1 Introduction

Saprophytic microorganisms are indispensible members of food chain and play
vital role in recycling of carbon and nutrients by decomposition in the ecosystem.
Availability of the nutrients creates favorable conditions for the growth of plants.
Starvation of saprophytes poses natural selection pressure and adaption to it leads to
the evolution of parasitism. Some of these microorganisms evolved complex
mechanisms in response to the host defense and adapted to utilize nutrients from
the living organisms, and gradually facultative parasite, facultative saprophyte,
obligate parasite, and hyperparasitism developed making the soil ecosystem highly
complex. In soil, many microorganisms occur in close proximity, and they interact
in a unique way. The sum total of all of the individual interactions establishes the
equilibrium population. Odum (1959) proposed seven relationships between the
different living organisms in the equilibrium as follows: (a) neutralism, in which
two organisms behave entirely independently; (b) symbiosis, the two symbionts
relying upon one another and both benefiting by the relationship;
(c) protocooperation, an association of mutual benefit to the two species but
without the cooperation being obligatory for the existence or for their performance
of some reaction; (d) commensalism, in which only one species derives benefit
while the other is unaffected; (e) competition, a condition in which there is a
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suppression of one organism as the two species struggle for the limiting quantities
of nutrients, O,, space, or other common requirements; (f) amensalism, in which
one species is suppressed while the second is not affected, often the result of toxic
production; and (g) parasitism and predation, the direct attack of one organism
upon another. Existence of these relationships and their predominance characterize
the soil. Conveniently, the soil has been classified in to two different categories,
viz., conducive and suppressive soil. If in the soil, plant pathogenic microorganisms
develop well and provide congenial conditions for the severe diseases, it is known
as conducive soil. To be conducive, there should be the appropriate population
density of the particular pathogen in the soil. Whereas, soils in which the pathogen
does not establish, or establishes but causes little or no damage, or establishes and
causes disease for a while but thereafter the disease is less important, although the
pathogen may persist in the soil is known as suppressive soil (Baker and Cook
1974). Suppressive soil provides hostile environmental conditions for the pathogen
to build up inoculum potential and penetration. Numerous biotic and/or abiotic
factors cumulatively make the soil suppressive. Many antagonistic, pathogenic, as
well as unapparent microorganisms remain in equilibrium proportion in the soil
which predominately determines its characteristics. As long as the equilibrium
remains ideal or shifted towards the antagonistic microorganisms by selectively
favoring its activities, the soil suppresses the disease and support good crop.
However, if the equilibrium shifts towards the pathogenic microorganisms and
increases its potentiality, it becomes conducive soil. Range of the suppressiveness
has been observed, and there may be intermediate or ideal suppressive soil.
Suppressive soils have been described for many soil-borne pathogens, viz.,
Gaeumannomyces graminis var. tritici (take-all of wheat, which causes blackening
of the plant base, stunting, and, in severe cases, white inflorescence with shrivelled
grains and no yield); Fusarium oxysporum (wilt diseases of tomato, radish, banana,
and others); Phytophthora cinnamon (root rot of eucalyptus); Pythium spp. and
Rhizoctonia solani (damping-off of seedlings of several crops, including sugar beet
and radish); Thielaviopsis basicola (black root rot of tobacco, bean, cherry trees,
and others); Streptomyces scabies (bacterial potato scab; i.e., lesions on potato
tubers); Ralstonia solanacearum (bacterial wilt of tomato, tobacco, and others);
Meloidogyne incognita (root swelling and root-knot galls on several crops, mostly
in tropical and subtropical countries). In the present chapter, different aspects of
microbial soil suppressiveness and their impact on wilt disease have been discussed
in detail.

12.2 Historical Landmark

Soil suppressiveness and microorganisms in the suppression of disease were first
time realized by Sanford (1926) while working on potato scab disease caused by
S. scabies. He observed that the incidence of potato scab caused by S. scabies is
reducing in the green manuring crop in Canada. Attention of Millard in England
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was drawn to this observation and soon reported that the reduced disease incidence
was due to the presence of inhibitory effect of nonpathogenic bacteria (Millard and
Taylor 1927). Henery (1932) from the University of Alberta, Canada, reported that
with the increasing temperature, the infection curve for G.graminis on wheat
seedling was downwards in unsterilized but upward in sterilized soil. Decrease in
the infection with the raise in the temperature in the unsterilized soil was also due to
enhanced effect of soil mycroflora. The result was confirmed by Garrett (1934) of
Waite Institute, Adelaide. This has guided to focus on different soil inhabiting
microorganisms for the management of devastating diseases. Weindling (1932)
showed that Trichoderma sp., a common saprophytic fungus, was able to parasitize
the mycelia of other fungi. The first report of fusarium wilt suppressive soil was
made by Stover (1962). Suppression of fusarium wilt of radish by growth-
promoting effects of fluorescent pseudomonads was first published by Kloepper
and Schroth (1978) and later by Geels et al. (1985). Substantial work on the
biological control and suppressive soil has been done by the different scientists
throughout the word. Weller et al. (2002) thoroughly reviewed the microbial
populations responsible for specific soil suppressiveness to plant pathogens.

12.3 Fungal Wilt Disease

Vascular wilt characterized by the presence of pathogen in the vessels of angio-
sperm is one of the most destructive diseases. Four genera of fungi, viz., Fusarium,
Verticillium, Ceratocystis, and Ophiostoma cause the vascular wilt. Among the
different genera, Fusarium and Verticillium are most important and cause disease to
the wide range of plants. Verticillium sp., a cold loving fungus that thrives best in
heavy soils, does not require injury for infection whereas Fusarium sp., found in the
tropical and subtropical region, grows best in sandy soil and causes more damage
when root-knot, reniform, or sting nematodes injure the roots. Fusarium sp. prefers
acidic condition and can be transmitted internally in seed, while Verticillium prefers
alkaline conditions and is not transmitted internally in the seeds. High nitrogen
fertilizer, excessive soil moisture, thin stands, and deep cultivation during the
growing season favor wilt disease. Both fungi survive long periods in soil in the
absence of a cultivated host. Fusarium wilt was first recognized in the nineteenth
century by Atkinson (1892) and was later described for other soils around the globe.
Verticillium (Verticillium albo-atrum and V. dahliae) causes vascular wilts of
vegetables, flowers, field crops, perennial ornamentals, and fruit and forest trees
in the temperate region. All vascular wilts have certain disease symptoms in
common and are almost similar to the physiological drought, however, are irre-
versible. In cross sections of infected stems and twigs, discolored brown areas
appear as a complete or interrupted ring consisting of discolored vascular tissues.
Vessels may be clogged with mycelium, spores, or polysaccharides produced by the
fungus. Clogging is increased further by gels and gums formed by the breakdown
products of plant cells by the enzymatic action of the fungi. In some hosts, balloon-
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like tyloses are produced by parenchyma cells adjoining some xylem vessels
(Agrios 2005).

12.4 Classification of Suppressive Soils

Two different categories, viz., general and specific suppressiveness, are most
commonly used by many scientists to classify soil suppressiveness. The widespread
but limited ability of soils to suppress the growth or activity of soil-borne pathogens
has been referred to as “general suppression.” Nonspecific antagonism or biological
buffering terminologies (Weller et al. 2002) have also been used to simplify the
nomenclature; however, they are less accepted. Accordingly, specific suppressive-
ness is due to antagonistic effect of individual or selected groups of microorganisms
during some stage in the life cycle of a pathogen. Though the general and specific
suppressiveness is most widely used terminology, it seems ambiguous and repre-
sents the notation of general suppressiveness encompassing wide range of patho-
gens. Similarly, specific suppressiveness gives the notation of specific suppression
of the disease. However, general suppressiveness is also effective against the given
class of pathogen only. This is clearly illustrated for the soil suppressive to the
fusarium wilt which is not even suppressive to the disease caused by F. solani,
F. roseum, and other soil-borne pathogens (Alabouvette 1986; Deacon and Berry
1993; Steinberg et al. 2007). Suppressiveness is so specific and sometimes is
cultivar specific. Hopkins et al. (1987) from Florida in a long-term monoculture
of watermelon cultivar observed that most of the cultivars wilted severely after 4-5
years regardless of previously described levels of resistance to Fusarium
oxysporium f. sp. niveum. Only the resistance in Smokylee and Crimson Sweet
was stable in the monoculture, and only Crimson Sweet continued to have accept-
able level of yields throughout the monoculture. Crimson Sweet only moderately
resistant to fusarium wilt in greenhouse tests had a unique resistance that was
effective throughout the 7 years monoculture. Instead, if the horizontal suppres-
siveness and vertical suppressiveness are used to notify the general and specific
suppressiveness, respectively, it would be more comprehensive. The classification
can be metaphorically comprehended as horizontal resistant (horizontal suppres-
sive) and vertical resistant (vertical suppressive). However, in the present chapter
old terminologies, viz., general and specific suppressiveness, are used. Various
characteristics of suppressive soils are given in Table 12.1 and described suitably in
the different subheading in the chapter.
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Table 12.1 Characteristics of nonspecific and specific suppressive soils
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Sr.
No. | Characteristics General suppressive Specific suppressive | References
1 Synonym Nonspecific suppres- Specific antagonist Baker and Cook
sive soil or biological buffer- | (1974), Alabouvette
Nonspecific antagonist | ing, vertical suppres- | (1986), Weller
or biological buffering, | sive soil et al. (2002)
horizontal suppressive
soil
2 Number of Many One or few Alabouvette (1986),
microorganisms Weller et al. (2002)
associated
3 Effect of soil Enhanced on addition | Not affected much Hopkins
organic matter et al. (1987), Weller
et al. (2002)
4 Transferability Less More Menzies (1959),
Cook and Rovira
(1976), Weller
et al. (2002)
5 Inducibility No Yes Cook and Rovira
(1976), Alabouvette
(1986), Weller
et al. (2002)
6 Effect of More Less Cook and Rovira
edaphic, cli- (1976)
matic, and agro-
nomic
conditions
7 Duration Retain from the longer | Retain from the Hopkins
period shorter period et al. (1987)
8 Effectiveness in | Not affected Affected Hopkins
the absence of et al. (1987), Weller
plants et al. (2002)
9 Reversibility Difficult to convert in | Easy to convert in Cook and Rovira

conducive soil

conducive soil

(1976), Larkin
et al. (1993)

12.5 Wilt Suppressive Soils

Among the different wilts, fusarium wilt suppressive soil has only been observed
and studied extensively. Suppressive soil has been reported from the four places,
viz., in the Salinas Valley, California, United States; the Chateaurenard region, near
Cavaillon, France; the Canary Islands and the Broye Valley, Switzerland. Among
these, the Chateaurenard soils in France and the Salinas Valley soil in California are
known for their natural suppressiveness to fusarium wilt diseases (Louvet
et al. 1976; Kloepper et al. 1980; Scher and Baker 1980). Monoculture-induced
suppressiveness to fusarium wilt of watermelon was studied at Central Florida
Research and Education Centre, Leesburg, Florida (Larkin et al. 1993). Alabouvette
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(1986) extensively worked on the fusarium wilt suppressive soils from the
Chateaurenard region and reviewed the results. They coined the concept of soil
receptivity to soil-borne pathogens while working on fusarium wilt in melon which
reflects the capacity of a soil to allow a pathogen to establish, develop, persist, and
express its pathogenicity on host plants (Alabouvette et al. 1982). Study reveled that
the absence of disease could not always be accounted for the absence of the
pathogen (F. oxysporum f. sp. melonis). This was demonstrated by introducing
into various soils increasing amounts of a given pathogen; at similar inoculum
densities, severity of disease on a population of susceptible host plants varies
significantly according to soils indicating the various degrees of soil receptivity
to Fusarium wilt (Alabouvette et al. 1982). It is thus possible to identify disease
suppressiveness.

12.6 Microorganisms in Soil Suppressiveness and Its
Mechanisms

Suppressiveness of soil is mainly related to its biological properties; however,
physical, chemical, and meteorological factors affect the biological factors and
thereby indirectly affect the suppressiveness of the soil. Both general and specific
suppression are eliminated by autoclaving and gamma radiation which support the
biological basis of disease suppression. General suppression is reduced but not
eliminated by soil fumigation, and 70 &= C moist heat (Cook and Rovira 1976). The
specific suppressiveness was eliminated by pasteurization (Shipton et al. 1973;
Scher and Baker 1982; Alabouvette 1986; Raaijmakers and Weller 1998; Westphal
and Becker 2000). Numerous kinds of antagonistic microorganisms have been
found to increase in suppressive soils; most commonly, however, pathogen and
disease suppression has been shown to be caused by fungi, such as Trichoderma sp.,
Penicillium sp., and Sporidesmium sp., or by bacteria of the genera Pseudomonas
sp., Bacillus sp., and Streptomyces sp. However, populations of nonpathogenic
F. oxysporum and fluorescent Pseudomonas spp. have been repeatedly shown to
be involved in suppression of fusarium wilts in naturally occurring disease sup-
pressive soils. Other antagonistic microorganisms have been proposed having lesser
roles in the suppression of fusarium wilts (Alabouvette 1990; Larkin et al. 1996).
Suppressiveness to F. oxysporum f. sp. melonis (Scher and Baker 1980) and
F. oxysporum f. sp. niveum (Hopkins et al. 1987; Larkin et al. 1993) was induced
following continuous cropping of melon and watermelon, respectively. Interest-
ingly, the induction of suppressiveness in these cases was associated with contin-
uous cropping of partially resistant cultivars, whereas induction of suppressiveness
against other soil-borne pathogens normally involves monoculture of susceptible
cultivars (Whipps 1997). Evidence of a similar induction of suppression in the early
1900s was reviewed by Kommedahl et al. (1970), in which long-term monoculture
of cultivar resistant to flax wilt resulted in a marked decline in disease following
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several years of increases at Ventura Count, California, USA. Whereas, cropping to
susceptible cultivars resulted in complete wilt (100 %) every year. Schneider (1982)
also observed islands of healthy celery plants in fields uniformly devastated by wilt.
In both of these cases, the organisms responsible for suppressiveness were non-
pathogenic F. oxysporum. Transfer of suppressiveness to a raw conducive, fumi-
gated, or sterilized soil by addition of 0.1-10 % or less (w/w) of the suppressive soil
further consolidated the role of microorganisms in suppressiveness. Mechanisms in
suppression of fusarium wilt by microorganisms may involve competition for
substrate and root surface, antagonism, PGPR activities, and cytological modifica-
tion of host plant holistically.

12.6.1 Competition for Nutrients and Root Surface

After the germination of the pathogen, it has to travel to some distance before it
comes in the contact of the host surface, and host parasite relationship is
established. Till the distance is travelled, the pathogen need to remain dependent
on some other source of nutrients. Presence of other microorganisms may exert
competition for the nutrients and site of infection which is a general phenomenon
regulating the population dynamics of microorganisms sharing the same ecological
niche and having the same physiological requirements (Alabouvette et al. 2009).
Carbon, nitrogen, and phosphorous are the important nutrients required for the
growth of fungi. Among the different nutrients, competition for the carbon is most
significant and is responsible for the inhibition of germination and subsequent
growth of the fusarium wilt pathogen in Chateaurenard region (Bouches-du-
Rhoéne, France) in melon and cotton field (Alabouvette et al. 1977; Sivan and
Chet 1989; De Boer et al. 2003). Larkin et al. (1996) isolated 400 different
microorganisms including actinomycetes, bacteria, and fungi from watermelon
root growing in the suppressive and non-suppressive soil to fusarium wilt of
watermelon and concluded that nonpathogenic F. oxysporium was the primary
antagonist responsible for the disease suppressiveness. Other than F. oxysporum,
Trichoderma spp., Arbuscular mycorrhizal fungi (AMF), fluorescent Pseudomonas
spp., Bacillus spp., Alcaligenes sp., etc. have been reported to control fusarium
diseases in different crops (Park et al. 1988; Duijff et al. 1991; Lemanceau and
Alabouvette 1991; Chen et al. 1995; Tanwar et al. 2013). Trichoderma spp. and
Pseudomanas spp. colonize near to the root surface and exert multiple effects on the
pathogen by competing for the nutrient & infection site and parasitizing the
pathogen either directly or indirectly by secreting many growth limiting metabo-
lites (Perelld et al. 2003). In artificially developed suppressive soil, application of a
combination of biocontrol agents is likely to more closely mimic the natural
situation and may, therefore, represent a more viable control strategy of wilt
diseases in many crops. Lemanceau et al. (1992, 1993) described increased sup-
pression of fusarium wilt of carnation by combining P. putida WCS358 with
nonpathogenic F. oxysporum Fo47. The enhanced disease suppression by this
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combination is due to siderophore-mediated competition for iron by P. putida
WCS358, which makes the pathogenic F. oxysporum strain more sensitive to
competition for glucose by the nonpathogenic strain F. oxysporum Fo47. Further-
more, Leeman et al. (1996) showed that combining strains of nonpathogenic
Verticillium lecanii, Acremonium rutilum, or F. oxysporum with the fluorescent
Pseudomonas spp. strains WCS358, WCS374, or WCS417 resulted in significantly
better suppression of fusarium wilt of radish compared to the single organisms. This
mechanism was proved using a GUS-marked strain of pathogenic F. oxysporum
f. sp. lini and a pvd-in a Z-marked derivative of P. putida WCS358. The study
confirmed that suppression by the nonpathogenic Fusarium sp., strain is related to
reductions in both population density and metabolic activity of the pathogen on the
root surface, and that competition for iron contributes to the suppression by
Pseudomonas sp., and enhances the biological activity of the nonpathogenic
F. oxysporum strain. The significant role for pyoverdine production by P. putida
WCS358 in this interaction was ascertained as the siderophore deficient mutant did
not enhance disease control achieved by use of the nonpathogenic F. oxysporum
alone (Duijff et al. 1999).

Competition for the infection court by quantifying root colonization by a non-
pathogenic and a pathogenic strain of F. oxysporum was observed by Eparvier and
Alabouvette (1994). Glucuronidase activity of the GUS-transformed pathogen was
reduced in the presence of the protective strain and concluded that these strains
were competing for root colonization. It is evident that stable suppressiveness such
as suppressiveness of the soil from the Salinas Valley or Chateaurenard is based on
the collective effects of several microorganisms and mechanisms (Schippers 1992).

12.6.2 Antagonism

Antagonism which involves the destruction or inhibition of the growth of the
pathogen by other microorganisms is a well-known phenomenon in the ecosystem.
The parasitic activity of strains of Trichoderma spp. towards various pathogens has
been studied and reviewed thoroughly (Harman et al. 2004; Motlagh and Samimi
2013; El-Rahman and Mohamed 2014; Lelavthi et al. 2014). Chitin and
B-1,3-glucan are the main structural components of fungal cells walls, except
those from members of the class oomycetes, which contain p-1,3-glucan and
cellulose. Antagonism by the Trichoderma spp. involves specific recognition
between the antagonist and its target pathogen and triggers cell wall-degrading
enzymes, viz., pB-(1,3)- glucanases, chitinases, lipases, and proteases. These
enzymes penetrate the hyphae of the pathogen resulting into death of the target
organism (De la Cruz et al. 1992; Sivan and Chet 1989). In addition, they produce
some lytic enzymes during the parasitic interaction between Trichoderma spp. and
some pathogenic fungi (Haran et al. 1996). Other cell wall-degrading enzymes,
including hydrolyzing minor polymers (proteins, p-1,6-glucans, a-1,3-glucans,
etc.), may be involved in the effective and complete degradation of mycelial or
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conidial walls of phytopathogenic fungi by Trichoderma spp. Mycoparasitism
describes the type of biotrophic interactions in which organisms benefit at the
expense of the fungi (Druzhinina et al. 2011). Partial degradation of the host cell
wall is normally observed in later stages of the parasitic process. Initially, the
mycoparasite grows directly towards its host and often coils around it or attaches
to it by forming hook-like structures and apressoria. Following these interactions,
Trichoderma spp. sometimes penetrate the host mycelium, apparently by partially
degrading its cell walls (Elad et al. 1984). Heterotrimeric G-proteins and mitogen-
activated protein (MAP) kinases affected biocontrol-relevant processes such as the
production of hydrolytic enzymes and antifungal metabolites and the formation of
infection structures. MAPK signaling was also found to be involved in induction of
plant systemic resistance in 7. virens and in the hyperosmotic stress response in
T. harzianum. Trichoderma mycoparasitism combines processes such as nutrient
competition (Chet 1987), the secretion of antifungal metabolites (Lorito
et al. 1996), and formation of morphological changes such as coiling around the
host and development of appressorium-like structures (Lu et al. 2004).

Antibiosis is also a very common phenomenon of antagonism of many biocon-
trol agents (BCAs) such as fluorescent Pseudomonas spp., Bacillus spp., Strepto-
myces spp., and Trichoderma spp. Various secondary metabolites have been
reported from these microorganism with their role in the suppression of several
plant pathogens (Weller and Thomashow 1993; Alabouvette et al. 2009). Produc-
tion of antibiotics including phenazine-1-carboxylic acid, 2,4 diacetylphloro-
glucinol (2,4- DAPG), pyoluteorin, and pyrrolnitrin play an important role in the
biological control of soil-borne pathogens by certain strains of fluorescent Pseudo-
monas spp. that produce these antibiotics (Keel et al. 1992; Kraus and Loper 1995).
There are some evidences of the activity of phenazines and anthranilate in the
antagonism of Pseudomonas aeruginosa toward F. oxysporum (Anjaiah
et al. 1998).

12.6.3 PGPR Activities

Microbial activities are 10—1000 times higher in the vicinity of plant roots than in
unplanted soil (Lugtenberg and Bloemberg 2004). Plant Growth Promoting
Rhizobacteria (PGPR), viz., Azotobacter spp., Azospirillum spp., Acetobacter
spp., Rhizobium spp., Bacillus spp., AMF, Trichoderma spp., Pseudomonas spp.,
etc., competitively colonize near plant roots and stimulate plant growth and/or
inhibit the pathogenic activities. Signal molecules secreted by the root surface of
the susceptible plant activate the germination of prologues pathogenic fungi;
however, presence of PGPR and its colonization prevents subsequent growth of
pathogenic microorganisms near to the root surface. Supply of nutrients either by
fixing or solubilizing, production of phytohormones (such as auxin and cytokinin),
and volatile growth stimulants such as ethylene and 2,3-butanediol help plants in
growing better and controlling diseases (Haas and Défago 2005; Ayed et al. 2006;
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Daami-Remadi et al. 2006; Chowdappa et al. 2013). Efficiency and level of disease
suppression depend upon efficacy, population dynamics, and location of these
microorganisms. Biodegradation activities of PGPR, through the action of ACC
deaminase activity that hydrolyzes ACC into ammonia and a-ketobutyrate, prevent
the synthesis of plant growth inhibiting levels of ethylene in the roots (Viterbo
et al. 2010). ACC deaminase has previously been reported for Pseudomonas spp.,
and its activity has been associated with an increase in root elongation due to the
reduced inhibition caused by ethylene (Avis et al. 2008). Trichoderma strains
colonize the plant roots and influencing the synthesis of chloroplast enzymes that
increases rate of photosynthesis (Abo-Ghalia and El-Khallal 2005) or establishing
chemical communication and systemically altering the expression of numerous
plant genes that alter plant physiology and photosynthetic efficiency (Harman
et al. 2004; Hermosa et al. 2012). Further, Trichoderma sp. has the ability to
increase the solubility of nutrients with low solubility like phosphates and other
micronutrients like zinc, copper, iron, and manganese (Altomare et al. 1999), and
the soluble form of phosphorus was easily absorbed by the extensive plant roots.
Thus, through an increased nutrient uptake, bioagents compensate for the losses
caused by pathogen attack. Biocontrol potential of AMF could be explained in
terms of its ability to change root architecture, improved nutrient uptake, compe-
tition with the pathogen for infection site, activation of plant defense enzymes
(chitinase, chitosanase, f-1,3-glucanase, and superoxide dismutase), phenolic and
phytoalexin production (Avis et al. 2008).

12.6.4 Induced Systemic Resistance

Induced systemic resistance (ISR) is the process whereby the detrimental effect of a
pathogen on plant is induced by prior treatment with an elicitor, either an organism
or chemical. It has been proposed that, in suppressive soils, plant roots are associ-
ated with microbial communities that have an overall beneficial effect on plant
health. ISR allows plants to withstand pathogen attack to the leaves or roots,
without offering total protection (Harman et al. 2004). Many effective PGPMs
elicit ISR, irrespective of antibiotic production (Zehnder et al. 2001; Ongena
et al. 2004). Systemic induced resistance (SAR) by P. fluorescens WCS417r was
established in carnation, radish, Arabidopsis tomato (Van Peer et al. 1991; Leeman
etal. 1995; Pieterse et al. 1996; Duijff et al. 1998). Indeed, a mutant of this bacterial
strain reduced endophytic root colonization and a lower ability to induce systemic
resistance (Duijff et al. 1997). The effects of three different strains of Pseudomonas
spp. mediating ISR in Arabidopsis thaliana have been investigated through
transcriptome analysis of plants with roots that were colonized by one of these
strains (P. fluorescensWCS417r, P. thivervalensis, or P. fluorescens CHAQ). Stud-
ies with A. thaliana mutants indicate that the jasmonate/ethylene-inducible defense
pathway is important for ISR, whereas the salicylate-inducible pathway mediating
SAR seems to be less important. Total six classes of antibiotic compounds, viz.,
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phenazines, phloroglucinols, pyoluteorin, pyrrolnitrin, cyclic lipopeptides (all of
which are diffusible), and hydrogen cyanide (HCN; which is volatile) were reported
from P. fluorescens which suppress root disease. The modes of action of these
secondary metabolites are partly understood. These antibiotics exert inhibition of
electron transport chain and fungal respiratory chains and cause membrane damage
(Reviewed by Haas and Défago 2005). In bean, ISR elicited by a P. putida strain
was associated with elevated levels of hexenal, which is a volatile antifungal
compound, and with enhanced expression of enzymes that are involved in hexenal
synthesis (Ongena et al. 2004). The ability of nonpathogenic F. oxysporum to
induce resistance has been shown in carnation, cucumber, chickpea, and tomato
(Kroon et al. 1991; Mandeel and Baker 1991; Hervas et al. 1995; Fuchs et al. 1997).
However, the efficacy of the induced resistance varies according to the fungal
biocontrol strain (Olivain et al. 1995). The spatial separation between the biocontrol
strains used to induce resistance and the challenging pathogen in the split root
system led to the conclusion that the reduction of the disease incidence by the
inducing microorganisms was plant mediated (Hoffland et al. 1996). Further,
inoculation with nonpathogenic F. oxysporum strain Fo47 increased chitinase,
B-1,3-glucanase, and B-1,4-glucosidase activity in plants, confirming the ability of
Fo47 to induce resistance in tomato Fuchs et al. (1997). This study suggests that
Fo47 may act as an inducer of resistance through a classic SAR-like mechanism and
induces PR proteins. T. harzianum strain T-39 also found to induce resistance and
made leaves of bean plants resistant to diseases that are caused by the fungal
pathogens Botrytis cinerea and Colletotrichum lindemuthianum, even though
T-39 was present only on the roots and not on the foliage Bigirimana et al. (1997).

12.6.5 Cytological Modification

Induction of cytological modification in response to the presence and activities of
nonpathogenic, antagonistic, plant growth promoting microorganisms tends to
make the root surface incompatible for the penetration and subsequent establish-
ment. Treating tomato plants with Trichoderma species has resulted in the forma-
tion of hemispherical cell wall appositions and the occlusion of some intercellular
spaces by an amorphous material (Hibar 2007). Similarly, Benhamou and Thériault
(1992) showed that treating tomato plants with Pythium oligandrum before inocu-
lation with F. oxysporum f. sp. radicis-lycopersici has entailed cytological changes,
mainly characterized by the elaboration of structural barriers, cell wall thickenings,
and plugging of most intercellular spaces. Bao and Lazarovits (2001) observed
reduced wilt disease incidence due to cell wall thickening in tomato plants after
treatment of nonpathogenic strain of F. oxysporum (70T01).
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12.7 Techniques to Study the Soil Suppressiveness

Haas and Défago (2005) discussed that the complexity of the disease suppression
and observed four phenomena: First, certain suppressive soils when pasteurized
(e.g., by wet heat at 70 °C for 30 min) lose their suppressiveness, and other harsher
antimicrobial treatments (e.g., gamma radiation or autoclaving) have the same
effect (Shipton et al. 1973; Scher and Baker 1980). Second, suppressiveness can
be transferable: an inoculum of 0.1-10 % of a specific suppressive soil introduced
into a conducive soil can establish disease suppression (Menzies 1959; Cook and
Rovira 1976; Weller et al. 2002). Third, when the pH of a fusarium wilt suppressive
soil is lowered from 8 to 6 by the addition of H,SOy, the soil looses suppressiveness
(carnation to the wilt disease) because of the change in the soil environment.
Fourth, several years of monoculture can induce disease suppression in some
soils. The best-studied example is suppressiveness to F. oxysporum f. sp. melonis
(Scher and Baker 1980) and F. oxysporum f. sp. niveum (Hopkins et al. 1987;
Larkin et al. 1993) which was induced following continuous cropping of melon and
watermelon, respectively. All these decisively establish that microorganisms are
invariably associated with the soil suppressiveness; however, the soil environmen-
tal conditions also play role in making the soil suppressive either directly or
indirectly by making the environment conducive for the antagonistic microorgan-
ism. To study the soil suppressiveness, these four phenomena should be systemat-
ically studied by using various techniques. Even with the advent of the advanced
soil monitoring techniques, the nature of the soil microbiota, its dynamics, activi-
ties, and interactions are still largely enigmatic. One or few microorganisms may
primarily be responsible for the suppressiveness, but interactions with other mem-
bers of the rhizosphere community can significantly modulate its degree. Moreover,
the phenomenon of disease suppression might be related to specific functions or
activities of soil microorganisms rather than the simple presence or abundance of
particular populations in the soil. Traditional approaches to study microbial com-
munities in soils were based on culture-dependent techniques. These approaches
were useful for isolation purposes, but were very limited in their scope to under-
stand microbial communities and diversity. Recent developments in new types of
media and methods have led to considerable advances in this composition and
diversity of soil microbial communities; however, still less than 1 % of the
microorganisms present in soil may be readily isolatable whereas remaining 99 %
microorganisms viable but nonculturable (VBNC) stage (Torsvik et al. 1996; Kuske
et al. 1997; Oliver 2005). It is generally admitted that disease suppressiveness is
related to a global increase in soil microbial biomass. A large biomass would create
a competitive environment deleterious for the pathogens (Janvier et al. 2007). To
overcome the dependence on the culture dependence techniques and expand our
understanding, culture-independent techniques to “first identify and then recover”
important antagonists are extensively useful. These are holistic, high throughput,
accurate, and comprehensive techniques; however, they have not been used to study
the soil suppressiveness. For better understanding, it is recommended to use
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combination of culture-dependent and culture-independent techniques (Liesack
et al. 1997).

12.7.1 Culture-Dependent Techniques

Culture-dependent techniques involves soil sampling, isolation of bacteria, and
determination of colony forming units; screening of isolates for in vitro antagonistic
activity towards pathogen; screening of antagonists for production of siderophores
and cell-wall degrading enzymes; and identification of the isolated microorganism
based on various biochemical and molecular techniques. The identification tech-
niques include biochemical as well as nucleic acid based identifications which are
quite accurate and reproducible. A thorough understanding of the mechanisms of
action is needed to maximize consistency. In the F. oxysporum wilt suppressive
soil, many studies dealing with nonpathogenic F. oxysporum have proven that not
all the nonpathogenic strains are effective in controlling wilts. Since there is
currently no known genetic marker to identify these strains, the only available
and reliable method to screen for efficient strains is a bioassay in which the
potential biocontrol agents are confronted with the pathogen in the presence of
the host plant and disease incidence or severity is monitored. In general, the closer
the screening method is to the production system, the greater the chances are for
success.

12.7.2 Culture-Independent Techniques

Culture-independent techniques allow the study of a much greater part of the soil
microflora. These techniques may be biochemical or molecular depending upon the
test performed (Table 12.2). Biochemical techniques involve different assays, viz.,
Ability of microbial communities to degrade different carbon substrates
(BIOLOG); Phospholipid fatty acid (PLFA); Fatty acid methyl ester (FAME);
Enzyme activities and Metabolites (volatile and nonvolatile) profiling. Molecular
techniques involves ITS/IGS or NTS sequencing ITS/IGS sequencing; Terminal-
restriction fragment length polymorphism (T-RFLP); Denaturing gradient gel elec-
trophoresis (DGGE and PCR-DGGE); RAPD and Gene-specific primers; 16S
rRNA microarray probes; etc.

12.7.2.1 Biochemical Techniques
The community level physiological patterns established using the BIOLOG sys-

tems have been used to detect differences in the ability of microbial communities to
degrade different carbon substrates (Garland and Mills 1991). Pérez-Piqueres
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et al. (2006) compared the BIOLOG profiles of different soil mixes suppressive to
R. solani from the non-amended highly conducive control soil. Similarly, Benizri
et al. (2005) compared the BIOLOG profiles of the bacteria inhabiting two healthy
and one sick soil, mimicking peach tree replant disease. Analysis separated the soil
bacteria isolated from healthy soils from those isolated from sick soils. Kubicek
et al. (2003) identified Trichoderma spp. and Pseudomonas corrugita from the
suppressive soil to Take-all disease from South East Asian Isolates. Barnett
et al. (1999) characterized a collection of 14 spontaneous phenotype variants,
derived from in vitro and in vivo cultures (wheat roots) of P. corrugata 2140,
using fatty acid methyl ester profiles (GC-FAME), carbon substrate utilization
(BIOLOG), and in vitro inhibition against seven soil microorganisms. All three
phenotype profiles indicated marked differences between some variants and the
parent isolate. Some variant types were classified taxonomically by GC-FAME as
different species to their wild-type parent, and up to a Euclidian distance of 11 from
their parent. Taxonomic identification by the BIOLOG assay was more consistent
than others. Phospholipid-derived fatty acids (PLFA) are chemotaxonomic markers
of bacteria and other organisms. Phospholipids are primary lipids found in cell
membranes that are saponified, releasing fatty acids contained in their diglyceride
tail. Phospholipids are extracted from the whole soil and analyzed. Once the
phospholipids of an unknown sample are saponified, the composition of the
resulting PLFA can be compared to the PLFA )of known organisms to determine
the identity of the sample organism. Many fatty acids have been isolated and are
representative of specific microbial groups, making PLFA analysis a useful tool to
describe microbial diversity and structure (Bossio et al. 1998; Ibekwe and Kennedy
1998). Various fatty acid biomarkers have been reported for microorganism iden-
tification, viz., PLFA Cl18:2w6 was taken as indicator of fungal biomass
(Frostegard and Baath 1996); C16:1w5, as indicator of extra radical mycorrhizal
hyphae and spores (Olsson 1999); while 16:0 and 16:1 (equivalent proportions)
along with 18:1w7c/w9t/w12t fatty acids as biomarkers for Pseudomonas spp.
(Piotrowska-Seget and Mrozik 2003).

The types and proportions of fatty acids present in cytoplasm membrane and
outer membrane (gram negative microorganisms) lipids of cells are major pheno-
typic traits. FAME is a type of fatty acid ester that is derived by transesterification
of fats with methanol. Since every microorganism has its specific FAME finger-
print, it can be used as a tool for microbial source tracking (MST). FAME microbial
markers would be a useful indicator of soil health and that the soil odd number fatty
acid proportion changed due to organic amendment, which also reduced the disease
incidence (Cai et al. 2003). From Fusarium wilt suppressive soil of Chateaurenard,
France, total 37 species of bacteria with 71 antagonists were identified using FAME
and/or 16S rRNA gene sequencing. A high proportion of the antagonists isolated
from this soil produced siderophores (94 % of 71) and chitinase activity (46 %).
Interestingly, suppressive soil of Chateaurenard, France, displayed higher diversity
of antagonistic bacteria (Adesina et al. 2007). Soil enzymes and metabolites play
vital roles for the maintenance of soil ecology and soil health. Enzymatic activities
in the soil are mainly of microbial origin; therefore, microorganisms are acting as
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the indicators of soil health and can be used as measures of microbial activity and
characteristics of the soil. The potential enzymes playing major roles in maintaining
soil health are—amylase, arylsulphatase, f-glucosidase, cellulase, chitinase, dehy-
drogenase, phosphatase, protease, and urease. These enzymes and other metabolites
can be studied by the spectrophotometric techniques. Higher activities of
B-glucosidase, cellobiohydrolase, phosphatase, and f-glucosidase was observed
by in the soil suppressive to seedling blight of barley (F. culmorum) and to
F. oxysporum on melon plants (Rasmussen et al. 2002; Ros et al. 2005). Phenazine
carboxylic acid, 2-hydroxy phenazine carboxylic acid, and 2-hydroxy phenazine
have been observed by HPLC in the Fusarium oxysporum f. sp. lycopersici and
F. oxysporum f. sp. albedinis suppressiveness (Mezaache-Aichour et al. 2012).

12.7.2.2 Molecular Techniques

All the molecular techniques are based on the nucleic acid of the microbial
communities which involves amplification of the DNA and sometimes its sequenc-
ing to validate the result with higher precision. Depending upon the specificity of
the DNA fragment and primers used for the amplification of the DNA, various
techniques have been named. Random Amplified Polymorphic DNA (RAPD)
employ short primers (8—12 nucleotides) to amplify large template of genomic
DNA without its prior knowledge, expecting that fragments will amplify. This
makes the method popular for comparing the DNA of biological systems that
have not been resolved. Other PCR uses gene-specific primers sets from the
different part of the DNA. Gene-specific primers (phlD and phz) for the biosynthe-
sis genes 2,4-diacetylphloroglucinol (2,4- DAPG) and phenazine-1-carboxylic acid
(PCA) in pseudomonads in soils have been used to characterize wilt suppressive
soil (Raaijmakers et al. 1997). Internal transcribed spacer (ITS) is a piece of
nonfunctional RNA situated between 5’ external transcribed sequence (5 ETS),
18S rRNA, ITS-1, 5.8S rRNA, ITS-2, 28S rRNA, and finally the 3’ ETS. During
rRNA maturation, ETS and ITS pieces are spliced. Genes encoding ribosomal RNA
and spacers occur in tandem repeats that are thousands of copies long, each
separated by regions of non-transcribed DNA termed intergenic spacer (IGS) or
non-transcribed spacer (NTS). Sequence of the ITS region is highly conserved
because of low evolutionary pressure and widely used in taxonomy. Isolation of
these from the soil samples is easy as they are in high copy number. Several taxon-
specific primers have been described that allow selective amplification of fungal
sequences. By using oligonucleotide primers targeted to conserved regions in the
16S and 23S genes, RISA (Ribosomal intergenic spacer analysis) fragments can be
generated from most of the dominant bacteria in the soil sample. Amplification
results in complex banding pattern that provides a community-specific profile
where each DNA band corresponds to a bacterial population on the original
assemblage. Majority of the rRNA operon serves a structural function; portions of
the 16S-23S intergenic region can encode tRNAs depending on the bacterial
species. P. chlororaphis, Trichoderma spp., nonpathogenic F.oxysporum, and
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many more biocontrol agents have been identified by RISA (Mezaache-Aichour
et al. 2012; Hermosa et al. 2004; Wang et al. 2013). Terminal Restriction Fragment
Length Polymorphism (T-RFLP) is a molecular tool for the profiling of microbial
communities based on the position of a restriction site closest to a labeled end of an
amplified gene. The method is based on digesting a mixture of PCR-amplified
variants of a single gene using one or more restriction enzymes and detecting the
size of each of the individual resulting in terminal fragments using a DNA
sequence. Muyzer et al. (1993) described a technique based on the separation of
all the same length PCR-amplified fragments coding for 16S rRNA, by denaturing
gradient gel electrophoresis (DGGE). DGGE analysis of different microbial com-
munities demonstrated the presence of up to 10 distinguishable bands in the
separation pattern, which were most likely derived from as many different species
constituting these populations, and thereby generated a DGGE profile of the
populations. These techniques allow the analysis of both culturable and
nonculturable microorganisms and provide a rapid method for observing changes
in community structure in response to different environmental factors. Besides total
bacterial and fungal communities, the structure of specific subgroups can also be
assessed (Garbeva et al. 2006). In a soil having received pig slurry or compost and
showing an increased suppressiveness to R. solanacearum biovar 2 on potato,
PCR-DGGE revealed differences in the bacterial community structure (Schonfeld
et al. 2003; Gorissen et al. 2004). These amendments resulted in the appearance of
several novel bands and different relative intensities of bands common to the
treated and non-treated soils. In the case of compost amendment, several discrim-
inate DGGE bands and PCR products were cloned and/or sequenced in order to
identify the corresponding microorganisms; but their involvement in disease sup-
pressiveness remains to be tested. Nevertheless, even if the microorganisms are not
directly responsible, these DNA markers might serve as indicators of these treat-
ments and thus as indicator of the R. solanacearum-suppressive status of soil.
Comparing bacterial DGGE patterns of soils receiving different treatments,
Kowalchuk et al. (2003) found that except for a sterilized and then amended soil,
all DGGE patterns from the treated and control soils were highly similar. The same
samples were also examined by fungal PCR-DGGE. The profiles obtained were
much simpler than those obtained for bacteria. Once again the sterilized and
amended soil was very different from the others. Yang et al. (2001) compared
DGGE fingerprinting of rhizospheric bacterial communities associated with healthy
or Phytophthora cinnamomi infected avocado roots. An assay clearly revealed that
bacterial communities from healthy roots, both of control trees or trees treated with
biocontrol bacteria, were highly similar, but different from the communities on
infected roots. Gao et al. (2012) studied soil fungal community in cucumber
rhizosphere using T-RFLP and )DGGE and observed Pseudomonas fluorescens
2P24 as biocontrol agent. Pérez-Piqueres et al. (2006) used the T-RFLP method to
characterize microbial communities. Correspondence analyses clearly separated
both fungal and bacterial community structures of the most suppressive amended
soil from the other treatments. All these results demonstrate that the microbial
community structure and diversity are often sensitive to the phytopathological
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status of soils, but until now, no microbial component was identified as potential
indicator of disease suppression from such studies. Indeed, after the whole com-
munity fingerprinting, it is necessary to select the discriminating markers and to
identify the microorganisms “hidden” behind.

DNA microarray technique is accurate and helps in handling large number of
samples. Kyselkova et al. (2009) assessed 64 16S rRNA microarray probes whose
signals correlated with tobacco black-root-rot (Tobacco basicola) suppressiveness
in greenhouse analyzed to discriminate suppressive from conducive soils under
field conditions. Rhizobacterial communities of tobacco and wheat sampled in
2 years from four farmers’ fields of contrasted suppressiveness status were com-
pared. The 64 previously identified indicator probes correctly classified 72 % of
29 field samples, with 9 probes for Azospirillum, Gluconacetobacter, Sphingomo-
nadaceae, Planctomycetes, Mycoplasma, Lactobacillus crispatus, and Thermodes
ulforhabdus providing the best prediction. The whole probe set (1033 probes)
revealed strong effects of plant, field location and year on rhizobacterial community
composition, and a smaller (7 % variance) but significant effect of soil suppres-
siveness status. Study signifies the use of subset of 16S rRNA probes targeting
diverse rhizobacteria as indicator of suppressiveness under field conditions.

12.8 Conclusion

In soil, many microorganisms occur in close proximity and interact in a unique way.
Soils in which the pathogen does not establish, or establishes but causes little or no
damage, or establishes and causes disease for a while but thereafter the disease is
less important, although the pathogen may persist in the soil, are known as
suppressive soils. Two different categories, viz., general or horizontal (widespread
but limited ability of soils to suppress the growth or activity of soil-borne patho-
gens) and specific or vertical (due to antagonistic effect of individual or selected
groups of microorganisms during some stage in the life cycle of a pathogen)
suppressiveness is most commonly observed. Wilt suppressive soils have been
reported from the four places, viz., in the Salinas Valley, California, United States;
the Chateaurenard region, near Cavaillon, France; the Canary Islands and the Broye
Valley, Switzerland. Among these, the Chateaurenard soil in France and the Salinas
Valley soil in California are known for their natural suppressiveness to Fusarium
wilt diseases. Numerous kinds of antagonistic microorganisms have been found to
increase in suppressive soils; most commonly, however, pathogen and disease
suppression has been shown to be caused by fungi, such as Trichoderma sp.,
Penicillium sp., and Sporidesmium sp., or by bacteria of the genera Pseudomonas
sp., Bacillus sp., and Streptomyces sp. Populations of nonpathogenic F. oxysporum
and fluorescent Pseudomonas spp. have been repeatedly shown to be involved in
suppression of fusarium wilts in naturally occurring disease suppressive soils.
Mechanisms in suppression of fusarium wilt by microorganisms are may be involv-
ing; competition for substrate and root surface; antagonism; PGPR activities; and
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cytological modification of host plant holistically. Less than 1 % of the microor-
ganisms present in soil may be readily isolatable whereas remaining 99 % micro-
organism viable but nonculturable (VBNC) stage. To overcome the dependence on
the culture dependence techniques and expand our understanding, culture-
independent techniques to “first identify and then recover” important antagonists
are extensively useful. For better understanding, it is recommended to use combi-
nation of culture-dependent and culture-independent techniques. Culture-
independent techniques allow the study of a much greater part of the soil microfiora.
These techniques may be biochemical or molecular depending upon the test
performed.
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Chapter 13
Anaerobic Soil Disinfestation and Soilborne
Pest Management

Erin N. Rosskopf, Paula Serrano-Pérez, Jason Hong, Utsala Shrestha,
Maria del Carmen Rodriguez-Molina, Kendall Martin, Nancy Kokalis-
Burelle, Carol Shennan, Joji Muramoto, and David Butler

13.1 Introduction

Anaerobic soil disinfestation (ASD; also referred to as biological soil disinfestation
(BSD)) is a preplant soil treatment method developed to control plant disease and
manage yield decline in many crop production systems (Blok et al. 2000; Shinmura
2000). The practice involves induction of anaerobic soil conditions by increasing
microbial respiration through incorporation of easily decomposable, carbon-rich
organic amendments into moist soil and by preventing the resupply of oxygen
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through the soil surface by coverage with plastic film for a period of time, as short
as 2 weeks or as long as 15 weeks.

ASD research is increasing in the USA (Rosskopf et al. 2010; Butler et al. 2012b,
¢; McCarty et al. 2014; Shennan et al. 2014), the Netherlands (Blok et al. 2000;
Messiha et al. 2007; Korthals et al. 2014), and Japan (Momma et al. 2013; Mowlick
et al. 2014). Several different approaches and inputs have been tested with variable
levels of pest control associated with different amendments and application tech-
niques (Table 13.1).

The current practice in Florida, for example, utilizes two easily obtained agri-
cultural waste products, composted broiler litter, and feed-grade blackstrap molas-
ses obtained from the sugar processing industry. These inputs are incorporated into
prepared planting areas, either in a broadcast application, typical of cut-flower
production (Rosskopf et al. 2009), or in a preformed raised bed that is characteristic
of vegetable systems in the southeast (Lamont 1996). After incorporation, the bed
or flat ground is covered using either clear, UV-stabilized solarization film that is
later replaced or with totally impermeable polyethylene film (TIF) which can
remain in the field during crop production. Research in Florida has established
that for fall production on sandy soils, 5 cm of water applied via a double drip tape
under the polyethylene mulch is adequate for the development of anaerobic condi-
tions (Butler et al. 2012b). Similar approaches were pioneered in California,
principally without the addition of composted animal waste as a nitrogen source,
using locally available agricultural waste, such as rice bran (Muramoto et al. 2014).

Although ASD does not necessarily require either high temperature (Ludeking
et al. 2010; Runia et al. 2012; McCarty et al. 2014) or long-term incubation
(Momma et al. 2010; Butler et al. 2012b, ¢), combining ASD with soil solarization
can improve the efficacy of each separate component and overcome the limitations
of each treatment when applied alone (Butler et al. 2012b). Reduction in disease
incidence resulting from the application of organic amendments with solarization
has been described in numerous cases (Paulitz and Bélanger 2001; Bailey and
Lazarovits 2003), and some authors refer to this combination of techniques as
“biosolarization or biodisinfection” (Bello et al. 2008; Garcia Ruiz et al. 2009;
Martinez et al. 2011; Nunez-Zofio et al. 2011; Dominguez et al. 2014). Although
redox potential was not specifically monitored in these studies, anaerobic condi-
tions achieved in soil may be implicated in the disease control observed. When
these organic amendments are Brassicaceae species cover crops or seed meal, most
authors use the term “biofumigation.” With this technique, developed by
Kirkegaard et al. (1993), the amount of irrigation water is not likely to be enough
to induce anaerobic conditions but is enough to ensure optimal soil moisture for
glucosinolate (GSL) hydrolysis. In this case, the main mechanism of control is the
accumulation of toxic compounds in the soil atmosphere; the Brassicaceae species
used are high-GSL-content varieties, and toxicity of the resulting isothiocyanates is
critical for the success of the technique (Matthiessen and Kirkegaard 2006). While
ASD could be performed using Brassicaceae species, this is not the basis of the
technique. The objective of this contribution is to summarize the research that has
been conducted on ASD around the world and to suggest research areas that are of
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interest and importance for the future. Topics of discussion include the impact that
amendment choice and temperature have on generating anaerobic conditions, how
the process of ASD changes soil chemistry, changes in the microbial community as
a result of ASD and the role microbes play in anaerobicity, and what is currently
known about creating a disease-suppressive soil using this method.

13.2 Organic Amendments for Anaerobic Soil
Disinfestation

Many different amendments have been tested as inputs for ASD, specifically for the
management of fungal plant pathogens (Fusarium spp., Rhizoctonia spp.,
Sclerotinia sclerotiorum, Verticillium dahliae, Macrophomina phaseolina, see
Table 13.1) (Blok et al. 2000, 2005; Butler et al. 2012a, b, c; Momma et al. 2013;
McCarty et al. 2014; Rosskopf et al. 2014), oomycetes (Phytophthora spp. and
Pythium) (Rosskopf et al. 2010), and plant pathogenic bacteria (Ralstonia
solanacearum) (Messiha et al. 2007).

Cereal bran (wheat (Triticum aestivum) or rice (Oryza sativa)) is one of the
popular plant materials incorporated in soil for treatment using ASD (Momma
et al. 2006). Wheat bran has been tested as a carbon source to control spinach
wilt caused by Fusarium oxysporum f. sp. spinaciae, reducing the disease incidence
to 21.1 % when tested under greenhouse conditions (Mowlick et al. 2013c).
Momma et al. (2005) used wheat bran for reducing viability of F. oxysporum
f. sp. lycopersici chlamydospores under controlled conditions. In addition, the
severity of bacterial wilt of tomato caused by R. solanacearum was also decreased
using wheat bran (1 % w/w) in ASD treatment under laboratory conditions
(Momma et al. 2006). However, Momma et al. (2010) did not achieve similar
results with F. oxysporum f. sp. lycopersici inoculum when ASD was applied under
field conditions over a 15-day period using 1 kg wheat bran per m? of soil. This was
attributed to lack of uniformity in the distribution of the amendment and the use of
additional material would likely overcome this limitation (Momma et al. 2010). In
contrast, in Argentina, Yossen et al. (2008) reported effective control with the same
dose of wheat bran mentioned above, with similar soil temperatures (over 30 °C), in
a carnation greenhouse naturally infested with F. oxysporum. ASD using 2 kg of
rice bran per m” as a carbon source was evaluated in California strawberry fields
and reduced the number of V. dahliae microsclerotia in naturally infested soil by
85-100 % providing soil temperatures were above 17 °C (Shennan et al. 2013,
2014). Moreover, strawberry yields using this treatment were comparable to soil
fumigation using 1,3-dichloropropene plus chloropicrin (Shennan et al. 2013,
2014). However, Muramoto et al. (2014) suggested reducing the amount of rice
bran and mixing it with molasses (1 kg m~'of each material) in order to prevent
high nitrogen addition to the soil (~400 kg total N -ha™") associated with the use of
a high rate of rice bran. In a previous study, Daugovish et al. (2011) reported up to
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94 % reduction in V. dahliae inoculum density in soils heavily infested with the
pathogen (20-30 microsclerotiag ™' soil) after ASD with rice bran under clear
mulch.

Solid materials, such as cereal bran, are easily incorporated, but it is often
difficult to achieve sufficient disinfestation deep in the soil profile because their
effect is limited to the depth of carbon source incorporation, approximately 20—
30 cm depending upon the method of incorporation and bed formation (Shennan
et al. 2014). This is not the case when using liquid amendments such as molasses or
ethanol that are applied with irrigation water and penetrate deeper into the soil
(Momma 2008). Furthermore, these materials have advantages over cereal bran in
their low N content (0.5 %) (Muramoto et al. 2014). Molasses has been used
successfully as a carbon source for ASD in Japan (Shinmura 2004) and Florida
(Rosskopf et al. 2010, 2014; Butler et al. 2012b, 2014a). In Florida, ASD using
composted broiler litter and heavy blackstrap molasses provided excellent control
of Phytophthora capsici, F. oxysporum f. sp. lycopersici, and M. phaseolina
(Rosskopf et al. 2010) in raised-bed vegetable crop production including pepper
and eggplant (Butler et al. 2012b, 2014a), tomato, cucumbers, and strawberries and
for the production of cut flowers on flat ground (Rosskopf et al. 2012; Shennan
et al. 2014). In a 2-year field study Butler et al. (2012b) reported, after ASD
treatment with diluted blackstrap molasses (20 Mg-ha™") combined with solar-
ization during summer in Florida, mortalities of F. oxysporum and P. capsici inoculum
buried in soil were equivalent to methyl bromide soil fumigation. The effectiveness
in P. capsici control was associated with the solarization effect, although the
addition of molasses increased the temperature achieved in solarized plots (Butler
et al. 2012b). Similarly, it was noted that in field experiments of biosolarization with
sugar beet vinasse and Brassica juncea pellets applied as organic amendments, with
soil irrigation to field capacity and covered with plastic, significant reductions
in strawberry plant mortality and incidence of charcoal rot caused by M. phaseolina
were observed (Dominguez et al. 2014). Similar results were found in the Florida
strawberry system where the combination of composted broiler litter and molasses
resulted in a significant reduction in charcoal rot and near-complete mortality of
introduced inoculum of M. phaseolina (Rosskopf et al. 2014). However, in California
use of molasses alone as a carbon source for ASD was not as effective as rice bran
ASD in strawberry production and did not induce shifts in soil microbial communities,
whereas distinctly different microbial communities were observed after ASD with
rice bran (Zavatta et al. 2014).

Kobara et al. (2007) and Uematsu et al. (2007) proposed the use of ethanol as a
carbon source for ASD because the redox potential dropped significantly when 1 %
ethanol dilution was used in saturated soil (Kobara et al. 2007). Uematsu
et al. (2007) reported that inoculum viability of F. oxysporum f. sp. cucumerinum
and R. solanacearum was significantly decreased in soil saturated with an ethanol
(0.5-1.0 %, v/v) treatment (Momma et al. 2010, 2013). Under controlled laboratory
conditions, ASD with wheat bran required a minimum of 9 days for mortality of
chlamydospores of F. oxysporum f. sp. lycopersici (Momma et al. 2005), while with
ethanol, only 3 days for 2 % (v/v), 6 days for 1 %, and 9 days for 0.5 % were needed
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to achieve undetectable levels of the pathogen (Momma et al. 2010). Ethanol,
besides the advantage of its easy application, is a pure substance, so its composition
is uniform and stable for long periods of time (Momma et al. 2013). It is widely
used in the irrigation systems in commercial fields and plastic houses in Japan
(Shennan et al. 2014). In field trials, added inoculum with chlamydospores and bud
cells of F. oxysporum f. sp. lycopersici and natural infestations of F. oxysporum
were both significantly decreased in soil saturated with 1 % ethanol solution at a
rate of 200 l-mfl, while wheat bran (1 kg-mfl) treatment was not as effective
(Momma et al. 2010). In the laboratory, fewer viable propagules of this pathogen
survived at 30 °C than at 20 °C, regardless of the ethanol concentration.

Cover crops, crop residues, and Brassicaceae seed meal have also been evalu-
ated as C sources in ASD. The efficacy of grass residues (Dactylis glomerata) and
Brassica juncea seed meal as C sources for control of apple seedling root infection
by Pythium spp. was assessed by Hewavitharana and Mazzola (2013) in growth
chamber experiments. Both amendments significantly reduced Pythium root infec-
tion. Butler et al. (2012c) investigated the effectiveness of warm-season cover crops
cowpea (Vigna unguiculata); sunn hemp (Crotalaria juncea); pearl millet
(Pennisetum glaucum), and sorghum-Sudan grass (Sorghum bicolor x S. bicolor
var. sudanense), in monoculture, and cowpea mixed with pearl millet or sorghum-
Sudan grass compared to molasses as C sources for ASD treatment to control
F. oxysporum f. sp. lycopersici and S. rolfsii inoculum introduced to greenhouse
pots. Mortality of F. oxysporum was similar between the molasses control and
cover crop C sources (except pearl millet), although the effect varied depending on
the trial, with reductions by more than 97 % in all treatments with an added C
source (cover crop or molasses) in one trial. In control of S. rolfsii, the effects of the
C source treatments on survival of inoculum were inconsistent. Although warm-
season cover crops have potential to serve as C source, more research is needed to
improve their efficacy and consistency to control diseases using ASD (Butler
et al. 2012c¢).

Utilizing the technique in areas where warm-season vegetable production elimi-
nates the potential for combining ASD with soil solarization requires significantly
more work to define appropriate inputs. In field experiments to control natural
populations of Rhizoctonia solani, McCarty et al. (2014) evaluated dried molasses
and several cool-season cover crops, including Indian mustard (Brassica juncea)
and white mustard (Sinapis alba) seeded with arugula (Eruca sativa) and cereal rye
(Secale cereale), applied alone or in combination with a low rate of molasses. These
inputs were compared to biofumigation with mustard seed meal and an untreated
control. Accumulated anaerobic conditions in ASD treatments were greater than in
the untreated and biofumigated control. Populations of R. solani were lowest for
ASD treatments with cereal rye and mustard with arugula treatments and were
equivalent to the biofumigant control. Butler et al. (2014b) also evaluated the effect
of several cool-season cover crops (crimson clover (Trifolium incarnatum), hairy
vetch (Vicia villosa), cereal rye (Secale cereale), wheat (Triticum aestivum), mus-
tard (B. juncea and S. alba), and arugula (Eruca sativa)) as C source for ASD on the
viability of S. sclerotiorum and on the incidence of Fusarium root rot of common
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bean in a growth chamber study using soil temperatures typical of spring in
Tennessee. ASD treatments, where C source rates were low (less than 1 mgg_l),
did not consistently decrease viability of S. sclerotiorum or incidence of Fusarium
root rot.

Broccoli (B. oleracea L. convar. botrytis) and perennial ryegrass (Lolium
perenne), with and without plastic cover, were assayed as organic amendments in
field conditions in the Netherlands to control introduced inoculum of F. oxysporum
f. sp. asparagi, R. solani, and V. dahliae (Blok et al. 2000). In amended treatments
with plastic cover, anaerobic conditions developed and continued during the treat-
ment that lasted 15 weeks (from midsummer to early fall), resulting in the inacti-
vation of the inoculum of the three pathogens. Also in the Netherlands, Goud
et al. (2004) confirmed the effectiveness of ASD for the management of
V. dahliae, in Acer platanoides and Catalpa bignonioides trees, using 40-54 t of
fresh residues/ha of Italian ryegrass (Lolium multiflorum) as the carbon source
during 10-13-week treatment. Soil inoculum levels of V. dahliae were reduced
by 85 %, after ASD, compared with the non-treated control. The V. dahliae
population did not increase for the next 4 years. The results showed that ASD
could be an effective, economically profitable, and environmentally safe control
method for tree nurseries (Goud et al. 2004).

A study examining ASD methods for control of potato brown rot, a disease
caused by the quarantine bacterium R. solanacearum race 3 biovar 2, was
conducted by Messiha et al. (2007) in the Netherlands. The effect of ASD on the
survival of inoculum was determined at three different scales: glass mesocosm,
microplots, and in a naturally infested commercial field. The population of the
pathogen was reduced by greater than 92 % compared to control treatments in a
microplot trial using grass leaves. In the field experiments, anaerobic conditions
could not be maintained for long periods, due to damage to the plastic tarp.
Nevertheless, pathogen populations were still significantly reduced.

Management of some plant parasitic nematodes using ASD has also been shown.
Goud et al. (2004) in their work on V. dahliae in tree crops reported a significant
reduction in native soil populations of Pratylenchus fallax resulting from BSD)
treatment (p < 0.01) as well as by plastic application (p = 0.05). This reduction in
soil populations translated into a significant reduction in root infection. Trichodorus
spp. were also reduced and these reductions persisted over multiple years. Similar
results have been reported from the Netherlands for other species of Pratylenchus
(Lamers et al. 2010).

Significant reductions in root-knot nematode (Meloidogyne spp.) and potato cyst
nematode (Globodera pallida) have also been reported from the Netherlands
(Lamers et al. 2010; Thoden et al. 2011). Recent work in that country, referred to
as “advanced ASD,” has been conducted using a commercial ASD input (Herbie®,
Thatchtec, Wageningen, NL) which has a protein content of approximately 30 %
and is composed of plant material. Similar results were found using traditional ASD
and advanced ASD, both of which resulted in high levels of control of tested
phytopathogens, including plant parasitic nematodes (van Overbeek et al. 2014).
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Research in Florida on nematode control with ASD has focused on root-knot and
sting nematode (Belonolaimus spp.) as well as the survival of nonpathogenic free-
living nematodes. Factorial field trials were conducted to determine the most
critical inputs for control of root-knot nematode using ASD. Application of molas-
ses or molasses with composted broiler litter combined with irrigation resulting in
the application of 5 and 10 cm of water caused significant reductions in naturally
occurring populations of root-knot nematodes in soil as well as eggplant roots in the
second cropping season when compared to soil solarization without amendments or
irrigation (Butler et al. 2012b). Root galling was most significantly reduced in
treatments containing molasses when compared to solarization alone. In the same
study, numbers of free-living nematodes in the soil were increased with the
application of composted broiler litter. A similar increase in nonpathogenic nem-
atodes was seen with ASD application using both molasses and CPL with 5 cm of
water in a strawberry production system, although counts of these organisms were
highly variable over time (Rosskopf et al. 2014).

In the Florida cut-flower system, the success of ASD for root-knot nematode
management was highly dependent upon the host susceptibility to the nematode.
Tested in three different cut-flower crops using molasses, CPL, and 5 cm of water
covered with clear polyethylene, ASD treatment resulted in commercial yield
equivalent to methyl bromide application but did not provide season-long root-
knot nematode control, demonstrated by heavily galled roots of the highly
nematode-susceptible crop, snapdragon (Rosskopf et al. 2012).

13.3 Temperature and Anaerobiosis

Shrestha et al. (2014) proposed that identifying a suitable C/N ratio could be most
critical for effective ASD. Soil temperature is, in addition to carbon source, a factor
affecting the efficacy of ASD treatment in disease control (Shennan et al. 2013;
Stapleton et al. 2010). Butler et al. (2014b) suggested that C source rate higher than
4 mg-g~ ' is needed when soil temperatures during ASD treatment are low (15—
25 °C), and Shennan et al. (2013) indicated that soil temperature needs to be above
17 °C for at least a week to control V. dahliae in strawberry fields. The relationship
between the C/N ratio and soil temperature requires additional clarification in order
to provide suitable recommendations for quantities of material necessary for effec-
tive anaerobic conditions in different regions.

In ASD, the application of soil amendments leads to reductions in redox
potential (Eh) implying that oxygen is being consumed (Momma 2008). As an
indicator of anaerobic intensity, several authors use ‘“cumulative anaerobicity,”
referring to the hourly accumulation of anaerobic soil conditions calculated from
average redox potentials below a critical redox potential indicative of anaerobic
conditions (Butler et al. 2012b). Determining the level of anaerobiosis needed for
pathogen control at different temperature regimes is recommended. Temperature
plays a significant role in the survival of pathogens under anaerobic conditions.
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Ebihara and Uematsu (2014) showed that the survival period of a pathogen under
anaerobic conditions became shorter as the incubation temperature became higher,
although the sensitivity to anaerobic conditions apparently differed among species.
Generally, V. dahliae was eradicated quickly, but F. oxysporum f. sp. fragariae
survived longer, and Phytophthora cactorum was intermediate between the two.
The ability of F. oxysporum to grow under anoxic conditions by performing
ammonia fermentation (Zhou et al. 2002) has likely contributed to the long survival
of F. oxysporum f. sp. fragariae (Ebihara and Uematsu 2014). However, in the case
of S. sclerotiorum, no significant relationship between accumulated anaerobic
conditions and total germination of sclerotia or disease was observed in two ASD
trials with cover crops (Butler et al. 2014b). In a 2-year field study in Florida, Butler
et al. (2012b) reported accumulated anaerobic values (mV-h™1) for a molasses
ASD treatment below 5000 mV -h™! the first year and near 30,000 mV - h~! the
second year. A similar pattern of increase in the accumulation of anaerobic condi-
tions was observed by McCarty et al. (2014). Adaptation of the soil microbial
community to large inputs of labile carbon may have an influence on the increase of
anaerobic activity in the second year (McCarty et al. 2014). In California, Shennan
etal. (2011) showed that a threshold of 50,000 mV - h~! at 25 °C soil temperature is
necessary for control of V. dahliae.

13.4 Anaerobic Soil Disinfestation and Soil Chemistry

The precise mechanisms through which ASD works have not yet been well defined
(Momma 2008). ASD effectiveness for soilborne disease management is likely due
to a variety of factors: creation of anaerobic conditions (Messiha et al. 2007;
Ebihara and Uematsu 2014), accumulation of crop-specific toxic compounds liber-
ated during the breakdown of plant material and crop-nonspecific fermentation
products (Blok et al. 2000; Momma et al. 2013; Hewavitharana et al. 2014), higher
soil temperatures for tarped amended soil (Butler et al. 2012c¢), and an increase in
disease control resulting from microbial changes in the soil environment (Momma
et al. 2011; Mazzola 2010, 2011; Mazzola and Manici 2012; Mazzola et al. 2012a;
Mowlick et al. 2012, 2013a, b, c). Importantly, ASD does not result in a biological
vacuum, and instead of soil becoming disease conducive, it can become suppressive
to various plant pathogens (Goud et al. 2004; Mazzola et al. 2012b; Muramoto
et al. 2014).

Relatively high rates of organic amendments followed by irrigation and plastic
mulching (transparent or opaque) induce anaerobic (reduced) conditions in
ASD-treated soils that not only affect soilborne pests but also potentially impact
a range of soil chemical, physical, and biological properties (Inglett et al. 2005;
Butler et al. 2014a). Soil chemical changes induced by ASD treatment are espe-
cially important due to potential impacts on soil fertility and crop nutrition, as well
as potential environmental impacts through nutrient export and greenhouse gas
emissions.
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13.4.1 Soil pH

Soil pH in anaerobic soils is affected by the chemical nature of reduction processes.
In saturated acidic soils without large C inputs, soil pH potentially increases as
various reduction processes consume protons (Inglett et al. 2005), most notably iron
oxyhydroxides (Faulkner and Richardson 1989) which are abundant in many soil
types. Other common reactions in anaerobic soils that are proton consuming include
reduction of NO3;~, MnQO,, and SO42_ (Kogel-Knabner et al. 2010). In contrast, soil
pH potentially decreases in alkaline soils as organic acids are generated and
dissolved carbon dioxide accumulates (Inglett et al. 2005). Increases in soil pH in
anaerobic acidic soils are likely less typical in ASD treatment, where substantial
amounts of labile C can lead to significant production of organic acids during
anaerobic decomposition (Momma et al. 2006; Runia et al. 2014). Momma
et al. (2006) demonstrated that soil pH decreased following ASD treatment for at
least 2 weeks due to production of organic acids. Other studies have shown that soil
pH response is highly influenced by the type of amendments, anaerobic conditions,
temperature, and soil types. Amendments such as rice bran, mustard seed meal,
ethanol, and orchard grass residues (Hewavitharana et al. 2014), various warm-
season cover crops (Butler et al. 2012c), molasses (Butler et al. 2012b), and wheat
bran (Momma et al. 2006) used during ASD have been reported to decrease soil
pH. In a 2-year study by McCarty et al. (2014), soil pH was minimally affected by
ASD treatment (molasses or cover crop residues), likely owing to lessened anaero-
bic conditions compared to some other studies. Decomposition of organic amend-
ments can potentially increase soil pH through the release of basic cations (e.g.,
Marschner and Noble 2000; Xu et al. 2006), which could be a dominant process if
significant organic acids are not created during anaerobic decomposition, indicating
the importance of strong and sustained reducing conditions driven by adequate
amendment of labile C in order to obtain pH reductions conducive to soilborne pest
control. Soil type is also an important determinant of the effect of ASD treatment on
soil pH, as the high buffering capacity of soils high in organic matter is likely to
limit impact of ASD treatment on soil pH (Bohn et al. 1985), whereas sandy soils
with low buffering capacity are likely to see a strong soil pH response to ASD
treatment or organic matter additions (e.g., Butler et al. 2012a).

In terms of pesticidal activity, it is also important to consider that even in highly
disturbed plasticulture horticultural production systems, soils are relatively hetero-
geneous, leading to microsites of varying anaerobic activity and soil pH during
ASD. It is expected that during ASD treatment, microsites of reducing activity
initiated by the presence of labile C are likely to have soil pH values less than the
bulk soil pH (Strong et al. 1997) which can still contribute to effective pesticidal
activity (Katase et al. 2009). Recovery of soil pH following ASD treatment
termination and soil reoxidation is likely to be relatively rapid, as organic acids
in soils generally have a relatively short half-life (<12 h) as they are a relatively
labile source of C for soil microbial biomass, and many of the organic acids created
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during ASD (e.g., acetate, lactate, propionate) are weakly sorbed to soil mineral
surfaces (Jones et al. 2003).

The production of an unpleasant odor is often associated with an effective ASD
treatment due to organic acid production by anaerobic bacteria activated under a
reduced soil condition (Momma 2008). During ASD treatment, organic acids or
volatile fatty acids (VFAs), primarily acetic and butyric acids, are released into the
soil solution as the organic matter decomposes anaerobically (Momma 2008;
Huang et al. 2015), followed by small amounts of isovaleric acid and propionic
acid (Huang et al. 2014). These short-chain )VFAs and others, such as valeric and
caproic acids, are metabolic products of bacterial anaerobic fermentation (Guenzi
and Beard 1981), and they have been shown to be toxic to a wide range of soil
pathogens (Okazaki and Nose 1986; Tenuta et al. 2002; Conn et al. 2005). Momma
et al. (2006) reported conidia of F. oxysporum f. sp. lycopersici were completely
killed in 0.02 % acetic acid or 0.02 % butyric acid solutions, while for chlamydo-
spores, doses as high as 0.14 % acetic acid or 0.2 % butyric acid solutions were
necessary. Huang et al. (2015) confirmed that the organic acids generated with a
2 % maize ASD amendment suppressed F. oxysporum, R. solani, and
R. solanacearum. Increasing the temperature has the effect of altering the dissoci-
ation constant (pKa) of weak acids such as VFAs resulting in greater amounts of
non-ionized forms (Schwarzenbach et al. 2002; Conn et al. 2005). Importantly, only
the non-ionized forms of VFAs (e.g., acetic acid, not acetate) are toxic to V. dahliae
microsclerotia (Tenuta et al. 2002) and other microorganism (Wallace et al. 1989;
Lazarovits et al. 2003). Besides temperature, the critical factor regulating disease
control activity of VFAs is soil pH. For example, at pH 3, acetic acid is in its
non-ionized toxic form, whereas at pH 6.0 it is in the non-active acetate form. In
this way, small changes in pH can cause very large changes in the quantity of each
of these chemical products, thus influencing disease control efficacy (Conn
et al. 2005). Besides VFAs, a large diversity and amount of volatile organic
compounds such as alcohols, organic sulfides, esters, ketones, hydrocarbons, and
isothiocyanates (ITCs) were detected during the anaerobic phase of ASD using
ethanol, grass residues, or Brassica juncea seed meal as the carbon input
(Hewavitharana et al. 2014). Each ASD carbon source produced a unique spectrum
of volatile compounds (Hewavitharana et al. 2014).

13.4.2 Soil Organic Matter

Plasticulture systems used for high-value specialty crop production are typified by
high levels of disturbance by intensive tillage (typically rotovation) which can lead
to increased microbial decomposition of soil organic matter pools. Incorporation of
amendments for ASD treatment can potentially mitigate this impact, if amendments
contain a portion of more recalcitrant C to build soil organic matter (such as lignin
from plant biomass or composts of plant materials or animal manures) in addition to
the large pool of labile C used to drive the ASD treatment process. While some



290 E.N. Rosskopf et al.

labile C is likely to be incorporated in organic matter pools through microbial
activity, it may also stimulate decomposition of passive pools of organic matter
through priming effects (Kuzyakov and Domanski 2000).

13.4.3 Soil Nitrogen

Treatment of soil with ASD is likely to cause substantial changes in soil nitrogen
(N) status. The labile C in organic amendments provides a substrate for rapid
growth and respiration of indigenous soil microbes. Largely dependent on the
ratio of C to N (C/N ratio) in the organic soil amendment (Whitmore 1996), this
microbial activity will lead to mineralization of organic N forms in the amendment
to ammonium (NH,"; Fig. 13.1) when C/N ratios are low (approximately <20:1),
whereas potential immobilization of available soil inorganic N into soil microbial
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Fig. 13.1 Proposed nitrogen (N) cycle during anaerobic phase of anaerobic soil disinfestation
(ASD). Following addition of organic amendment to drive ASD treatment, soil microbes decom-
pose organic compounds leading to (1) mineralization of organic N to NH," if amendment C/N
ratio is moderate to low. Soil ammonium (NH4") and nitrate (NO;~) can potentially be
immobilized (2) into microbial biomass, especially if the amendment C/N ratio is high. Soil
NH, " can be (3) volatilized to ammonia, although this process is likely limited during ASD. Soil
NH," under aerobic conditions would typically be (4) nitrified to NO,~ and then NO;~ by
nitrifying soil bacteria (aerobes), but this process is limited under anaerobic conditions. The
reverse of this process is (5) dissimilatory nitrate reduction to ammonium (DNRA), which is
performed by various anaerobic bacteria and may be significant in some ASD systems. Soil NO; ™
at the beginning of ASD treatment is potentially vulnerable to loss via (6) leaching with irrigation
applied for treatment or (7) denitrification, the extent of which likely depend on site conditions and
management
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biomass is possible with higher C/N ratios (approximately >20:1). If the soil is
alkaline, soil NH," can volatize to ammonia (NH;) and accumulate below the
plastic layer and in soil pores; however, these conditions are not typical in
ASD-treated soils. Nitrification is likely limited during anaerobic phases of ASD
treatment due to the absence of oxygen and limitation in activity of nitrifying soil
bacteria (aerobes) but can quickly proceed as treated soils transition to an aerobic
state. Nitrifying soil bacteria are also known to be sensitive to other soil disinfest-
ation treatments, such as fumigation by methyl bromide and solarization (Chen
et al. 1991), although there has been no research to determine the sensitivity of
these bacteria to ASD treatment. Nitrate (NO5; ™) present in aerobic soils prior to
treatment is vulnerable to loss by leaching as treatments are initiated if excess
irrigation water is applied. During ASD treatment, NO;3 ™ is also vulnerable to loss
via denitrification due to the anaerobic condition present during treatment. The
denitrification potential under ASD may be high given the transient nature of the pH
changes (i.e., a denitrifier community not heavily influenced by long-term pH
selection) and the abundance of carbon in ASD (gimek and Cooper 2002), although
this will also depend upon how much nitrate is present prior to treatment and
populations of denitrifying bacteria which can be relatively low in highly disturbed
soils (Doran 1980). However, N,O is also produced during nitrification which may
well be elevated as the system returns to aerobic conditions and the accumulated
NH," is nitrified (Khalil et al. 2004) or in microsites of aerobic activity where
nitrification proceeds and then diffuses to anaerobic zones during treatment phases
dominated by anaerobiosis (e.g., Nielsen et al. 1996). There is data from agri-
cultural soils in California that a significant amount of N,O is emitted following
fertilizer additions via ammonia (NH3) oxidation pathways (nitrifier nitrification,
nitrifier denitrification, and nitrification-coupled denitrification) as opposed to
heterotrophic denitrification of existing nitrate (Zhu et al. 2013).

Chemical analyses from various field and laboratory experiments with ASD
showed a rapid depletion of nitrate (NO5~) with a concurrent increase of NH,"
(Butler et al. 2014a). This could be due to a process known as dissimilatory nitrate
reduction (Broadbent and Stojanovic 1952). Also, some classes of bacteria known
to be important in ASD treatment (e.g., Clostridia, Pseudomonas) are known to
perform DNRA (Burgin and Hamilton 2007). It is possible that the transient
decrease in pH shifts the balance toward dissimilatory nitrate reduction during
the relevant initial period of anaerobiosis (Stevens et al. 1998). While this process
has typically been thought to be relatively minor compared to denitrification in
most soils, research is generally lacking (Riitting et al. 2011). However, disappear-
ance of nitrate and accumulation of ammonium could also be due in part to a
combination of denitrification and an increase in ammonium from mineralization of
the added C source and the priming effect on SOM decomposition. Primary
considerations for management of the soil N cycle during ASD treatment include
the C/N ratio of the selected organic amendment(s), the rate of N applied in
amendments, and initial soil nitrate levels. With large amounts of N applied in
relatively low C/N ratio amendments, substantial inorganic N can be present in soils
following treatment (e.g., >150 mg N kg ' soil; Butler et al. 2014a), which must be
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managed effectively to provide adequate plant nutrition and prevent environmental
degradation. With amendments having a relatively high C/N ratio (e.g., molasses),
immobilization of soil N in microbial biomass can be an issue for crop productivity,
as N fertilization must be increased posttreatment to improve crop nutrition (Butler
et al. 2014a).

13.4.4 Soil Phosphorus, Calcium, Magnesium, and Sulfur

Although soil phosphorus (P) is relatively insoluble in most soils, reduction pro-
cesses can increase P solubility in acidic soils. However, Butler et al. (2012b,
2014a) observed no differences in extractable P (Mehlich 1984) at the termination
of ASD treatment, likely due to reoxidation of the treated soil by this time and
possibly the sandy soils in which the trials were conducted. However, in soils with
high clay content, McCarty et al. (2014) also observed minimal impact of ASD
treatment on soil P status posttreatment. Changes in soil P status during ASD are
unlikely to have a significant impact on plant nutrition or environmental degrad-
ation. A more important consideration of ASD impact on soil P status (and other
nutrients) is the relative amount of nutrients added in soil amendments used to
provide labile C. Many organic soil amendments contain high amounts of P,
calcium (Ca), potassium (K), magnesium (Mg), and sulfur (S), which can poten-
tially reduce fertilizer costs but must be effectively managed as a part of a farmer’s
overall soil fertility program. For example, at an 8 Mg ha ™' rate (dry matter) of
molasses application in a Florida ASD study, Butler et al. (2014a) reported rela-
tively high increases in exchangeable soil K (from <50 mg K kg~ ' soil to
>500 mg K kg~ soil), soil Ca (from~200 mg Ca kg~ ' soil to >300 mg Ca kg '
soil), and soil Mg (from ~20 mg Mg kg ' soil to >mg Mg 50 kg ' soil to), which
impacted crop leaf tissue nutrient concentrations. While no published ASD research
to date has detailed treatment impacts on soil S or plant S uptake, SO, is used as an
electron acceptor in strong anaerobic conditions which leads to the formation of
gaseous S forms such as hydrogen sulfide (Runia et al. 2014), which can potentially
be removed from the system, as well as contributing pesticidal effects within soil
pores under the plastic mulch.

There is an accumulation of Fe>" and Mn*" ions in soil solution in treated soil
with fresh plant material (van Bruggen and Blok 2014). Previously, Momma
et al. (2011) showed that creation of Fe?" and Mn”" in reduced soils might be
one of the mechanisms of ASD. In a recent study, Cao et al. (2014) suggested that
the suppression in mycelial growth and zoospore germination of P. capsici were
caused by the higher concentration of NH,* and humic substances of anaerobically
digested pig slurry. In addition, Nuinez-Zofio et al. (2011) observed reduction in
disease incidence and P. capsici oospore survival by application of organic amend-
ments followed by soil plastic mulching. These authors hypothesized that the
success was, at least, partially attributed to the production of NH; and to the
increase in soil microbial activity. Under controlled conditions, Runia
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et al. (2012) reported the production of CO,, NH3, H,S, CHy4, and N,O during ASD
treatment depending on the type of organic material, characteristics of the soil,
temperature, dosage, and exposure time.

Soil treatment by ASD has potential to greatly impact soil fertility status, which
is an important consideration for crop production as well as minimization of
negative environmental impacts of crop nutrients. Farmers should consider existing
soil fertility status, irrigation method, ASD amendment composition, and post-
treatment management in order to effectively adjust current practices to a produc-
tion system utilizing ASD. Farmers and researchers alike should also consider the
impacts of ASD treatment on soil properties when comparing the relative merits of
soil disinfestation practices. Either positive or negative crop performance following
alternative soil disinfestation practices compared to an existing standard may not
necessarily be due to treatment impacts on soilborne pests, if treatment impacts on
soil chemical, physical, and biological properties are not also considered.

13.5 Microbial Mechanisms of Pathogen Inactivation

Currently, mechanistic studies of ASD are focused on changes in microbial com-
munities, both bacterial and fungal, under ASD treatments (Hong et al. 2014;
Mowlick et al. 2012, 2013a, b, 2014; Messiha et al. 2007; Momma 2008;
Momma et al. 2010; Rosskopf et al. 2014). Failed applications of ASD have been
associated with heavily fumigated soils (Rosskopf, personal observation), where
the addition of labile carbon has not resulted in the development of anaerobic
conditions. ASD is analogous to fermentation processes that transform raw ingre-
dients such as milk, fruits, or grains into cheese, alcohols, and breads. In part, the
success of the food industry in consistently delivering products that meet quality
standards is dependent on creating an environment conducive for the microorgan-
isms of choice to grow and produce their products and by-products. In turn, in order
to consistently control and suppress pathogens, important microorganisms key to
ASD must be identified, which would allow for the environmental factors needed to
be defined for optimal pathogen control.

The shift to a microbial community well adapted to persistent anaerobic condi-
tions in the soil would draw on the resident pool of bacteria that can take advantage
of this loss of oxygen and the progressive reduction of soil minerals. Anaerobic
metabolism can support significant microbial populations in an otherwise aerobic
soil. There are microsites in soil aggregates that are effectively anaerobic (Sexstone
et al. 1985), and the worm gut drives ingested soil through a period of anaerobiosis
before releasing the castings to the ambient aerobic conditions (Horn et al. 2003).
Also, many rain events will temporarily shift the soil to a primarily anaerobic
condition (Linn and Doran 1984). For bacterial populations that are primarily
competitive in aerobic conditions, however, ASD removes all such niches and
negates any competitive advantages they may have. Bacteria originating from soil
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amendments would undergo similar selection. Much of the effect of ASD on
microbial community structure may be based on simple shifts in competitiveness
from one group of bacteria to another.

Once a soil becomes anaerobic, a series of changes in redox can occur; depletion
of oxygen is just the first change. Subsequent reduction of the soil matrix begins
with compounds with the highest reduction potential, such as NOs;~ and other
nitrogen oxides, MnO,, Fe;", and organic acids (Kogel-Knabner et al. 2010).
This will change the solubility of many minerals and cause a shift in the range of
small organic molecules present (Momma et al. 2011). Many bacteria have unique
capacities that allow them to thrive in the wide array of different niches available in
a soil shifting toward lower Eh (Kogel-Knabner et al. 2010). There is little potential
for growth for obligate aerobes, and it is likely that many facultative anaerobes are
not sufficiently competitive in an increasingly anaerobic soil.

As stated previously, ASD has been used in the Netherlands, Japan, and various
parts of the USA including California, Florida, Washington, Tennessee, North
Carolina, and Michigan (Momma et al. 2013; Yoder 2014). Pre- and posttreatment
soil microbial communities have been characterized to identify population shifts
resulting from ASD application in both field and greenhouse studies. The majority
of these findings have focused on changes observed in bacterial populations.
Quantification of bacterial communities in post-ASD soil resulted in the identifi-
cation of an increase in bacterial populations belonging to the Firmicutes phylum,
which includes members of the Clostridia and Bacilli classes (Momma et al. 2010;
Mowlick et al. 2012, 2013a, b; Streminska et al. 2014). Fungal community changes
after ASD treatment showed increases in some fungal populations as well, includ-
ing yeasts (Mazzola et al. 2012a, b), total fungi (Streminska et al. 2014), and an
increase of Trichoderma spp. colonization of S. rolfsii sclerotia (Shrestha
et al. 2013).

The types of soil and soil amendments can both have an effect on the microbial
population and the efficacy of ASD. A recent study on the use of ASD for control of
potato cyst nematode (PCN) compared six soil types, including an artificial soil that
did not contain any organic matter (Runia et al. 2014). By day 28, hatching of PCN
eggs was reduced in all ASD-treated soils. It was observed that PCN declined more
rapidly in three soil types: glacial sand, marine loam, and peat. These three soils had
higher total N, total P, and organic matter content prior to the addition of the organic
amendment. No differences were detected in O, depletion or the accumulation of
other gases or organic acids. The authors hypothesize that the control of PCN was
biologically based.

Various amendments can be added to enhance the performance of ASD if the
soil or environmental conditions are less than ideal. In the previously mentioned
paper, Runia et al. (2014), again using the six soils, added organic matter to each
soil type and found that the population of Firmicutes, measured by qPCR with
Firmicutes-specific primers, was consistently greater in soils that had the carbon
amendment compared to those lacking it. The pathogen was significantly reduced
7 days after treatment for the soils that were treated with the amendment and had the
increased Firmicutes population. Soils with the amendment had an inactivation of
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PCN by >99.5 % by day 28. As discussed previously, it was shown that under
moderate temperatures, of 15-20 °C, an increase of carbon, up to four times the
standard amount, controlled S. rolfsii better than the traditional method (Shrestha
et al. 2013). This phenomenon could be attributed to the microbes requiring a more
abundant and readily available carbon source in colder temperatures. Shennan
et al. (2014) compared the effect of various soil treatments, including
non-amended, chloropicrin, methyl bromide/chloropicrin, and ASD with rice
bran, molasses, or a combination of the two as carbon source, on fungal commu-
nities. Using terminal restriction fragment length polymorphism (T-RFLP), the
fungal communities of the chemically treated soil grouped together by multivariate
analysis and distinct from the ASD and non-amended samples. The communities of
the soil treated with rice bran and the combination of rice bran and molasses were
closely related. The communities found in molasses-treated soil grouped together
and were most similar to the non-amended samples. Rice bran alone significantly
increased total fungi.

In California, soil bacterial populations from posttreatment ASD plots, identified
using T-RFLP, were significantly different than non-treated soil (Mazzola
et al. 2012a, b). In Japan, an increase in the Clostridia and Bacilli groups, including
an increase of obligate anaerobes (Mowlick et al. 2013b), was detected. In another
ASD experiment in Florida, this time on strawberries, soil dilution plating for native
soil fungal populations from mid- and late-season soil sampling observed a signif-
icant increase of Trichoderma species (Rosskopf et al. 2014). Several Trichoderma
species have been observed to be biocontrol agents against fungal plant pathogens,
and plants can benefit from direct interactions with some Trichoderma species (Bae
etal. 2011). ASD was applied in the same strawberry fields the following year, yet
the Trichoderma species count was similar or lower than the control, non-treated
plots, for both sampling dates. Instead of isolating Trichoderma spp. on the semi-
selective plates, the plates were dominated by similar bacterial colonies, presum-
ably a Pseudomonas species. To note though, anaerobicity and strawberry yield for
the ASD-treated field the second year was significantly higher than the control and
the first year ASD was applied.

To understand the changes in the microbial community during ASD, a few
experiments have focused on sampling the soil throughout the ASD treatment
(Momma et al. 2010; Mowlick et al. 2012; Streminska et al. 2014). These experi-
ments have been performed in greenhouses or growth chambers with the temper-
atures set at 20-30 °C. Destructive sampling took place at various time periods to
sample the soil. Total DNA was extracted from the soil samples and PCR-based
detections were used. Momma et al. (2010) performed an experiment to test the
effectiveness of ASD in managing F. oxysporum f. sp. lycopersici. In this study
ethanol at different dilutions was used as the carbon source. Autoclaved soil was not
effective in reducing the pathogen 14 days post-ASD application. However, the
pathogen was not detected in non-autoclaved soil with 2.0 % ethanol ASD treat-
ment, again indicating pathogen control could be biologically based. Plating soil
samples taken every 3 days revealed that the anaerobic bacterial population peaked
after day 3 and was significantly higher than the bacterial population in the control.
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By day 15 the anaerobic population did not differ from the control and the various
dilutions of ethanol. Using polymerase chain reaction/denaturing gradient gel
electrophoresis (PCR-DGGE) to determine the microbial population dynamics of
the soil, the authors compared pretreated soil to soil sampled at 15 days post-
treatment. Based on the PCR-DGGE gel, the pretreatment communities were
similar. Comparing the posttreatment samples, the two control samples, watered
and non-watered soil, were similar, while the ASD-treated samples had unique
bands.

In another study, wheat bran and B. juncea were used as the carbon source and
soil samples were taken every 3 days for 18 days (Mowlick et al. 2013c). In order to
understand the microbial community in this study, the soil samples were both plated
traditionally and total DNA was extracted from the soil samples. Universal bacterial
primers specific to the 16 s region were used for PCR-DGGE and cloning. Unique
bands observed from the PCR-DGGE gels of the ASD-treated soil were extracted
and sequenced. Based on these sequences, early in ASD treatment, days 3-9, there
seemed to be an increase of Firmicutes, specifically members of the Bacilli and
Clostridia classes from both carbon sources. While later in the treatment, 15—-18
days after treatment, these populations were less abundant. Based on the
PCR-DGGE )results, samples from seven soils were selected for creating clone
libraries, which included a pretreatment sample and samples from the two carbon
sources and the control at days 9 and 18 posttreatment. The control cloned libraries
presented highly diversified populations for the three dates, with the most dominant
group being members belonging to the phylum Proteobacteria. The bacterial
populations in the ASD-treated soil were dominated by the phylum Firmicutes
(between 58 and 74 % of total). Within the Firmicutes population, 32-62 % was
composed of Clostridium spp. at day 9 for both carbon sources. The Proteobacteria
population at day 9 for both carbon sources ranged from 10 to 16 %, while for the
control soil at day 9, the Proteobacteria was the major population, constituting 36 %
of the total population. Posttreatment sampling of the ASD-treated soil revealed a
reduction of the Firmicutes population, yet it was still the dominant phylum
detected.

In another study, as mentioned earlier, six different types of soils were used for
ASD, and one of the soils was an artificial soil that lacked organic matter
(Streminska et al. 2014). The carbon source in this study was a commercially
available product (Herbie® 7022, Thatchtec BV, Netherlands). Destructive soil
sampling took place at 3, 7, 14, and 28 days post-ASD initiation. Non-amended
soil was used as a control. Total DNA was extracted from the soil samples, and the
abundance of bacteria, fungi, Firmicutes, and sulfate-reducing bacteria (SRB) was
characterized using group-specific primers and qPCR. The total abundance of
bacteria by day 3 was significantly higher for the soils with the carbon amendment
compared to the control. The Firmicutes population was greater for the amended
soil throughout the entire study compared to the control. By day 3, the relative
abundance of the Firmicutes population was higher than the controls; however, they
were not statistically different between artificial and river clay soils. The Firmicutes
population accounted for up to 67 % of the total bacterial population for the
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ASD-treated soil early in the process. By day 28, the relative abundance of the
Firmicutes decreased. The SRB are anaerobic bacteria that use acetic, butyric, and
propionic acids as carbon sources, acids produced by some members of Firmicutes.
SRB could potentially be useful biomarkers for identifying organic acid production.
SRB were detected in four of the six soils 3 days after treatment and in all of the
soils by day 14. The fungal population also increased in all of the ASD-treated soils
when measured 3 days into treatment. However, by the end of the study, both the
control and the ASD-treated soils had a similar abundance of fungi. The authors
suggest that the fungal populations they detected were facultative anaerobic yeasts,
supporting the observation of Mazzola et al. (2012a, b). However, more recent work
by Shennan et al. (2013) shows significant, longer-term changes in fungal commu-
nities following ASD with rice bran.

With advances in molecular biology, bioinformatics, and the decreasing cost of
sequencing, identification of microbes is quicker and easier than ever before.
Previously microbes were identified by first culturing and then describing their
phenotypic traits. In fact Bergey’s Manual, in 1923, stated that no organism could
be classified without first being cultured (Society of American Bacteriologists
1923). A discrepancy was observed between dilution plating and microscopy, in
which some plate counts and estimated viable cells could differ by a magnitude of
4-6 (Handelsman 2004). It was estimated that only 0.1-1.0 % of soil bacteria are
culturable using common media and standard practices. DNA-DNA hybridization
was used to show relatedness among bacteria (Johnson and Ordal 1968), but it was
not until Pace and Campbell (1971) and Woese (1987) who showed that 16S rRNA
could be used to infer phylogenetic relationships and to identify the unculturable
bacteria. This ushered in an era where identification of bacteria was based predomi-
nantly on 16SrRNA sequences. However, this approach is not applicable to all
scenarios. Type strains Bacillus globisporus and B. psychrophilus share >99.5 %
16SrRNA sequence similarity, yet comparison of their genomes exhibits only a 23—
50 % relatedness in reciprocal DNA-DNA hybridization reactions (Fox et al. 1992).
Next-generation sequencing has created a method to obtain many sequences,
~40,000 amplicons, for a fraction of the time and cost of cloning. Currently,
many researchers are trying to circumvent the inherent biases of PCR amplification
of a single gene by using whole-genome shotgun (WGS) approaches to estimate the
composition of a microbial community (Poretsky et al. 2014). WGS consists of
extracting DNA and sequencing, assembling the reads into contiguous sequences of
DNA (contigs) and annotating the contigs. These predicted genes are then searched
against a database of all sequenced bacterial and archaeal genomes. In comparison
to WGS, 16SrRNA can determine broad changes in the bacterial community over
time yet is limited in resolution and sensitivity (Poretsky et al. 2014).
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13.6 Anaerobic Soil Disinfestation and Disease Suppression

This is the golden age of biology. Advances in molecular microbial ecology are
being made more quickly than ever before. Combining these new technologies with
field applications to increase plant health and yield stands at the intersection of
basic and applied science. In order to optimize ASD for different soils, regions, and
targeted plant pathogen control (Weller et al. 2002), a thorough understanding of
the role that microbes play in the mechanism is critical. At this stage in the research,
organisms have been identified that contribute to the development of the anaerobic
condition, but their role, if any, in direct disease suppression has not been
established. Few studies have determined whether suppressive soils, by definition
(Baker and Cook 1974), have been created with the method. Work by Blok
et al. (2000) and Goud et al. (2004) established that treatment with BSD) did not
result in a disease-conducive soil when pathogens were added to previously treated
soil. The goal of their approach was not to establish that a defined specific
suppressive nature of soil could be maintained after the treatment but that the
approach did not create a biological void in which the introduction of the pathogen
would result in an increase in disease compared to an untreated soil. Recent work by
Mazzola et al. (2012b) has established that ASD-treated soil did not prevent
Pythium spp. associated with root infection from colonizing soil, but it did result
in disease suppression. Similarly, work in CA resulted in reductions of V. Dahlia
microsclerotia almost 2 years after ASD treatment using rice bran as carbon source,
despite tillage and production of a cover crop followed by a lettuce crop (Shennan
and Muramoto, personal observation). Whether disease suppression in these sys-
tems is associated with specific organisms and can be transferred to other soils
(specific suppression) or is a general suppression that cannot be transferred (Weller
et al. 2002) has yet to be established.

One potential approach to understand the mechanism of ASD, rather than
elucidating the entire compositional change in the microbial community, is to
quantify the presence or increase in the presence of genes associated with acid
production (Fujita et al. 2007) or biological control of plant diseases (Joshi and
McSpadden Gardener 2006). As previously mentioned, failed trials of ASD have
been associated with heavily fumigated soils. Preliminary data by the authors has
indicated that by applying amendments rich in Firmicutes, such as composted
broiler litter, in heavily fumigated soils creates a more diverse soil bacterial
population posttreatment, and these ASD treatments have been successful in man-
aging weeds and phytopathogens. The combination of advanced molecular tech-
niques with traditional approaches will allow for the identification of specific
organisms that are responsible for the various phases of ASD, including the
development of anaerobicity and resulting disease control. Using these techniques
will also better define how specific organisms, such as members of the Bacilli,
contribute to disease suppression in this system.
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13.7 Conclusion

Although it is a relatively new approach to soil pest management, research on ASD
has identified several critical components that are necessary for successful appli-
cation. While the overall goal is to increase sustainability of the production system
by utilizing locally available agricultural waste products as carbon sources, each
input can generate different organic compounds as well as having different decompo-
sition rates, subsequently resulting in different changes in soil microbial commu-
nities. These changes may be associated with the generation of the anaerobic
condition, the production of organic acids, direct or indirect biological control
processes, and ultimately disease suppression. It is clear that inputs used in one
location may not have the same effects when used in another soil type or under
different environmental conditions. Soil temperature plays a significant role in the
success of ASD, but exactly how temperature and carbon source interact to impact
metabolites produced has not yet been well defined. Many of these interactions
among these components will need to be investigated for their impact on the soil
chemistry, the microbial community, and how each of these changes influences both
the short-term control and long-term suppression of plant disease.

Acknowledgment The authors wish to thank Ariena HC van Bruggen, Yuso Kobara, and Noriaki
Momma for the introduction to anaerobic and biological soil disinfestation and to Wesley
Schonborn for assistance in manuscript preparation.

Disclaimer Mention of trade names or commercial products in this publication is
solely for the purpose of providing specific information and does not imply recom-
mendation or endorsement by the USDA. The USDA is an equal opportunity
provider and employer.

References

Bae H, Roberts DP, Lim HS, Strem MD, Park SC, Ryu CM, Melnick RL, Bailey BA (2011)
Endophytic Trichoderma isolates from tropical environments delay disease onset and induce
resistance against Phytophthora capsici in hot pepper using multiple mechanisms. Mol Plant
Microbe Interact 24:336-351

Bailey KL, Lazarovits G (2003) Suppressing soil-borne diseases with residue management and
organic amendments. Soil Till Res 72:169-180

Baker KF, James Cook R (1974) Biological control of plant pathogens. WH Freeman and
Company, San Francisco, CA

Bello A, Porter I, Diez-Rojo MA, Rodriguez-Kabana R (2008) Soil biodisinfection for the
management of soil-borne pathogens and weeds. In: 3rd international biofumigation sympo-
sium, Canberra, Australia, p 35

Blok WJ, Coenen TCM, Termorshuizen AJ, Lamers JG (2005) The potential of biological soil
disinfestation to manage Fusarium foot and root rot in asparagus. Acta Hortic 776:135-144

Blok WJ, Lamers JG, Termorshuizen AJ, Bollen GJ (2000) Control of soilborne plant pathogens
by incorporating fresh organic amendments followed by tarping. Phytopathology 90:253-259



300 E.N. Rosskopf et al.

Bohn HL, McNeal BL, O’Connor GA (1985) Soil chemistry. Wiley, New York

Broadbent FL, Stojanovic BF (1952) The effect of partial pressure of oxygen on some soil nitrogen
transformations. Soil Sci Soc Am J 16:359-363

Burgin AJ, Hamilton SK (2007) Have we overemphasized the role of denitrification in aquatic
ecosystems? A review of nitrate removal pathways. Front Ecol Environ 5:85-96

Butler DM, Eichler Inwood SE, McCarty DG, Sams CE, Wszelaki AL, Dee ME, Ownley BH
(2012a) Optimizing anaerobic soil disinfestation for Tennessee. In: Proceedings of annual
international research conference of methyl bromide alternatives and emissions reductions,
Orlando, FL, pp 13.11-13.14

Butler DM, Kokalis-Burelle N, Muramoto J, Shennan C, McCollum TG, Rosskopf EN (2012b)
Impact of anaerobic soil disinfestation combined with soil solarization on plant—parasitic
nematodes and introduced inoculum of soilborne plant pathogens in raised-bed vegetable
production. Crop Prot 39:33—40

Butler DM, Rosskopf EN, Kokalis-Burelle N, Albano JP, Muramoto J, Shennan C (2012c)
Exploring warm-season cover crops as carbon sources for anaerobic soil disinfestation
(ASD). Plant Soil 355:149-165

Butler DM, Kokalis-Burelle N, Albano JP, McCollum TG, Muramoto J, Shennan C, Rosskopf EN
(2014a) Anaerobic soil disinfestation (ASD) combined with soil solarization as a methyl
bromide alternative: vegetable crop performance and soil nutrient dynamics. Plant Soil 378:
365-381

Butler DM, Shrestha U, Dee ME, EichlerInwood SE, McCarty DG, Ownley BH, Rosskopf EN
(2014b) Low carbon amendment rates during anaerobic soil disinfestation (ASD) at moderate
soil temperatures do not decrease viability of Sclerotinia sclerotiorum sclerotia or fusarium
root rot of common bean. In: VIII international symposium on chemical and non-chemical soil
and substrate disinfestation, vol 1044, Torino, Italy, pp 203-208

Cao Y, Chang Z, Wang J, Ma Y, Yang H, Fu G (2014) Potential use of anaerobically digested
manure slurry to suppress phytophthora root rot of chilli pepper. Sci Hortic 168:124-131

Chen Y, Gamliel A, Stapleton JJ, Aviad T (1991) Chemical, physical, and microbial changes
related to plant growth in disinfested soils. In: Katan J, DeVay JE (eds) Soil solarization.
CRC, Boca Raton

Conn KL, Topp E, Lazarovits G (2005) Factors influencing the concentration of volatile fatty
acids, ammonia, and other nutrients in stored liquid pig manure. J Environ Qual 36:440-447

Daugovish O, Shennan C, Muramoto J, Koike S (2011) Anaerobic soil disinfestation for southern
California strawberry. In: Proceedings of annual international research conference on methyl
bromide alt emissions reductions, San Diego, CA, pp 2-1/2-4

Dominguez P, Miranda L, Soria C, de los Santos B, Chamorro M, Romero F, Daugovish O, Lopez-
Aranda JM, Medina JJ (2014) Soil biosolarization for sustainable strawberry production.
Agron Sustain Dev 34:821-829

Doran JW (1980) Soil microbial and biochemical changes associated with reduced tillage. Soil Sci
Soc Am J 44:765-771

Ebihara Y, Uematsu S (2014) Survival of strawberry-pathogenic fungi Fusarium oxysporum f. sp.
fragariae, Phytophthora cactorum and Verticillium dahliae under anaerobic conditions. J Gen
Plant Pathol 80:50-58

Faulkner SP, Richardson CJ (1989) Physical and chemical characteristics of freshwater wetland
soils. In: Hammer DA (ed) Constructed wetlands for wastewater treatment: municipal, indus-
trial, agricultural. CRC, Boca Raton

Fox GE, Wisotzkey JD, Jurtshuk P Jr (1992) How close is close: 16S rRNA sequence identity may
not be sufficient to guarantee species identity. Int J Syst Bacteriol 42:166—170

Fujita Y, Matsuoka H, Hirooka K (2007) Regulation of fatty acid metabolism in bacteria.
Mol Microbiol 66:829-839

Garcia Ruiz A, Tello JC, Avilés M, Ordovas J (2009) Fusariosis del clavel (Fusarium oxysporum
f. sp. dianthi). In: Agrotécnicas SL (ed) Ultimos avances en su control. Madrid, p 275



13 Anaerobic Soil Disinfestation and Soilborne Pest Management 301

Goud JC, Termorshuizen AJ, Blok WIJ, van Bruggen AH (2004) Long-term effect of
biological soil disinfestation on verticillium wilt. Plant Dis 88:688—-694

Guenzi WD, Beard WE (1981) Volatile fatty acids in a redox-controlled cattle manure slurry.
J Environ Qual 10:479-482

Handelsman J (2004) Metagenomics: application of genomics to uncultured microorganisms.
Microbiol Mol Biol Rev 68:669-685

Hewavitharana SS, Mazzola M (2013) Carbon source-dependent efficacy of anaerobic soil dis-
infestation (ASD) in suppression of rhizoctonia root rot of apple. Phytopathology 103:60-60

Hewavitharana SS, Ruddell D, Mazzola M (2014) Carbon source-dependent antifungal and
nematicidal volatiles derived during anaerobic soil disinfestation. Eur J Plant Pathol 140:39-52

Hong JC, Martian KJ, Kokalis-Burelle N, Butler D, Rosskopf EN (2014) Comparison of soil
bacterial communities from fields treated with Anaerobic Soil Disinfestation located on
Florida’s east to west coast. Phytopathology 11:S518

Horn MA, Schramm A, Drake HL (2003) The earthworm gut: an ideal habitat for ingested N,O-
producing microorganisms. Appl Environ Microbiol 69:1662—1669

Huang X, Wen T, Zhang J, Meng L, Zhu T, Cai Z (2015) Toxic organic acids produced in
biological soil disinfestation mainly caused the suppression of Fusarium oxysporum f. sp.
cubense. BioControl 60:113—-124

Inglett PW, Reddy KR, Corstanje R (2005) Anaerobic soils. In: Hillel D (ed) Encyclopedia of
soils in the environment. Elsevier, Amsterdam

Johnson JL, Ordal EJ (1968) Deoxyribonucleic acid homology in bacterial taxonomy: effect on
incubation temperature on reaction specificity. J Bacteriol 95:893-900

Jones DL, Dennis PG, Owen AG, van Hees PAW (2003) Organic acid behaviour is soils —
misconceptions and knowledge gaps. Plant Soil 248:31-41

Joshi R, McSpadden Gardener BB (2006) Identification and characterization of novel genetic
markers associated with biological control activities in Bacillus subtilis. Phytopathology 96:
145-154

Katase M, Kubo C, Ushio S, Ootsuka E, Takeuchi T, Mizukubo T (2009) Nematicidal activity of
volatile fatty acids generated from wheat bran in reductive soil disinfestation. Nematol Res 39:
53-62

Khalil K, Mary B, Renault P (2004) Nitrous oxide production by nitrification and denitrification in
soil aggregates as affected by O, concentration. Soil Biol Biochem 36:687-699

Kirkegaard JA, Angus JF Gardner PA, Cresswell HP (1993) Benefits of brassica break crops in
the Southeast wheatbelt. In: Proceedings of 7th Australian agronomy conference, Adelaide,
pp 1924

Kobara Y, Uematsu S, Tanaka-Miwa C, Sato R, Sato M (2007) Possibility of the new soil
fumigation technique with ethanol solution. In: Proceedings of annual international research
conference on methyl bromide alt emissions reductions, San Diego, CA, pp 114-1/114-2

Kogel-Knabner I, Amelung W, Cao Z, Fiedler S, Frenzel P, Jahn R, Kalbitz K, Kolbl A,
Schloter M (2010) Biogeochemistry of paddy soils. Geoderma 157(1):1-14

Korthals GW, Thoden TC, van den Berg W, Visser JHM (2014) Long-term effects of eight soil
health treatments to control plant-parasitic nematodes and Verticillium dahliae in agro-
ecosystems. Appl Soil Ecol 76:112-123

Kuzyakov Y, Domanski G (2000) Carbon inputs by plants into the soil. Rev J Plant Nutr Soil Sci
163:421-431

Lacasa CM, Guerrero MM, Ros C, Martinez V, Lacasa A, Fernandez P, Nunez-Zofio M,
Larregla S, Martinez MA, Diez-Rojo MA, Bello A (2010) Efficacy of biosolarization with
sugar beet vinasses for soil disinfestation in pepper greenhouses. Acta Hortic 883:345-352

Lamers JG, Runia WT, Molendijk LPG, Bleeker PO (2010) Perspectives of anaerobic soil
disinfestation. Acta Hortic 883:277-283

Lamont WJ Jr (1996) What are the components of a plasticulture vegetable system?
Hortic Technol 6:150-154



302 E.N. Rosskopf et al.

Lazarovits G, Conn KL, Abbasi PA, Tenuta M (2003) Control of soilborne plant pathogens with
organic amendments: challenges and possibilities. In: Proceedings of eighth international
congress plant pathology, vol 2, p 273

Linn DM, Doran JW (1984) Effect of water-filled pore space on carbon dioxide and nitrous oxide
production in tilled and nontilled soils. Soil Sci Soc Am J 48:1267-1272

Ludeking DJW, Paternotte SJ, Runia WT, Molendijk LPG (2010) Biological soil disinfestation
with organic fermentation products. In: I international symposium on organic greenhouse
horticulture, vol 915, pp 133-139

Marschner B, Noble AD (2000) Chemical and biological processes leading to the neutralization of
acidity in soil incubated with litter materials. Soil Biol Biochem 32:805-813

Martinez MA, Martinez MC, Bielza P, Tello J, Lacasa A (2011) Effect of biofumigation with
manure amendments and repeated biosolarization on Fusarium densities in pepper crops. J Ind
Microbiol Biotechnol 38:3-11

Matthiessen JN, Kirkegaard JA (2006) Biofumigation and enhanced biodegradation: opportunity
and challenge in soilborne pest and disease management. Crit Rev Plant Sci 25:235-265

Mazzola M (2010) Management of resident soil microbial community structure and function to
suppress soilborne disease development. Clim Change Crop Prod 1:200-218

Mazzola M (2011) Potential of biofumigation of soilborne pest control in strawberry. In: Pro-
ceedings of annual international research conference on methyl bromide alt emissions reduc-
tions, San Diego, CA, pp 47-1/47-2

Mazzola M, Manici LM (2012) Apple replant disease: role of microbial ecology in cause and
control. Annu Rev Phytopathol 50:45-65

Mazzola M, Muramoto J, Shennan C (2012a) Transformation of soil microbial community
structure in response to anaerobic soil disinfestation for soilborne disease control in strawberry.
Phytopathology 102:54.77

Mazzola M, Shennan C, Muramoto J (2012b) Application sequence and soil biology influence
anaerobic soil disinfestation induced disease suppression. In: Proceedings of annual interna-
tional research conference on methyl bromide alternatives and emissions reductions, Orlando,
pp 57-1/57-3

McCarty DG, Inwood SEE, Ownley BH, Sams CE, Wszelaki AL, Butler DM (2014) Field
evaluation of carbon sources for anaerobic soil disinfestation in tomato and bell pepper
production in Tennessee. HortSci 49:272-280

Mehlich A (1984) Mehlich 3 soil test extractant: a modification of Mehlich 2 extractant.
Commun Soil Sci Plant Anal 15:1409-1416

Messiha NAS, van Diepeningen AD, Wenneker M, van Beuningen AR, Janse JD, Coenen TGC,
Termorshuizen AJ, van Bruggen AHC, Blok WJ (2007) Biological soil disinfestation (BSD), a
new control method for potato brown rot, caused by Ralstonia solanacearum race 3 biovar
2. Eur J Plant Pathol 117:403-415

Momma N (2008) Biological soil disinfestation (BSD) of soilborne pathogens and its
possible mechanisms. Japan Agric Res Q 42:7-12

Momma N, Usami T, Amemiya Y, Shishido M (2005) Factors involved in the suppression of
Fusarium oxysporum f. sp. lycopersici by soil reduction. Soil Microorg 59:27-33

Momma N, Yamamoto K, Simandi P, Shishido M (2006) Role of organic acids in the mechanisms
of biological soil disinfestation (BSD). J Gen Plant Pathol 72:247-252

Momma N, Momma M, Kobara Y (2010) Biological soil disinfestation using ethanol: effect on
Fusarium oxysporum f. sp. lycopersici and soil microorganisms. J Gen Plant Pathol 76:
336-344

Momma N, Kobara Y, Momma M (2011) Fe2+ and Mn2+, potential agents to induce suppression
of Fusarium oxysporum for biological soil disinfestation. J Gen Plant Pathol 77:331-335

Momma N, Kobara Y, Uematsu S, Kita N, Shinmura A (2013) Development of biological soil
disinfestations in Japan. Appl Microbiol Biotechnol 97:3801-3809



13 Anaerobic Soil Disinfestation and Soilborne Pest Management 303

Mowlick S, Hirota K, Takehara T, Kaku N, Ueki K, Ueki A (2012) Development of anaerobic
bacterial community consisted of diverse clostridial species during biological soil disinfest-
ation amended with plant biomass. Soil Sci Plant Nutr 58:273-287

Mowlick S, Inoue T, Takehara T, Kaku N, Ueki K, Ueki A (2013a) Changes and recovery of soil
bacterial communities influenced by biological soil disinfestation as compared with chloro-
picrin-treatment. AMB Express 3:46

Mowlick S, Takehara T, Kaku N, Ueki K, Ueki A (2013b) Proliferation of diversified
clostridial species during biological soil disinfestation incorporated with plant biomass under
various conditions. Appl Microbiol Biotechnol 97:8365-8379

Mowlick S, Yasukawa H, Inoue T, Takehara T, Kaku N, Ueki K, Ueki A (2013c) Suppression of
spinach wilt disease by biological soil disinfestation incorporated with Brassica juncea plants
in association with changes in soil bacterial communities. Crop Prot 54:185-193

Mowlick S, Inoue T, Takehara T, Tonouchi A, Kaku N, Ueki K, Ueki A (2014) Usefulness of
Japanese-radish residue in biological soil disinfestation to suppress spinach wilt disease
accompanying with proliferation of soil bacteria in the Firmicutes. Crop Prot 61:64—73

Muramoto J, Shennan C, Koike ST, Bolda MP, Daugovish O, Dara SK, Klonsky K, Mazzola M,
Zavatta M (2014) Optimizing anaerobic soil disinfestation for California strawberries. In:
VIII international symposium chemical and non-chemical soil and substrate disinfestation,
vol 1044, Torino, Italy, pp 215-220

Nielsen TH, Nielsen LP, Revsbech NP (1996) Nitrification and coupled nitrification-denitrification
associated with a soil-manure interface. Soil Sci Soc Am J 60:1829-1840

Nunez-Zofio M, Larregla S, Garbisu C (2011) Application of organic amendments followed by
soil plastic mulching reduces the incidence of Phytophthora capsici in pepper crops under
temperate climate. Crop Prot 30:1563-1572

Nunez-Zofio M, del Palacio SL, Garbisu C (2012) Repeated biodisinfection controls the incidence
of Phytophthora root and crown rot of pepper while improving soil quality. Span J Agric Res
10:794-805

Okazaki H, Nose K (1986) Acetic acid and n-butyric acid as causal agents of fungicidal activity of
glucose-amended flooded soil. Nihon Shokubutsu Byori Gakkaiho Ann Phytopathol Soc Japan

Pace B, Campbell LL (1971) Homology of ribosomal ribonucleic acid of diverse bacterial species
with Escherichia coli and Bacillus stearothermophilus. J Bacteriol 107:543-547

Paulitz TC, Bélanger RR (2001) Biological control in greenhouse systems. Annu Rev Phytopathol
39:103-133

Poretsky R, Rodriguez-R LM, Luo C, Tsementzi D, Konstantinidis KT (2014) Strengths and
limitations of 16S rRNA gene amplicon sequencing in revealing temporal microbial commu-
nity dynamics. PLoS ONE 9, €93827

Rosskopf EN, Burelle NK, Mcsorely R, Skvarch, E (2009) Optimizing alternative fumigant
applications for ornamental production in Florida. EDIS. ENY-901 (IN818). Available at
http://edis.ifas.ufl.edu/in818

Rosskopf EN, Kokalis-Burelle N, Butler D, Muramoto J, Shennan C (2010) Development of
anaerobic soil disinfestation for Florida vegetable and flower production. In: Proceedings of
annual international research conference on methyl bromide alternatives and emissions reduc-
tions, Orlando, pp 15-1/15-2

Rosskopf EN, Hong J, Kokalis-Burelle N, Butler D (2012) Status of ASD development in Florida.
In: Proceedings of annual international research conference on methyl bromide alternatives
and emissions reductions, Orlando, pp 84-1/84-2

Rosskopf EN, Burelle N, Hong J, Butler DM, Noling JW, He Z, Booker B, Sances F (2014)
Comparison of anaerobic soil disinfestation and drip-applied organic acids for raised-bed
specialty crop production in Florida. In: VIII international symposium chemical and
non-chemical soil and substrate disinfestation, vol 1044, Torino, Italy, pp 221-228

Runia WT, Molendijk LPG, Ludeking DJW, Schomaker CH (2012) Improvement of
anaerobic soil disinfestation. Commun Appl Biol Sci 77:753-762, Ghent University


http://edis.ifas.ufl.edu/in818

304 E.N. Rosskopf et al.

Runia WT, Thoden TC, Molendijk LPG, van den Berg W, Termorshuizen AJ, Streminska MA,
van der Wurff AWG, Feil H, Meints H (2014) Unravelling the mechanism of pathogen
inactivation during anaerobic soil disinfestation. In: VIII international symposium chemical
and non-chemical soil and substrate disinfestation, vol 1044, Torino, Italy, pp 177-193

Riitting T, Boeckx P, Miiller C, Klemedtsson L (2011) Assessment of the importance of dissimi-
latory nitrate reduction to ammonium for the terrestrial nitrogen cycle. Biogeosciences 8:
1779-1791

Schwarzenbach R, Gschwend P, Imboden D (2002) Environmental organic chemistry, 2nd edn.
Wiley, New York

Sexstone AJ, Revsbech NP, Parkin TB, Tiedje JM (1985) Direct measurement of oxygen profiles
and denitrification rates in soil aggregates. Soil Sci Soc Am J 49:645-651

Shennan C, Muramoto J, Koike S, Bolda M, Daugovish O, Mochizuki M, Rosskopf EN, Kokalis-
Burelle N, Butler DM (2011) Anaerobic soil disinfestation for suppressing Verticillium dahliae
in strawberry production in California. HortSci 46:S174-S175

Shennan C, Muramoto J, Fennimore S, Mazzola M, Lazarovits G (2013) Non-fumigant strategies
for soilborne disease control in California strawberry production systems. In: Cal strawberry
commission annual production research report 2011-2012, pp 145-159

Shennan C, Muramoto J, Lamers J, Rosskopf EN, Kokalis-Burelle N, Mazzola M, Momma N,
Butler DM, Kobara Y (2014) Anaerobic soil disinfestation for soil borne disease control in
strawberry and vegetable systems: current knowledge and future directions. In: VIII inter-
national symposium on chemical and non-chemical soil and substrate disinfestation, vol 1044,
pp 165-175

Shinmura A (2000) Causal agent and control of root rot of welsh onion. PSJ Soilborne Dis
Workshop Rep 20:133-143

Shinmura A (2004) Principle and effect of soil sterilization method by reducing redox potential of
soil. PSJ Soilborne Dis Workshop Rep 22:2-12

Shrestha U, Ownley BH, Rosskopf EN, Dee ME, Butler DM (2013) Optimization of amendment
C:N ratio in anaerobic soil disinfestation for control of Sclerotium rolfsii. In: Proceedings of
annual international research conference on methyl bromide alternatives and emissions reduc-
tion, San Diego, CA, pp 14.1-14.3

Shrestha U, Bruce A, Ownley BH, Butler DM (2014) Optimizingamendment C:N ratio for
Fusarium oxysporum f. sp. lycopersici suppression under Anaerobic Soil Disinfestation. In:
Proceedings of annual international research conference on methyl bromide alternatives and
emissions reductions, Orlando, pp 53-1/53-3

SImek M, Cooper JE (2002) The influence of soil pH on denitrification: progress towards the
understanding of this interaction over the last 50 years. Eur J Soil Sci 53:345-354

Society of American Bacteriologists (1923) Bergey’s manual of determinative bacteriology.
Williams and Wilkins, Baltimore

Stapleton JJ, Summers CG, Mitchell JP, Prather TS (2010) Deleterious activity of cultivated grasses
(Poaceae) and residues on soilborne fungal, nematode and weed pests. Phytoparasitica 38:
61-69

Stevens RJ, Laughlin RJ, Malone JP (1998) Soil pH affects the processes reducing nitrate to
nitrous oxide and di-nitrogen. Soil Biol Biochem 30:1119-1126

Streminska MA, Runia WT, Termorshuizen AJ, Feil H, van der Wurff AWG (2014) Anaerobic
soil disinfestation in microcosms of two sandy soils. Commun Agric Appl Biol Sci 79:15-18

Strong DT, Sale PWG, Helyar KR (1997) Initial soil pH affects the pH at which nitrification ceases
due to self-induced acidification of microbial microsites. Soil Res 35:565-570

Tenuta M, Conn KL, Lazarovits G (2002) Volatile fatty acids in liquid swine manure can kill
microsclerotia of Verticillium dahliae. Phytopathology 92:548-552

Thoden TC, Korthals GW, Termorshuizen AJ (2011) Organic amendments and their influences on
plant-parasitic and free-living nematodes: a promising method for nematode management?
Nematology 13:133-153



13 Anaerobic Soil Disinfestation and Soilborne Pest Management 305

Uematsu S, Tanaka-Miwa C, Sato R, Kobara Y, Sato M (2007) Ethyl alcohol as a promising
material of reductive soil disinfestation for controlling root knot nematode and soilborne
plant diseases. In: Proceedings of annual international research conference on methyl bromide
alternatives and emissions reductions, San Diego, CA, pp 75-1/75-3

van Bruggen A, Blok W (2014) Soil disinfestation and food safety issues. In: VIII international
symposium on chemical and non-chemical soil and substrate disinfestation, vol 1044,
pp 437445

van Overbeek L, Runia W, Kastelein P, Molendijk L (2014) Anaerobic disinfestation of tare soils
contaminated with Ralstonia solanacearum biovar 2 and Globodera pallida. Eur J Plant Pathol
138:323-330

Wallace RJ, Falconer ML, Bhargava PK (1989) Toxicity of volatile fatty acids at rumen pH
prevents enrichment of Escherichia coli by sorbitol in rumen contents. Curr Microbiol 19:
277-281

Weller DM, Raaijmakers JM, McSpadden Gardener BB, Thomashow LS (2002) Microbial
populations responsible for specific soil suppressiveness to plant pathogens. Annu Rev Phyto-
pathol 40:309-348

Whitmore AP (1996) Modelling the release and loss of nitrogen after vegetable crops. Neth J Agric
Sci 44:73-86

Woese CR (1987) Bacterial evolution. Microbiol Rev 51:221-271

Xu JM, Tang C, Chen ZL (2006) The role of plant residues in pH change of acid soils differing in
initial pH. Soil Biol Biochem 38:709-719

Yoder AJ (2014) Assessing the impact of biofumigation and anaerobic soil disinfestation on
soil biology, nitrogen cycling, crop establishment and yield in vegetable cropping systems.
Michigan State University

Yossen V, Zumelzu G, Gasoni L, Kobayashi K (2008) Effect of soil reductive sterilisation on
Fusarium wilt in greenhouse carnation in Cérdoba, Argentina. Austr Plant Pathol 37:520-522

Zavatta M, Shennan C, Muramoto J, Mazzola M (2014) Evaluating C-sources for anaerobic soil
disinfestation. In: 2014 proceedings of annual international research conference on
methyl bromide alternatives and emissions reductions, Orlando, pp 12-1/12-4

Zhou A, Takaya N, Nakamura A, Yamaguchi M, Takeo K, Shoun H (2002) Ammonia ferment-
ation, a novel anoxic metabolism of nitrate by fungi. J Biol Chem 277:1892-1896

Zhu X, Burger M, Doane TA, Horwath WR (2013) Ammonia oxidation pathways and
nitrifier denitrification are significant sources of N20 and NO under low oxygen availability.
PNAS 110:6328-6333



Chapter 14

Bio-intensive Management of Fungal
Diseases of Fruits and Vegetables Utilizing
Compost and Compost Teas

Yasmeen Siddiqui, Yuvarani Naidu, and Asgar Ali

14.1 Introduction

As modern agriculture struggles to support the booming global population, plant
diseases contribute to a major setback in quantity and quality of food including
vegetable and fruit production worldwide. The losses may be catastrophic or
chronic but estimated to be more than 40% of the total production. Crop losses
tend to be greatest in tropical countries where environmental conditions are parti-
cularly favorable and knowledge and investments in crop health management are
minimal.

Diseases specifically caused by fungal pathogens affect plants right from the
planting stage to harvesting and storage of produce. Largely, farmers rely heavily
on chemical fungicides to minimize the disease pressure. Modern fungicides,
however, are organic compounds, with a high degree of specificity toward their
target organism. They also generally exhibit low overall toxicity and have little
immediate impact on the environment. Despite the positive results of the use of
modern fungicides, concern continues to be expressed about the wisdom of using
large quantities of chemicals in the environment. Methyl bromide fumigation, for
example, not only destroyed beneficial microorganisms, such as mycorrhizae,
biocontrol agents, and plant growth-promoting microorganisms but also is a potent
contributor in ozone layer depletion. For this reason it and many more are scheduled
to be phased out internationally under the Montreal protocol (UNDP 2003). The
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recent drift to near-zero market tolerance for pesticide residues in fresh leafy
vegetables and fruits provides an additional stimulus to search for nonchemical
means to control pests and diseases (Reuveni et al. 2002). These issues are moti-
vating increased interest in the disease-suppression benefits of organic products
including compost.

Composting has long been recognized as one of the most cost-effective area in
agricultural biotechnology, which not only minimizes organic waste production but
also is an environmentally sound alternative for recycling of substrates (Siddiqui
et al. 2009). From decades, compost is known for its outstanding fertilizer and soil-
conditioner characteristics (Hoitink et al. 1993; Lamondia et al. 1998; Siddiqui
et al. 2008b). A possible application about which little was known scientifically is
the use of water extracts from compost to control plant diseases and as inoculants to
restore or enhance soil and leaf microflora.

The biological control of leaf diseases and emphasis on antifungal properties of
watery extracts of compost is evident since 1986 (Weltzien and Ketterer 1986). In
addition, it has been reported that compost teas improved soil fertility and quality
by altering the physical and chemical properties of the soil, such as increasing
organic matter content, water-holding capacity, and diversity of microbes and
providing available micro- and macronutrients essential for plant growth and
ultimately improve the yield (Stoffella et al. 1997; Scheuerell and Mahaffee
2004; Siddiqui et al. 2008a, 2009).

Based on several studies it is well established that the introduction of compost
and compost teas can be merged with integrated biocontrol strategies, offering an
alternative and attractive approach for disease control to minimize the negative
impact of chemicals and maintain a sustainable productivity in intensive vegetable
and fruit production systems. This chapter highlights the potentiality of harnessing
microbial diversity utilizing compost and compost teas for mitigation of fungal
diseases of fruits and vegetables in an eco-friendly manner.

14.2 Compost and Compost Teas for Plant Disease
Suppression

14.2.1 Disease-Suppressive Compost

The importance of compost in suppression of soilborne diseases in container media
was first documented by Hoitink et al. (1977). These initial findings triggered the
cascade of studies worldwide in search for the different types of suppressive
compost (Hadar and Mandelbaum 1986; Craft and Nelson 1996; Ryckeboer 2001).

Compost prepared from heterogeneous organic wastes (vegetable fruit and
garden materials) may have highly suppressive effects against a range of diseases
that cause severe losses in many crops and are difficult to control (Postma and Kok
2003). However, not all composts suppress plant diseases with similar efficacies.
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For instance, olive and grape marc compost consistently suppressed Fusarium
oxysporum £. sp. dianthi and f. sp. lycopersici with high degree, whereas Rhizoctonia
solani was suppressed moderately. In contrast, cork compost suppressed R. solani
with high degree, while Fusarium wilt was suppressed with moderate intensity
(Borrero et al. 2004, 2009; Trillas et al. 2006). Therefore, compost producers should
aim for high-quality “tailored” compost, targeting specific cropping system with
high degree of suppression. Vice versa, combinations of diverse types of materials
such as manure, lignin-containing materials, and green wastes could be utilized for
the development of compost, aiming for broad-spectrum product, in view of
growers. This will also minimize the economic pressure of otherwise excessive
waste material. Summaries of some compost studied on their effect on pathogens
and diseases are listed in Table 14.1.

14.2.2 Compost Teas

An increasing body of experimental evidence indicates that in addition to compost,
plant disease suppression could also be achieved by applying a variety of water-
based compost preparations (Weltzien 1991).

Compost tea is an aqueous solution that results from the extraction of micro-
organisms, fine particulate organic matter, and soluble chemical components of
compost (NOSB 2006). Water extracts from compost are recognized by organic
growers and researchers through proliferation of preparation methodologies and
terminologies (Brinton 1995), though majority referred the end product as compost
tea. The first experiment involving the direct application of compost tea on above-
ground plant parts was reported by Weltzien and Ketterer (1986). They treated
detached grapevine leaves with extracts from horse manure compost. When leaves
were later inoculated with suspension of sporangia of downy mildew fungus of
grapevines, Plasmopara viticola, they showed a highly significant reduction in the
diseased area. Subsequently, the potential of compost teas for plant disease sup-
pression and control was attempted more systematically, however, with different
response mechanisms (Mcquilken et al. 1994; Yohalem et al. 1996).

It was suggested that watery fermentation extracts of well-composted organic
materials reduced disease incidence and severity in various host-pathogen combi-
nations, if applied prophylactically to plant surfaces. When primary leaves of barley
were pretreated with the compost extract from horse manure and then inoculated
with conidia from powdery mildew (Erysiphe graminis), infection levels were
reduced by an average of 55% (Weltzien and Ketterer 1986; Budde and Weltzien
1988). Further, detailed study on powdery mildew of sugar beet (Erysiphe betae)
and of cucumber (Sphaerotheca fuliginea) showed that the stages of fungal develop-
ment were heavily affected by the types of compost extracts. Conidia germination
was equal to the control but the formation of secondary hyphae was reduced by
more than 50% (Samerski and Weltzien 1988a, b).
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Table 14.1 Summary of some compost studied on their effect on plant pathogens and diseases

Plant disease | Pathogen Crop Compost type References
Damping-off | Rhizoctonia Radish Broiler litter and leaf Ringer
solani compost; dairy manure et al. (1997)
with leaf compost; steer/
horse manure compost;
Promix
Cucumber | Vegetable fruit and gar- | Tuitert
den waste et al. (1998)
Cork, olive marc, grape | Trillas
marc, and spent mush- et al. (2006)
room compost
Cabbage Manure, bark, Scheuerell
vermicompost, yard et al. (2004)
trimmings
Damping-off | Pythium ultimum | Peas Garden organics/garden | Erhart
waste and biowastes bark | et al. (1999)
and grape marc
Cucumber | Peat with different levels | Inbar et al. (1991)
of decomposition and
bark
Peat mixtures with dif- Boehm and
ferent levels of Hoitink (1992)
decomposition
Peat moss amended with | Diab et al. (2003)
composted swine wastes
at different weeks of
maturity
Manure, bark, Scheuerell
vermicompost, yard et al. (2004)
trimmings
Pythium Cucumber | Composted licorice roots | Hadar and
aphanidermatum Mandelbaum
(1986)
Pythium Manure, bark, Scheuerell
irregulare vermicompost, yard et al. (2004)
trimmings
Phytophthora | Phytophthora Avocado Organic much (oat straw | You and
root rot cinnamomi plantation | 4+ mature chicken Sivasithamparam
mulch manure) applied in soil (1995)
Phytophthora Citrus Composted municipal Widmer
nicotianae waste amendment of cit- | et al. (1998)
rus soils
Phytophthora | Phytophthora Cucumber | Compost of sawdust and | Khan et al. (2004)
crown rot and | capsici cow manure
leaf blight
Phytophthora Bell Composted sewage Kim et al. (1997)
root and pepper sludge with garden
crown rot organic; wood chips;

commercial humate; crab
shell waste; composted
MSW; composted paper;
composted perennial

(continued)
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Plant disease | Pathogen Crop Compost type References
peanuts; composted seed
peanuts separately
Fusarium wilt | Fusarium Radish Hardwood bark Trillas-Gay
oxysporum f. sp. et al. (1986)
conglutinans
Fusarium Tomato Grape marc and cork Borrero
oxysporum f. sp. compost et al. (2004)
lycopersici Commercial compost Cotxarrera
made from mixture of et al. (2002)
vegetable and animal
market wastes and sew-
age sludge in tunnel
system
Fusarium Tomato Pulp and paper mill Pharand
oxysporum f. sp. et al. (2002)
radicis-
lycopersici
Fusarium Melon Compost from tomato Saadi et al. (2010)
oxysporum f. sp. plants and cow manure
melonis
Fusarium root | Fusarium Cucumber | Dairy solids composted Kannangara
and stem rot oxysporum f. sp. in windrows, dairy solids | et al. (2000)
radicis- composted by worms and
cucumerinum vegetable refuse
composted aerobically
Verticillium Verticillium spp. | Tomato Cork compost and light Borrero
wilt peat et al. (2002)
Southern Sclerotinia Bean Mature biosolid compost | Danon
blight rolfsii (sewage sludge and yard | et al. (2007)
waste)
Tomato Powders of kudzu Blum and
and soya (Pueraria lobata), velvet | Rodriguez-
bean bean (Mucuna Kabana (2004)
deeringiana), and pine
bark
Beans Composted grape marc, | Gorodecki and
cattle manure Hadar (1990)
Collar spot Chickpea | Composted grape marc, | Gorodecki and
cattle manure Hadar (1990)

In farm trials the effects of compost teas from different sources were tested on a
variety of crops. No effect of compost tea application on early blight of tomato was
observed, whereas lettuce damping-off incidence was reduced in the summer but
not in the spring crop. Postharvest fruit rot of blueberries was significantly reduced.
Spinach yield decreased, but broccoli yield increased (Granatstein 1999). It is
apparent that impacts on plant health and yield can be crop specific and general
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Table 14.2 Summary on the efficacy of compost water extracts or teas in suppressing foliar and
soilborne diseases of vegetable and fruit crops

Plant disease | Crop Pathogen Type/Source References
Apple scab Apple Venturia Spent mushroom Cronin
inaequalis et al. (1996)
Spent mushroom and Andrews (1993)
cattle manure
Spent mushroom Yohalem
et al. (1994,
1996)
Bacterial spot | Tomato Xanthomonas Cow manure, composted | Al-Mughrabi
vesicatoria pine bark et al. (2008)
Wet rot Okra Choanephora Empty fruit bunches of Siddiqui
cucurbitarum oil palm and rice straw et al. (2008a,
compost 2009)
Late blight Potato Phytophthora Thermal compost, static | Al-Mughrabi
infestans wood chip compost, and | (2007)
vermin castings
Damping-off | Cucumber | Pythium ultimum | Yard trimmings, vermin | Scheuerell and
compost, and tea Mahaffee (2004)
compost
Bovine, sheep, chicken Dionne
manure, shrimp, and sea- | et al. (2012)
weed composts
Pythium Solid olive mill wastes, Jenana
aphanidermatum | Posidonia oceanica, and | et al. (2009)
chicken manure
Phytophthora | Pepper Phytophthora Pig, cow, and poultry Sang
blight capsici manure, sawdust, live- et al. (2010)
stock waste, dregs of oil
and lees
Anthracnose Pepper Colletotrichum Pig, cow, and poultry Sang and Kim
coccodes manure, sawdust, live- (2011)
stock waste, dregs of oil
and lees
Cucumber | Colletotrichum Pig, cow, and poultry Sang and Kim
orbiculare manure, sawdust, live- (2011)
stock waste, dregs of oil
and lees
Downy Grapes Plasmopara Horse-straw soil Ketterer (1990)
mildew viticola Fresh cow dung soil Achimu and
Schlosser (1992)
Grapes Uncinula Horse manure and cattle | Sackenheim
necator manure (1993)

(continued)
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Plant disease | Crop Pathogen Type/Source References
Powdery Cucumber | Sphaerotheca Not stated Samerski and
mildew fuliginea Weltzien
(1988a)
Sugar beet | Erysiphe betae Not stated Samerski and
Weltzien
(1988b)
Barley Erysiphe Animal-manure-straw Weltzien (1989)
graminis compost
Melon Erysiphe Empty fruit bunches of Naidu
cichoracearum oil palm et al. (2012,
DC. 2013)
Bean Erysiphe Not stated Ketterer and
polygoni Schwager (1992)
Tomato Composted market and Segarra
garden wastes et al. (2009)
Apple Podosphaera Not stated Pscheidt and
leucotricha Wittig (1996)
Gray mold Lettuce Botrytis cinerea | Horse bedding, chicken | McQuilken
litter et al. (1994)
Geranium Various Scheuerell and
Mahaffee (2006)
Bean Cattle, horse manure, Urban and
horse-straw soil Trankner (1993)
Horse bedding, chicken McQuilken
litter et al. (1994)
Strawberry Cattle, chicken manure Welke (2004)
Gray mold Grape Botrytis cinerea | Horse-straw soil Ketterer
et al. (1992)
Grape Horse-straw soil Ketterer
berries et al. (1992)
Tomato Sheep manure Koné
et al. (2010)
Grape Horse, sheep, cattle Hmouni
berries manures and plant source | et al. (2006)
(olive)
Tomato Grape marc, cattle Elad and
manure Shtienberg
(1994)

inferences about disease suppression or yield cannot be made. A summary of few
selected studies was done on the efficacy of compost water extracts or teas in
suppressing foliar and soilborne diseases of vegetable and fruit crops as tabulated
(Table 14.2).
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14.3 Factors Involved in the Suppressive Efficacy
of Compost and Compost Teas

Regardless of the various efforts to find elements of disease suppressiveness, the
general understanding of what determines the suppressiveness of compost is still in
its infancy. Nevertheless, it is expected that disease suppressiveness of compost is
most likely due to the interaction of various biotic and abiotic factors. The follow-
ing sections will discuss few of the characteristics of compost and compost teas
which may have a role in disease-suppressive efficacy.

14.3.1 Composting Process and Compost Maturity

Composting can be defined as the biological decomposition and stabilization of
organic substrates, under conditions that allow development of thermophilic temper-
atures ranging from 35 to 75 °C as a result of biologically produced heat
(Metacalf and Eddy 1991). The composting process is often divided into three
phases signifying the microbial succession. The first phase of rapid composting is
characterized by high temperatures usually 40-50 °C, when sugars and easily bio-
degradable substances are degraded. During the second phase, when high temper-
ature 55-77 °C prevails, less biodegradable substances are destroyed. Thermophilic
microorganisms predominate during this phase of the process. The heat generated
during this high-temperature phase kills plant pathogens and weed seeds (Bollen
1993; Farrell 1993). This is followed by curing and maturation phase where the
temperature gradually drops to environmental temperature and the compost is
recolonized with mesophilic bacteria and fungi; decomposition continues but at a
very slow rate.

Appropriate curing is essential not only to stabilize the compost and to eliminate
or to reduce negative plant responses but also is crucial in determining rate of
disease suppression. Compost maturity refers to the phytotoxicity associated with
the compost and is defined as the degree of biodegradation at which composts
generally release higher levels of soluble mineral nutrients, phytotoxic organic
acids, and heavy metals than immature materials (Griffin and Hutchinson 2007).
Some of these phytotoxic compounds include salts, ammonia, heavy metals, and
organic acids that affect the growth of agricultural crops and predispose them to
pest and pathogen attack (Hoitink and Boehm 1999).

It is well established that compost must be of steady quality to be used success-
fully in biological control of horticultural crops especially in container media (Inbar
et al. 1993). Hadar and Mandelbaum (1986) demonstrated that the immature
compost was ineffective in suppressing damping-off caused by Pythium
aphanidermatum in cucumber, whereas mature compost could. The immature
compost does not support biocontrol activities (Hoitink et al. 1991), even when
inoculated with the best strains. High concentrations of free nutrients (glucose,
amino acids, etc.) in fresh crop residues suppress the production of enzymes such as
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chitinase, cellulose, p-1,3-glucanase, etc. required for parasitism by biocontrol
agents such as Trichoderma sp. (Hoitink et al. 1993; Chung et al. 1998). Green
composted hardwood bark (CHB), which is high in cellulose content, has been
shown to be conducive to Rhizoctonia damping-off, even though it may be colon-
ized by 10°® colony-forming units (cfu) g~' of dry weight of antagonistic
T. harzianum since lytic enzymes responsible for parasitic activity was repressed
due to high glucose content and does not exert biological control over R. solani,
whereas in mature CHB (low in cellulose), the same antagonist renders the medium
suppressive. On the contrary, excessively cured composts may lack or have incon-
sistent disease-suppressive properties. They may also be excessively high in salts
and have inferior physical structures, which ultimately will affect the efficacy of the
compost (Nelson et al. 1983). Compost used for tea production should be certified
free of human pathogens and residual herbicides and is fully mature and cured (Pan
et al. 2012). The effectiveness of the compost tea also depends on the raw materials
of the compost as well as on the extraction conditions that affect the microbial
population density and end product.

14.3.2 Beneficial Microorganisms

Composts are usually pathogen-free due to buildup of high temperatures during
thermophilic phase of composting process. Not only pathogens but also beneficial
organisms are also either killed or inactivated (Noble and Roberts 2004). Therefore,
ability to suppress pathogens and/or diseases is usually induced during curing since
most of the biocontrol agents also recolonize compost. This fact has been intro-
duced from the very beginning by Hoitink and colleagues, who observed that
suppressive efficacy was reduced or eliminated by heating the compost at 60 °C
or by gamma irradiation (Trillas-Gay et al. 1986). However, the suppressive
potential could be restored by reintroducing the mixture of microorganisms and a
specific organism or amendment of suppressive compost (Trillas et al. 2006;
Dukare et al. 2011).

Similarly, microbial composition and the presence of pathogen-suppressive
microbial metabolites are the most reported factor influencing the efficacy of
compost teas in inhibiting the development of plant pathogens (Koné et al. 2010).
Despite their importance, there is very limited understanding of the microbial
composition of compost teas and how these organisms can survive on plant surfaces
(Scheuerell and Mahaffee 2002). In general, the dominant functional groups iso-
lated from microbial-enriched compost tea were from the genera Bacillus sp.,
Pseudomonas sp., Micrococcus, Staphylococcus, Burkholderia, and Clavibacter,
lactic acid bacteria (Lactobacillus), other bacterial species, (Naidu et al. 2010)
actinomycetes, yeast, Trichoderma sp., Aspergillus sp., Penicillium sp., and other
fungal species (Siddiqui et al. 2009; Naidu et al. 2012).

The study carried out by Siddiqui et al. (2009) demonstrated the role of micro-
bial community in compost tea on suppression of Choanephora cucurbitarum
causing wet rot of okra. The findings indicated that inhibitory efficacy of compost
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tea produced from rice straw (RST) and empty fruit bunch (EFB) compost was
reduced significantly when the teas were subjected to Millipore membrane filters or
heat sterilization. In comparison, the mycelial growth of C. cucurbitarum was
reduced by 100% in plates amended with both the non-sterilized compost tea. It
is hard to determine the involvement of specific microbes in the suppression of
phytopathogens by compost teas since a consortium of microbial community is
involved rather than a single species (Naidu et al. 2010).

14.3.3 Brewing of Compost Tea

Two principal approaches being endorsed in compost tea production are aerated
compost tea (ACT) and non-aerated compost tea (NCT), depending on the degree
of aeration given to the system (Scheuerell and Mahaffee 2002).

An array of experimental methods has been utilized, namely, in vitro inhibition,
seedling assay, detached leaves, growth chamber, green houses, and field studies to
determine their efficacy. For instance, ACTs and NCTs produced from plant
residues (rice ash, bean straw, and vegetative fruit waste) and chicken manure
significantly reduced in vitro conidial germination and fungal growth of early blight
(Alternaria solani) in tomato and purple blight (A. porri) in onion. Moreover, field
evaluations conducted over 2 years resulted in obvious suppression of Alternaria
blight infection by NCT treatment compared to ACT treatment. The authors
claimed that NCT contained denser biodiversity of microbial biomass than ACT
which could be the reason of better performance by NCT in field trials (Haggag and
Saber 2007). Correspondingly, non-aerated compost inhibited the in vitro mycelial
growth of tomato pathogens, namely, Alternaria solani, B. cinerea, and
Phytophthora infestans when compared to the water control (Koné et al. 2010).

In more recent findings, Siddiqui et al. (2008b) observed that disease severity of
Choanephora wet rot disease on okra was lowest in plants treated with aerated
Trichoderma-fortified rice straw compost extracts and simultaneously reduced the
disease incidence. It was demonstrated that foliar application of ACT eradicated
100% naturally occurring powdery mildew pathogen (Erysiphe polygoni) on
tomato leaves (Segarra et al. 2009). Similar findings were reported by Naidu
et al. (2013), whereby foliar application of microbial-enriched compost tea
(ACT) resulted in the reduction of powdery mildew (Golovinomyces
cichoracearum DC.) severity on melon crops. Conversely, Pscheidt and Wittig
(1996) did not observe significant control of powdery mildew of apple or grape,
apple scab, pear scab, brown rot of peach, peach leaf curl, and cherry leaf spot when
aerated compost tea was applied in the field at regular intervals. Only brown rot
blossom blight of sweet cherry caused by Monilinia laxa was significantly reduced.
The authors concluded that storing the aerated compost tea for 12—15 h might have
negatively influenced the observed level of suppression for all host-pathogen
combinations.
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Investigations on the effectiveness of compost teas showed that the extraction time
and the compost-to-water ratio also have a significant effect on its biological activity
against plant pathogens. Numerous studies have indicated that suppressive activities
of NCTs were increased with fermentation time to a maximum and then decline
(Scheuerell and Mahaffee 2000). However, most scientists worked with extraction
times between 3 and 10 days. More recently, Hmouni et al. (2006) demonstrated that
compost tea significantly reduced the severity of gray mold on tomato as compared to
the control with fermentation period of 7 and 15 days. This duration period was in
line with Elad and Shtienberg (1994) who stated that the optimal fermentation time
was longer than 10 days. In addition, the best effects were noticed with the concen-
tration of 1:2, compost to water (Sackenheim 1993). A relationship of 1:5 was found
good for economical and practical purposes in past studies.

14.3.4 Additives

Additives are usually mixtures of different amounts of various microorganisms,
mineral nutrients, or readily available forms of carbon, enzymes, and pH-balancing
compounds that are meant to enhance microbial activity (Himanen and Hénninen
2009). The primary goal of disease-suppressive compost and compost tea produc-
tion is to increase the microbial populations. The final balance between bacteria and
fungi in compost tea can be achieved by providing additives for the microbes at the
beginning/curing of composting or during/after the tea fermentation process
(Weltzien 1991; Ingham 2000b). The fermentation nutrients can be classified into
two different classes: bacteria additive and fungal additive. Basically, molasses,
fruit pulp, juices, proteins, and fish emulsion or fish hydrolysate are commonly
termed as bacterial additives, whereas sloughed root cells and dead plant tissue
which often supply the more complex carbon substrates that fungi require such as
humic acids, seaweed extract (kelp powder), and rock dust are reputed to increase
fungal population (Ingham 2000a, b).

The most consistent formulation of ACT )was obtained with kelp, humic acid,
and rock dust for the suppression of damping-off caused by P. ultimum on cucum-
ber seedlings (Scheuerell and Mahaffee 2004). The authors concluded that the
bacterial populations in the ACT were significantly enhanced with addition of
nutrient additives. Similarly, compost tea prepared with the addition kelp, humates,
rock dusts, grain, and soluble plant sugar sources and liquefied fish prior to brewing
process significantly increases the number of stems produced and also significantly
inhibits Helminthosporium solani and Rhizoctonia solani, causal agents of diseases
on potato tuber (Al-Mughrabi 2006).
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14.4 Mechanisms Involved in Disease Suppression

Compost provides natural biological control for several plant diseases and its water
extracts as substitutes for synthetic fungicides (Zhang et al. 1998). Therefore,
understanding of mechanism for disease control by compost or its water extracts
is crucial to enhance the suppressive effect. In general, biological characteristics of
disease suppression can include one or a combination of mechanisms such as
competition for nutrients, production of antibiotics or antibiosis, production of
lytic and other extracellular enzymes and compounds, predation and direct parasit-
ism, and induced plant resistance (Ketterer 1990; Lorito et al. 1994; Brinton 1995).

Beneficial microorganisms including bacteria (Bacillus, Pseudomonads), acti-
nomycetes, and fungi (Trichoderma, Gliocladium) present in compost and its
extracts can induce all the four mechanisms associated with disease suppression.
For example, fluorescent Pseudomonads are the most frequently used plant growth-
promoting Rhizobacteria that function by suppressing the growth of detrimental
rhizosphere microflora present in most soils (Laha et al. 1992). Production of
antifungal metabolites, such as antibiotics and siderophore-mediated iron compe-
tition, are primary mechanisms by which these bacteria suppress diseases.
Siderophores are biosynthetic compounds that are produced under iron-limiting
conditions. They serve to chelate the ferric ion (Fe*T) from the environment into
microbial cells and reduce the iron availability for the pathogens (Kloepper
et al. 1999; Siddiqui et al. 2009). The presence of siderophores was detected in
various grape marc aerated compost tea and their suppressive effect on nine
selected soilborne pathogens was investigated by Dianez et al. (2006). They
concluded that the presence of microorganisms in grape marc compost secreted
siderophores into the agar medium that was responsible for inhibiting the growth of
the nine tested fungi. Siderophores produced by this microflora play a vital role in
nutrient competition among plant pathogens and beneficial microorganisms for the
infection site.

Direct inhibition of both conidial germination and mycelium growth of various
plant pathogens by beneficial microorganisms that belong to different functional
groups, such as Bacillus, Pseudomonas, lactic acid bacteria, actinomycetes, and
fungi (predominantly Trichoderma spp. and Penicillium spp.) present in the water
extract of compost, is well documented by numerous researchers (McQuilken
et al. 1994; El-Masry et al. 2002; Siddiqui et al. 2009; Naidu et al. 2010). For
instance, Sang and Kim (2011) elucidated that compost water extracts significantly
inhibited in vitro conidial germination and appressorium formation of
Colletotrichum coccodes and C. orbiculare, the causal pathogens of anthracnose
on pepper and cucumber, respectively. It was suggested that increased populations
of beneficial microorganisms could more effectively compete for phylloplane
nutrients and niches, leading to a reduction in pathogen infection (Blakeman
1975). These findings were in line with those who elucidated that the competition
for nutrients and space by microorganisms in EFB and RST compost teas was likely
to be the reason for the greater inhibition of C. cucurbitarum, as percentage
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inhibition of radial growth (% PIRG) was significantly reduced by filter sterilizing
the teas. Moreover, this phenomenon has also prevented the formation of a germ
tube and led to the lysis of C. cucurbitarum conidia (Siddiqui et al. 2009). Similarly,
the beneficial microorganisms present in microbial-enriched compost tea contri-
buted to the in vitro conidial germination inhibition of G. cichoracearum DC. as
reported by Naidu et al. (2012). An in vitro study conducted using various compost
extracts in suppressing the radial growth of some phytopathogenic fungi, namely,
Sclerotium bataticola, F. oxysporum f. sp. lycopersici, F. solani, F. graminearum,
Alternaria sp., C. coccodes, B. cinerea, Sclerotinia sclerotiorum, A. niger, Rhizoc-
tonia solani, R. bataticola, Pythium sp., and Verticillium dahliae, has been reported
(El-Masry et al. 2002; Kerkeni et al. 2007).

In addition, some strains of Trichoderma may produce nonvolatile antibiotics
that inhibit and, presumably, predispose host hyphae to infection before contact
occurs (Merrill and McKeon 2001). As Trichoderma recognizes the host, it attaches
itself to the host and then either grows along the host hyphae or coils around them
and secretes lytic enzymes (chitinase and hydrolases). It has been shown that
chitinolytic enzymes isolated from 7. harzianum inhibit spore germination and
hyphal (germ tube) elongation in several plant pathogens (Harman et al. 1993;
Claudia et al. 1997).

Several studies have also determined that antibiosis could be the mechanism of
suppression based on observations that filter- or heat-sterilized compost teas retain
suppressive qualities (Elad and Shtienberg 1994; Yohalem et al. 1994; Cronin
et al. 1996). Cronin et al. (1996) elucidated that antibiosis was the mechanism of
inhibition for the in vitro conidia germination of Venturia inaequalis by spent
mushroom compost extracts. When the compost was sterilized and then fermented,
no suppressive activity was found. However, fermented non-sterilized compost
extracts had equally suppressive activity after 0.1 pm filtration, and most of the
suppressive activity was maintained after autoclaving. Using micro-concentrators,
the major inhibitory agents were determined to be a low-molecular-weight
(<3 kDa), heat-stable, nonprotein metabolite produced by microorganisms during
fermentation. On the contrary, Siddiqui et al. (2009) demonstrated the heat steril-
ization of compost teas (RST and EFB) completely loses suppressive activity
against C. cucurbitarum. However, micromembrane filtration of the teas maintains
the suppressive activity but is of less significant efficacy when compared to
non-sterilized compost teas.

Removing the microbial component of compost extracts can have negative
impact on the suppressive properties. Filter or heat sterilization results in the loss
of disease suppression; hence, it has been concluded that microbial competition for
nutrients or space is the mode of action. Plant-pathogen systems demonstrating
experimental evidence to support this conclusion include Uncinula necator and
Plasmopara viticola on grapes (Weltzien 1989), Phytophthora infestans on tomato
and potato (Weltzien and Ketterer 1986), Botrytis cinerea on beans (Stindt 1990)
and strawberries (Urban and Trankner 1993), and C. cucurbitarum on okra
(Siddiqui et al. 2009). However, it is not clear whether pathogen inhibition is due
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to parasitism, competition for nutrients and colonization sites, or production of
antibiotics after establishing on the plant surface.

14.4.1 Induction of Plant Disease Resistance

All plants possess resistant mechanism, which can be enhanced as a reaction of
plants to various biotic (pathogens, non-pathogens, and beneficial microorganisms)
or abiotic (chemicals, metabolites produced by the beneficial organisms, physical
stress, etc.) stimuli and is called induced resistance (Sticher et al. 1997). It remains
unknown how compost induced resistance in plants. However, plants in compost-
amended substrates are colonized by a variety of microorganisms from which
strains capable of inducing resistance in plants have been described (Wei and
Kloepper 1991; Maurhfiofer et al. 1994; Liu et al. 1995; De Meyer et al. 1998).
Such specific strains must be present above a certain threshold population size in
the rhizosphere to induce this effect. Once resistance is induced, the population size
apparently may decline without affecting resistance (Raaijmakers et al. 1995).

The literature has suggested that compost may induce resistance as an additional
biocontrol mechanism against both foliar and root diseases (Zhang et al. 1996,
1998; Kavroulakis et al. 2005; Ntougias et al. 2008). It has also been postulated that
the defensive genes encode for several enzymes responsible for induction of
resistance in plants including peroxidase (PO) and polyphenol oxidase (PPO) that
catalyzes the formation of lignin, while phenylalanine ammonia lyase (PAL) is
involved in phytoalexin and phenolic biosynthesis. Goldstein (1998) reported that
composts and compost extracts activate disease resistance genes in plants. These
genes are usually activated in response to the presence of a pathogen; they mobilize
chemical defense against the pathogen invasion. Inducible enzymes such as PO,
PPO, and PAL activities were observed to increase in okra plants pretreated with
non-sterilized compost tea and challenge inoculated with the pathogen. The induc-
tion was correlated with the delay in the development of Choanephora wet rot,
confirming the possible involvement of induced resistance (Siddiqui et al. 2009).
The authors elucidated that PPO induction was a consequence of the biological and
chemical activity of the compost teas that might have resulted in the formation of
quinones due to oxidation of phenolic compounds, which are more toxic to path-
ogen than the original phenolics (Kazana et al. 1998).

On the other hand, Zhang et al. (1998) observed the induction of systemic
acquired resistance (SAR) in cucumber and Arabidopsis by using compost and
compost extracts. The authors proposed that f-p-glucuronidase (GUS) activity was
induced either with topical sprays of compost water extract or salicylic acid (SA) in
non-inoculated cucumber plants with pathogen, namely, Colletotrichum orbi-
culare, suggesting that compost-induced disease suppression more than likely
involved in the potentiation of resistance responses, rather than their activation,
and also compost-induced SAR differed from SAR induced by pathogens, SA, or
compost water extract.
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Table 14.3 Summary of compost and compost tea studies on their effect as inducer of plant

disease resistance

Compost/compost Disease
tea material Causal pathogen |suppression | Observed effects References
Spruce and pine Colletotrichum Foliar Reduced root rot Zhang
bark orbiculare, anthracnose | severity in split-root et al. (1996)
Pythium of cucumber | plant grown in com-
ultimum, and Pythium post than those pro-
Pythium root rot duced in peat.
aphanidermatum Increased Peroxidase
activity and enhanced
peroxidase isozyme
levels in plants
Pine bark fortified | Colletotrichum Foliar Induced SAR. Peroxi- | Zhang
with Trichoderma | orbiculare anthracnose | dase, -1,3-glucanase | et al. (1998)
hamatum 382 and of cucumber | and GUS activities
Pantoea were higher after chal-
agglomerans lenge inoculation with
E278As and their pathogen. Induced
water extract in SAR might be differ-
(1:1 v/v) ent from salicylic acid-
induced resistance
Extracted olive Septoria Tomato leaf | Increased expression Kavroulakis
press cakes and lycopersici spot of PR genes in the et al. (2005)
grape marc (GM) roots of tomato plants,
even in the absence of
any pathogen. The
expression of the PR
genes may be triggered
by the microflora of
the compost or could
be associated with
abiotic factors of the
compost
Rice straw and Choanephora Wet rot of Induction peroxidase Siddiqui
empty fruit bunch | cucurbitarum okra (PO), polyphenol oxi- | et al. (2009)
of oil palm water dase (PPO), and phe-
extracts nylalanine ammonia
lyase (PAL) enzymes
in plant. Induction was
correlated with delay
in disease
development
Tomato-plant resi- | Fusarium Cucumber Side-grafted split-root | Yogeva
dues mixed with a | oxysporum f. sp. | and melon system revealed the et al. (2010)
coarse fraction of | melonis wilt phenomenon of

separated cattle
manure

Botrytis cinerea

induced resistance
against soilborne path-
ogens, possibly
because of the direct
effect of compost
microflora

(continued)
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Compost/compost
tea material

Causal pathogen

Disease
suppression

Observed effects

References

Commercial com-
post (pig manure,
cow manure, poul-
try manure, saw-
dust, zeolite) water
extract

Colletotrichum
coccodes
Colletotrichum
orbiculare

Pepper
anthracnose
Cucumber

Enhanced PR gene
expression, defense-
related enzyme pro-
duction, and hydrogen
peroxide generation
post-pathogen
inoculation

Sang and
Kim (2011)

Olive marc and
olive tree leaves

Botrytis cinerea

Arabidopsis

178 genes were differ-
ently expressed, with a
fold change cutoff of
1, of which

155 were upregulated
and 23 were
downregulated in
compost-grown,
against perlite-grown,
plants. Compost trig-
gered a plant response
that shares similarities
with both systemic
acquired resistance
and ABA-dependent/
independent abiotic
stress responses

Segarra
et al. (2013)

Olive marc

Botrytis cinerea

Gray mold
of Tomato

The salicylic acid
(SA) pathway/abscisic
acid (ABA) is
involved in compost-
induced systemic
resistance. Instead,
perlite enriched with
Trichoderma
asperellum T34 is not
linked to SA pathway/
ABA

Fernandez
et al. (2014)

Elsewhere, compost water extracts significantly reduced the disease incidence
and severity of root and foliar infection on pepper caused by Phytophthora capsici
compared with the controls. Furthermore, direct inhibition of development and
population of P. capsici for root infection, as well as indirect inhibition of foliar
infection through ISR with broad-spectrum protection, might have contributed to
the suppression process (Sang et al. 2010). The authors explained that the enhanced
expression of the pathogenesis-related (PR) genes, namely, CABPRI, CABGLU,
CAChi2, CaPR-4, CAPOI1, or CaPR-10 as well as -1,3-glucanase, chitinase, and
peroxidase activities, resulted in enhanced plant defense against P. capsici in
pepper plants. Moreover, compost water extracts also enhanced the chemical and
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structural defenses of the plants, including H,O, generation in the leaves and lignin
accumulation in the stems. A study on various compost and compost teas as an
inducer of disease resistance has been summarized in Table 14.3.

14.5 Conclusive Remarks

Though there are existing huge-scale studies on disease suppressiveness of compost
and its products, there is still deficient awareness into the general principles of
disease suppression by compost in relation to its quality. There are many potential
instances where compost and compost teas proved promising; however, their
efficacy in field application is still in its infancy. Success in biological control of
diseases with compost and compost teas is possible only if all factors involved in
the production and utilization of composts are defined and kept consistent. It will be
unrealistic to demand a system where compost is able to suppress all pathogens in
different situations. “Tailor-made” compost for the suppression of specific
pathosystem is perhaps required. Since microbial communities present in the
compost are considered to be one of the major driving forces for suppressive
efficacy of compost, a better knowledge of the microbial interactions and the
enrichment nutrients will enhance the potential suppressiveness of compost and
its watery extracts. The use of composts for disease suppression has potential
benefits both ecologically and economically. Although the use of composts may
not control all diseases to a level that allows the elimination of fungicide use,
integration of suitable compost into current disease management practice can
reduce fungicide use and associated problems.
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Chapter 15

Suggested Mechanisms Involved in
Suppression of Fusarium by Vermicompost
Products

Yurdagul Simsek-Ersahin

15.1 Introduction

Fungal plant pathogens, the second major pest group of all plant pests, are respon-
sible for 13 % of preharvest loses due to all plant pests in agricultural crops
(Pimentel 1997). More than 10,000 species of fungi can cause disease in plants,
some attacking more than one plant species (Agrios 2005). Plant pathogenic fungi
could be classified within five major groups as Deuteromycetes (fungi imperfecti),
Phycomycetes, Zygomycetes, Ascomycetes, and Basidiomycetes. The imperfect
fungal genus Fusarium, with perfect states in Calonectria, Gibberella, Micro-
neciriella, and Nectria, forms robust survival structures, chlamydospores. This
enables Fusarium as one of the most ubiquitous and prevalent plant pathogenic
fungi group with over a thousand species (Agrios 2005). The genus Fusarium
contains a number of economically important plant pathogenic species, some
causing considerable loses. Both its persistence in soil and high pathogenicity
level give Fusarium a great deal of importance by both plant pathologists and the
plant breeders (Booth 1971; Nelson et al. 1983).

The genus Fusarium collectively represents one of the most important groups of
fungal plant pathogens, causing various diseases on nearly every economically
important plant species. In addition, a plethora of Fusarium mycotoxins, fumo-
nisins and trichothecenes, pose health hazards to humans and livestock. Of the
equal phytopathogenic and toxigenic importance, species of Fusarium also serve as
key model organisms for biological and evolutionary research. In 2002, the
F. graminearum sequencing project was funded by the National Research Initiative
within the US Department of Agriculture’s National Institute of Food and

Y. Simsek-Ersahin (<)

Faculty of Science, Department of Biology, Cankiri Karatekin University, Cankiri 18100,
Turkey

e-mail: yurdagulersahin@ gmail.com

© Springer International Publishing Switzerland 2015 331
M.K. Meghvansi, A. Varma (eds.), Organic Amendments and Soil Suppressiveness

in Plant Disease Management, Soil Biology 46,

DOI 10.1007/978-3-319-23075-7_15


mailto:yurdagulersahin@gmail.com

332 Y. Simsek-Ersahin

Agriculture (Anonymous 2014a). The F. graminearum sequencing project repre-
sents a partnership between the Broad and the International Gibberella zeae
Genomics Consortium (IGGR). Meanwhile a Fusarium comparative project was
founded through the same agency to improve gene annotation and to identify
functional noncoding elements of F. graminearum. Later, two additional Fusarium
species, F. oxysporum and F. verticillioides, have been included in IGGR to assess
evolutionary biology among these closely related but biologically distinct Fusa-
rium species. Results indicated that genomes of F. oxysporum and F. verticillioides
are diverged from F. graminearum. Recently F. oxysporum has also emerged as a
model for soilborne fungal diseases with Arabidopsis and tomato as hosts.
F. oxysporum has a broad host range and has caused some of the world’s most
dramatic and economically devastating plant disease epidemics. F. verticillioides is
a cosmopolitan pathogen of maize and sorghum and produces carcinogenic myco-
toxins, the fumonisins. A three-way genome comparison of F. oxysporum,
F. verticillioides, and F. graminearum offers powerful synergy in pathogenicity
studies and virulence factors and their evolution within this genus (Anonymous
2014a).

Members of the F. oxysporum species complex exhibit extraordinary genetic
flexibility and cause some of the most destructive diseases across a diverse spec-
trum of hosts, including many economically important crops, such as banana,
cotton, canola, melons, and tomato. The primary solution to control such diseases
is through the development of disease-resistant plant cultivars. However, due to its
great genetic flexibility and persistence in the soil, it is just a matter of time before
the pathogen can adapt and overcome the newly deployed resistance (Kistler and
Rep 2010). Consequently, Fusarium has been chosen as a model for biological and
evolutionary research, as well as research on soilborne fungal diseases. In the
Fusarium comparative genomics project, the genomes of three phenotypically
diverse species, F. graminearum, F. verticillioides, and F. oxysporum f. sp. lyco-
persici, were compared (Anonymous 2014a). This study evaluated the genetic
composition and evolutionary origin of lineage-specific chromosomes among a
set of carefully selected strains, representing those three species that capture the
pathogenic and phenotypic diversity. The Fusarium genomics project revealed the
existence of lineage-specific chromosomes between otherwise genetically isolated
strains, explaining the polyphyletic origin of host specificity and occurrence of new
pathogenic lineages in F. oxysporum. These results put the evolution of fungal
pathogenicity into a new perspective (Ma et al. 2010).

After the Second World War, intensive conventional farming practices add great
emphasis on the use of agrochemicals particularly pesticides. However, application
of excessive and repeated doses of pesticides has posed many impacts, such as
increased pathogen/pest resistance and decreased beneficial organisms in all eco-
systems that created the vicious cycle of increased amounts of pesticide use in each
coming year to obtain the last year’s yield. Most fungicides can cause acute, even
chronic toxicity in, primarily, beneficial organisms (Goldman 2008). The Inter-
national Labour Organization (ILO) reported that up to 14 % of all occupational
injuries resulted from exposure to pesticides and other agrochemicals (ILO 1996).
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Beginning with “Silent Spring” in 1960s, the modern society has become familiar
with detrimental, sometimes irreversible, effects of excessive application of pesti-
cides toward human and environmental health issues (Gold 2007). Increasing social
awareness has encouraged scientists for development of environmentally friendly
and sustainable farming systems. Sustainable farming systems/good agricultural
practices promote the use of organic amendments, e.g., composts (thermophilic)/
vermicompost (mesophillic) products, for plant fertilization and protection. The use
of both, primarily thermophilic, compost products has increasingly been practiced
during the last three decades (Hoitink et al. 1997, 1998; Edwards 1995, 1998;
Edwards and Burrows 1988; Edwards and Arancon 2004; Edwards et al. 2006;
Simsek-Ersahin 2011). Early studies on implementation of, solid or aqueous,
vermicompost products for plant protection targeted soilborne disease control,
because maintaining disease suppression effectiveness against soilborne pathogens
in soil environment is much difficult than foliar plant pathogens (Szczech 1999;
Szczech et al. 1993; Szczech and Smolinska 2001; Nakasone et al. 1999;
Orlikowski 1999; Rodriguez et al. 2000; Zaller 2006; Reddy et al. 2012).

A number of studies on sustainable management of economically important
soilborne diseases caused by the genus Pythium, Phytophthora, Rhizoctonia, and
Fusarium by vermicompost products have been carried out increasingly during the
last two decades. However, complexity of microbial interactions between soil
microflora and those indigenous to vermicastings, various soil properties, and
particularly high genetic plasticity of the genus Fusarium complicates obtaining
accurate understanding of suppression mechanisms of soilborne diseases by vermi-
compost products. Therefore, more comprehensive and detailed studies are needed
to reveal the key factors in mechanisms of vermicompost-mediated suppression
toward phytopathogens. This chapter presents an overview of the current under-
standing of the influence of vermicompost products, solid or liquefied, on Fusarium
diseases.

15.2 Suppression of Plant Diseases by Vermicompost
Products

The early pioneering research on solid vermicompost products for plant protection
was aimed to determine their suppression efficacy mostly as pot substrates, few as
soil amendments, on soilborne plant pathogens such as Pythium, Phytophthora,
Rhizoctonia, Fusarium, and Verticillium (Edwards and Arancon 2004; Edwards
et al. 2006; Szczech et al. 1993; Szczech 1999; Szczech and Smolinska 2001;
Rodriguez et al. 2000; Chaoui et al. 2002). The solid vermicomposts are derived
from various waste streams, i.e., animal manures (Szczech and Smolinska 2001),
separated dairy solids (Kanangara et al. 2000), cattle manure (Szczech 1999),
municipal sewage sludge (Szczech and Smolinska 2001), and a mixture of vege-
table wastes, bark (Salix sp.), and cattle manure (Simsek-Ersahin et al. 2009). The
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first vermicompost studies evaluated suppression potential of the vermicomposts on
the fungal phytopathogens such as Plasmodiophora brassicae (clubroot on bras-
sica) (Szczech et al. 1993; Nakamura 1996), Phytophthora nicotianae var. nicoti-
anae (root rot on tomato) (Szczech et al. 1993; Szczech and Smolinska 2001),
F. oxysporum f. sp. lycopersici (tomato Fusarium wilt) (Szczech 1999), Pythium
(damping-off), Rhizoctonia (root rot), Verticillium (wilts) (Chaoui et al. 2002),
Sclerotium (white rot) (Pereira et al. 1996), and the sugar beet cyst nematode
(Heterodera schachtii) (Szczech et al. 1993). Rodriguez et al. (2000) also reported
significant reduction in disease incidence of fungal pathogens such as Rhizoctonia
solani, Phytophthora drechsleri, and F. oxysporum on gerbera via use of solid
vermicomposts as growth media (pot substrates).

Given unlabored and versatile application options, producers use liquid com-
post/vermicompost products for plant protection and fertilizer management parti-
cularly in certified organic production systems. Extracts from thermophilic compost
have long been proved to be effective against various fungal diseases of leaves and
fruits especially when applied prophylactically (Weltzien 1989; Scheuerell and
Mahaffee 2002). Studies experimenting the efficacy of aqueous vermicompost-
mediated suppressivity on phytopathogens have been started long after those of
thermophilic compost-mediated suppressivity. Early studies on implementation of
aqueous vermicompost products for plant protection targeted extensively to control
soilborne diseases as the case with solid vermicomposts (Szczech et al. 1993;
Nakasone et al. 1999; Orlikowski 1999; Rodriguez et al. 2000; Zaller 2006;
Reddy et al. 2012). Pioneering studies on suppression efficacy of liquid vermi-
compost (extracts) against a plant pathogen (Phytophthora cryptogea) were
reported by Orlikowski (1999) and on a plant parasitic nematode by Arancon
et al. (2002). Nakasone et al. (1999) also reported that aqueous vermicomposts
inhibited the mycelial growth of Botrytis cinerea, Sclerotinia sclerotiorum, Corti-
cium rolfsii, R. solani, and F. oxysporum. The researchers in Ohio State University
made significant contributions to determination of disease suppression efficacy of
vermicompost products in plant disease and pest control (Edwards 1995; Edwards
and Arancon 2004; Edwards et al. 2006; Chaoui et al. 2002). Research team in Ohio
State University explored disease suppressivity of small applications of some
commercially produced vermicomposts on diseases caused by fungus Pythium in
cucumbers, Rhizoctonia in radishes in the greenhouse, Verticillium in strawberries,
and Phomopsis and Sphaerotheca fulginae in grapes infield (Edwards and Arancon
2004; Edwards et al. 2006). Studies of aqueous vermicompost products aimed to
determine aqueous vermicompost-mediated suppression efficiency toward diseases
of aerial plant parts, such as powdery mildews (Singh et al. 2003). Fokkema (1993)
also showed that vermicompost products have ability to induce systemic resistance.
Researchers in Ohio State University exhibited that aerated vermicompost “teas”
suppressed the plant diseases caused by Fusarium, Verticillium, Plectosporium, and
Rhizoctonia to the same extent as the solid vermicomposts (Edwards et al. 2006).

Liquid compost/vermicompost products offer a multifaceted, yet easy way for
implementation of organic products that effectively inoculate to both below- and
aboveground plant surfaces with potentially beneficial microbes. However, there is
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scarce amount of solid and unequivocal scientific study on disease suppression
effect of liquid vermicompost products unlike composts (Edwards et al. 2006).
Although liquid vermicompost, such as liquid composts, are proven to be effective
in certain cases in greenhouse and field studies, respected results exhibit a signifi-
cant variation. The variation in the results was likely derived from feedstocks used
for vermicomposting, composting method, the earthworm species involved, the
amendment rate applied, and pathogen and the respected host crop (Szczech and
Smolinska 2001; Fernandez-Gomez et al. 2012; Jack et al. 2011). As of present,
there are two important tasks needed to be fulfilled by researchers working on
vermicompost-mediated disease suppression. The first is that reliable, fast, and
cost-effective quality disease control parameters are required for manifesting
whether a vermicompost product has any disease suppression potential. The second
is that vermicompost-mediated suppression mechanisms for each pathogen need to
be revealed.

15.3 Suppression of Fusarium Diseases by Solid
Vermicompost Products

The need for alternative and effective products certified for plant disease and pest
management has greatly increased for the last two decades, especially in organic
production systems. Therefore, either solid or liquid compost/vermicompost prod-
ucts have received a great deal of attention by growers as well as researchers. By the
early 1990s, various researchers have challenged the efficacy of solid vermicomposts
derived from different material types for suppression of primarily soilborne plant
diseases (Edwards 1995; Szczech 1999; Szczech and Smolinska 2001; Chaoui
et al. 2002; Arancon et al. 2002). Several studies demonstrated sufficient levels of
solid vermicompost-mediated suppression against diseases caused by F. oxysporum,
F. proliferatum (Moody et al. 1996; Nakamura 1996; Szczech 1999), and
F. oxysporum f. sp. cucumerinum (Simsek-Ersahin 2007). Disease suppression effect
of the vermicomposts mostly increased in proportion to rate of vermicompost
application, specifically those applied against the pathogens such as Rhizoctonia
with high parasiticity and endurance in the soil. Studies on disease-suppressive
vermicompost products predominantly reported the loss of protective effect after
sterilization or heating, implying the significant role of resident microbial population
in suppression (Szczech 1999; Simsek-Ersahin et al. 2009).

In a recent study in India, Kumar et al. (2013) evaluated efficacy of biological
agents (Trichoderma harzianum+Pseudomonas fluorescens) and organic amend-
ments (cow dung manure, spent compost, and vermicompost) against wilt of lentil
diseased by F. oxysporum f. sp. lentis, causing great loses in yield. Vermicompost
application provided better disease incidence than cow dung manure and spent
compost, as well as the higher grain yield (Kumar et al. 2013). A similar study by
Malathi and Mohan (2013) examined efficacy of the joint use of biocontrol agents
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Pseudomonas fluorescens and T. harzianum, inoculated to organic amendments
such as vermicompost, against basal rot incidence caused by F. oxysporum f. sp.
cepae in onion. Application of consortial formulations of organic amendments
inoculated with biocontrol agents induced production of defense enzymes in
onion and reduced the disease incidence in plants.

15.3.1 In Vitro Antimicrobial Activity of Liquid
Vermicompost Products Toward Fusarium

The research on the role of earthworms on microbial community of vermicompost
indicated that coelomic fluid released in the decaying biomass by earthworms may
have antibacterial properties that kill pathogens, such as Salmonella, Serratia
marcescens, and Escherichia coli (Prabha 2009). Earthworms also promote micro-
bial activity and diversity in organic wastes to the levels even greater than those of
thermophilic composts (Hoitink et al. 1997, 1998; Hoitink and Boehm 1999) that
stimulates increased potential for variability of microbial populations antagonistic
against plant pathogens (Doube et al. 1994, 1995). There are researches reporting
the hypothesis in that solid or liquid vermicompost products provided plant disease
control in vivo or inhibited fungal phytopathogens in vitro (Szczech et al. 1993;
Rodriguez et al. 2000; Szczech and Smolinska 2001; Edwards and Arancon 2004;
Edwards et al. 2006; Zaller 2006; Simsek-Ersahin et al. 2009; Jack et al. 2011).

There are few studies performed in vitro that examined the antifungal charac-
teristics of vermicompost products against phytopathogens. Singh et al. (2003)
reported that the aqueous vermicompost had potential to inhibit spore germination
of several fungi from Alternaria, Curvularia, and Helminthosporium genera.
Gopalakrishnan et al. (2010) examined the suppression efficacy of vermiwash,
extracted from vermicompost made from three different herbs, against three path-
ogens of chickpea and sorghum, including F. oxysporum f. sp. ciceri (FOC). They
suggested that inhibition of fungal colony growth by biowash toward the phyto-
pathogens, including FOC, has resulted from the presence of secondary meta-
bolites. Manandhar and Yami (2008) have tested the suppression efficacy of
compost and vermicompost teas as aerated vermicompost tea (ACTV),
non-aerated vermicompost tea (NCTV), aerated compost tea (ACTC), and
non-aerated compost tea (NCTV) against foot rot disease of rice caused by Fusa-
rium moniliforme Sheldon—Gibberella fujikuroi in a field experiment. Among all
treatments, ACTV provided maximum control effect in field plants and seeds
infected by F. moniliforme.

A recent study by Grantina-Ievina et al. (2014) evaluated antifungal activity of
12 vermicompost samples produced from cow manure, sewage sludge, and
starchless potato pulp together with composted grass on 27 genera representing
plant pathogenic fungi and nonpathogenic fungi associated with seeds or plant
growth-promoting feature (i.e., Trichoderma). The antifungal activity was observed
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against fungi Pseudeurotium, Beauveria, Nectria, and Fusarium in decreasing
order. Researchers suggested that width of the inhibition zones was positively
correlated with the pH of the vermicompost extracts and negatively with the ratio
E2/E3. High E2/E3 ratios have been related to low aromaticity percentages of
natural humic matter as well as high content of low molecular weight substances
of fulvic acid solutions (Carvalho et al. 2008).

15.4 Suggested Mechanisms for Vermicompost-Mediated
Suppression of Plant Diseases Caused by Fusarium sp.

Possible mechanisms of plant disease suppression by organic materials have mainly
been defined within two groups as microbially mediated suppression and induced
systemic resistance. In general, soil microbes, sometimes abiotic factors, may
induce plant resistance called induced, acquired, or induced systemic resistance
which is effective against a broad spectrum of phytopathogens and reported to be
effective under field conditions as well (Singh et al. 2003; Stone et al. 2004).
Microbially mediated suppression is facilitated by specific or general suppression,
resulting from microbial competition for nutrients in the rhizosphere, antibiosis,
and hyperparasitism (Cook and Baker 1983; Hoitink and Grebus 1997). Specific
suppression is derived from activity of narrow range of microorganisms and general
suppression from interactions of a wide range of microorganisms. General suppres-
sion is a more common context in implementation of vermicomposts for control of
soilborne pathogens, due to the rich variety of indigenous microbial populations
likely to have antagonistic traits to various pathogens (Arancon et al. 2006). Sup-
pression of phytopathogens such as Pythium and Phytophthora with high sapro-
phytic capability is usually explained by general suppression mechanism (Cook and
Baker 1983; Chen et al. 1988), whereas suppression of Rhizoctonia with high
parasitic capacity is elucidated by ‘“specific suppression” (Hoitink et al. 1997).
Nonpathogenic Fusarium sp. and fluorescent Pseudomonas sp. were known to
have a significant role in soils that are naturally suppressive to Fusarium wilts
(Stone et al. 2004).

The phytopathogen genus Fusarium sp. has good saprophytic abilities and
Fusarium populations increase after addition of organic amendment. Even though
F. oxysporum termed as a soil inhabitant for its ability to persist in soil, tolerance to
antagonism, and potential for colonization in organic substrates, many Fusarium
sp. are poor competitors and cannot colonize organic substrates, previously colon-
ized by other organisms (Park 1958). Pre-colonization of soils/organic matter with
two nonpathogenic F. oxysporum isolates reduced F. solani f. sp. pisi growth and
infection of pea (Oyarzun et al. 1994). Other fungal genera and bacterial species
mildly inhibited Fusarium colonization. Expectedly, Burkholderia cepacia, an
antibiotic-producing bacterial species, strongly inhibited Fusarium colonization
(Toyota et al. 1996).
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Despite a vast amount of studies that examined the efficiency of vermicompost-
mediated suppression on plant diseases (Szczech 1999; Edwards and Arancon
2004; Sahni et al. 2008; Simsek-Ersahin 2011), limited number of studies were
conducted on the mechanisms of vermicompost-mediated suppression or their
impact on plant-associated microbial communities specifically in rhizosphere
zone (Jack et al. 2011). One of the widely accepted scientific explanations behind
the vermicompost-mediated disease suppression is the “soil-foodweb” concept,
defined by Dr. Elaine Ingham of Corvallis, Oregon, USA (Anonymous 2014b).
The “soil-foodweb” concept highlights the presence of ergonomically beneficial
and indigenous microbial populations in vermicompost that protects plants by
outcompeting plant pathogens for available food resources, i.e., by starving them
and also by blocking their access to plant roots by occupying all the available sites.
An early pioneering study by Szczech (1999) supported this concept. Szczech
(1999) indicated that suppressiveness of vermicompost on tomato Fusarium wilt
was purely microbially mediated, since suppressiveness was lost when the vermi-
compost was autoclaved. Edwards and Arancon (2004) also reported that the ability
of pathogen suppression disappeared when the vermicompost was sterilized, con-
vincingly indicating that the biological mechanism of disease suppression involved
was “microbial antagonism.”

In the literature of both suppressive soils (Fravel et al. 2003) and compost-
amended container mixes (Hoitink and Boehm 1999), suppression of diseases
caused by F. oxysporum has been generally considered to be due to suppression
generated through activities of one (specific suppression) or several antagonistic
microbial populations (general suppression) (Cook and Baker 1983). Therefore, it
is not surprising that organic amendments and plant residues, known to enhance
both diversity and biomass of microbial community, could suppress diseases caused
by F. oxysporum in soilless container mixes (Chen et al. 1988), field soils incubated
in containers (Serra-Wittling et al. 1996), and unincubated field soils (Lodha 1995).
General suppression (Serra-Wittling et al. 1996), specific antagonists (Trillas-Gay
et al. 1987), propagule lyses (Oritsejafor and Adeniji 1990), induced resistance
(Pharand et al. 2002), and nonbiotic factors (Kai et al. 1990) have been implicated
in organic matter-mediated suppressiveness of Fusarium wilts. Other suppression
mechanisms suggested for Fusarium wilt suppressive soils are competitive colon-
ization of substrate and roots within the context of OM-mediated disease suppres-
sion. However, little is known about the relationships between organic matter
quality and suppression of diseases caused by F. oxysporum in container systems
and field soils. It is worth to note that OM-mediated suppression, e.g.,
vermicomposts, is widely considered as facilitated by multiple mechanisms at
one case (Stone et al. 2004).

There are specific mechanisms that are regarded in biological and OM-mediated
suppression of plant diseases, such as microbiostasis, microbial colonization or
destruction of pathogen propagules, antibiosis, competition for substrate colon-
ization, and competition for root infection sites (Stone et al. 2004). Microbiostasis
or fungistasis, repression of fungal spore germination, is considered for Fusarium
sp. Small fungal propagules, e.g., conidia and the chlamydospores of Fusarium,
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require an external source of energy for germination that appears to be restricted by
limited energy in soil environment (Lockwood 1990). In another assay, forest floor
litter is reported to be responsible for induced germination and subsequent lysis of
chlamydospores and macroconidia of F. oxysporum (Stone et al. 2004). Another
example for suppression mechanism facilitated by destruction of pathogen propa-
gules is prevention and decrease of chlamydospore germination of F. oxysporum
f. sp. raphani by Pseudomonas stutzeri and Pimelobacter sp., isolated from a
manure-amended field soil (Toyota and Kimura 1993).

A comprehensive recent study by Yogev et al. (2006) explored the compost-
mediated suppression toward four formae speciales of F. oxysporum: melonis,
bacillici, radicis-lycopersici, and radicis-cucumerinum. They evaluated suppres-
sion effectiveness of three different composts, produced from mainly plant resi-
dues, on four formae speciales of Fusarium in melon, tomato, and cucumber. They
concluded that different mechanisms may be involved in compost-mediated sup-
pression of four formae speciales of Fusarium, revealed by different degree of
pathogen population decline in each suppressive compost. The decline in pathogen
population was manifested by decrease in inoculum density that may be resulted
from a direct effect on the pathogen, for example, by lysis or predation; however,
proposed suppression mechanisms do not specially require the elimination of the
pathogen in compost-amended container substrate unless necessary inquiry is
performed. Yogev et al. (2006) also explored induced systemic resistance mecha-
nism toward formae speciales of Fusarium in respected hosts. The study demon-
strated that compost-mediated suppressiveness toward a wide range of pathogens is
rendered by several mechanisms, including systemic resistance. Researchers con-
cluded that whether these suppression mechanisms were prevalent for all types of
composts needs further assessment.

Literature on vermicompost-mediated suppression mostly suggested that besides
the amount of organic matter and nutrient content, microbiological component of
vermicompost determines its efficacy in plant protection and other applications.
Given that there are no widely acceptable and reliable criteria for assessment of
suppression potential of vermicomposts derived from diverse sorts of feedstock,
molecular methods are recently being utilized to fulfill that task (Gopalakrishnan
et al. 2011; Yasir et al. 2009a, b; Fernandez-Gomez et al. 2012). One example of
these studies is the work by Fernandez-Goémez et al. (2012) who manipulated the
denaturing gradient gel electrophoresis (DGGE) and COMPOCHIP (i.e., a micro-
array targeting typical bacteria of stabilized organic materials and pathogenic
bacteria) for investigating the bacterial communities of four different
vermicomposts. Statistically assuring data were obtained from DGGE on compo-
sition of bacterial communities and corresponding particular chemical features. In
addition COMPOCHIP showed differences in the abundance of particular bacterial
taxa among the vermicomposts, giving an idea on if the vermicompost harbor
inhabitant bacteria, which are potent for disease suppression of a given plant
pathogen. Results by Fernandez-Gomez et al. (2012) supported the idea by Yasir
et al. (2009a, b) and Gopalakrishnan et al. (2011) that detection of Streptomyces
sp. in a vermicompost renders the vermicompost to exhibit strong antifungal
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activities against several soilborne pathogenic fungi, including F. oxysporum f. sp.
ciceri. Fernandez-Gdémez et al. (2012) further showed that the joint use of DGGE
and COMPOCHIP could distinguish among different vermicomposts on the basis
of their inhabiting bacterial communities that facilitate vermicompost-mediated
suppression mechanisms. Therefore, DGGE can be a rapid fingerprinting method,
in a single experiment, useful to ascertain the degree of similarity among bacterial
communities of vermicomposts produced from wastes of different natures and
origins.

15.4.1 Direct Mechanisms: Microbial Suppression

Thermophilic and mesophilic compost products are known to be exceedingly rich
in microbial population and diversity, partially fungi, bacteria, and actinomycetes
(Hoitink and Grebus 1997; Hoitink et al. 1997; Lazcano et al. 2008; Stone
et al. 2004). Traditional thermophilic composts promote only selected microbes,
while non-thermophilic vermicomposts are rich sources in microbial diversity and
activity that are derived from a wide variety of antagonistic bacteria, acting as
effective biocontrol agents in suppression of soilborne phytopathogenic fungi
(Chaoui et al. 2002; Scheuerell et al. 2005; Singh et al. 2008; Jack et al. 2011).
Manandhar and Yami (2008) compared disease suppression efficacy of aerated and
non-aerated composts and vermicompost teas on foot rot disease of rice caused by
F. moniliforme Sheldon-Gibberella fujikuroi in field. Aerated vermicompost tea
extract provided the highest level of disease control followed by aerated compost
tea, non-aerated compost tea, and non-aerated vermicompost tea in decreasing
order.

There are an increasing number of reports, revealing high microbial diversity in
vermicomposts, which harbors a wide variety of notorious antagonistic bacteria
(Szczech 1999; Chaoui et al. 2002; Singh et al. 2008; Simsek Ersahin 2007; Pathma
and Sakthivel 2012). For example, the bacterial strain Chitinophaga vermi-
composti, isolated from paper mill and dairy sludge vermicompost, was antagonis-
tic to many soilborne fungi, including Colletotrichum coccodes, Pythium ultimum,
and Fusarium moniliforme (Yasir et al. 2010). In another study by Gopalakrishnan
et al. (2011), five selected strains of actinomycetes, isolated from an herbal
vermicompost, effectively controlled Fusarium wilt disease caused by
F. oxysporum f. sp. ciceri (FOC) in chickpea under green house and field condi-
tions. Gopalakrishnan et al. (2011) stated that two of the five antagonistic actino-
mycetes, producing cellulase and protease, would act as effective biocontrol agents
on cellulose and protein cell wall-bearing pathogens, such as Phytophthora and
Pythium spp. The researchers also underlined that the broad range of antifungal
activity of the five antagonistic actinomycetes demonstrates the multiple mecha-
nisms of suppression effect (antibiosis, HCN, siderophore, IAA, and cell wall-
degrading enzymes) which may involve more than one antifungal metabolite
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production. They concluded that the indigenous microbial populations harbored by
vermicomposts have the potential for biological control of Fusarium diseases.

Earthworm castings are rich in nutrients and calcium humate, which is a binding
agent that reduces desiccation of individual castings and also favors the prolifer-
ation of beneficial microbes, such as Trichoderma sp. (Tiunov and Scheu 2000),
Pseudomonas spp. (Schmidt et al. 1997), and mycorrhizal spores (Doube
et al. 1995). Earthworm activity increased the communities of Gram-negative
bacteria (Elmer 2009). Vermicompost-associated chitinolytic bacterial communi-
ties, viz., Nocardioides oleivorans, several species of Streptomyces, and Staphylo-
coccus epidermidis, showed inhibitory effects against plant phytopathogens such as
R. solani, Colletotrichum coccodes, P. ultimum, P. capsici, and F. moniliforme
(Yasir et al. 2009a, b, 2010).

Some research reports on vermicomposts exhibited the presence of bacteria,
such as Bradyrhizobium japonicum, which improved nodulation on soybean roots,
and pseudomonads and actinomycetes, which suppressed F. oxysporum f. sp.
asparagi and F. proliferatum in asparagus, Verticillium dahlia in eggplant, and
F. oxysporum f. sp. lycopersici race 1 in tomato (Elmer 2009). In addition, diverse
fluorescent pseudomonads, free-living N, fixers, Azospirillum spp., Azotobacter
spp., autotrophic Nitrosomonas spp., Nitrobacter spp., ammonifying bacteria, and
phosphate solubilizers were identified in a vermicompost produced from coconut
leaves by Eudrilus spp. (Gopal et al. 2009). Those studies exhibited the presence of
indigenous beneficial and antagonistic bacteria with high diversity, nourished
fundamentally by the parental organic waste used and the earthworm species
involved in vermicompost production (Fernandez-Gomez et al. 2012).

Simsek-Ersahin (2007) evaluated the disease suppression efficacy of mature
(9 months old) solid vermicompost, produced from apple scabs, potato, and tree
bark (Salix spp.), on root and stem rot of cucumber (Cucumis sativus L.) caused by
F. oxysporum f. sp. cucumerinum. After vermicompost-amended substrates (0, 10,
20, and 30 % vermicompost mixed with pot substrate) were prepared, the substrates
were inoculated with the pathogen, and then 2-day-old cucumber seedlings were
transferred into the pots. Fusarium disease symptoms on the roots of cucumber
seedlings were observed throughout 2 months. At the second week after the
inoculation, disease symptoms were distinct on the primary roots of all cucumber
seedlings from all treatments, including 20 and 30 % vermicompost-amended pots
(Fig. 15.1). Four weeks after the inoculation, previously explicit symptoms of
Fusarium infection on primary and even lateral roots of the seedlings in 20 and
30 % vermicompost-amended pots were eliminated (Fig. 15.3). The symptoms
caused by Fusarium in seedlings from the pots amended with 20 and 30 %
vermicompost were completely ameliorated, while seedlings from the pots with
10 % and 0 % vermicompost (control) were either extremely retarded or died
(Figs. 15.2 and 15.3). Aqueous vermicompost exhibited strong antagonistic effect
against the fungal growth at in vitro conditions as well (Fig. 15.4). Molecular
identification of 16S ribosomal RNA (rRNA) gene sequence analysis of the bacte-
rial strain, isolated from the aqueous vermicompost, was defined as Lysinibacillus
fusiformis.
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Fig. 15.1 The roots of
2-week-old cucumber
seedlings grown in pots
amended with
vermicompost ratios as

30, 20, 10, and 0 % (from
left to right). All inoculated
with F. oxysporum f. sp.
cucumerinum at 2-day-old
state

Fig. 15.2 Four-week-old
cucumber seedlings grown
in pots amended with
vermicompost ratios as

30, 20, 10, and 0 % (from
left to right). All

four inoculated with

F. oxysporum f. sp.
cucumerinum at 2-day-old
state. The first pot at the far
right is the negative control
for the pathogen with no
vermicompost amendment

The antagonistic activity in vermicompost-mediated suppression is primarily
attributed to the nature of their autochthonous microorganisms with plant growth-
promoting and biocontrol traits. Members of genus Pseudomonas, Bacillus,
Streptomyces, Azospirillum, Azoarcus, Azotobacter, Burkholderia, Cyanobacteria,
Herbaspirillum, and Chryseobacterium are known for their potential for plant
growth-promoting and plant disease suppression (Gandhi et al. 2009; Pathma
et al. 2010, 2011). Pathma and Sakthivel (2013) isolated 193 bacteria originated
from straw and goat manure vermicompost and taxonomically defined them as
bacteria with high antagonistic and biofertilizing potential. Predominant genera of
the 193 bacteria were Bacillus (57 %), Pseudomonas (15 %), and Microbacterium
(12 %); the remaining genera were comprised of Acinetobacter (5 %),
Chryseobacterium (3 %), Arthrobacter, Pseudoxanthomonas, Stenotrophomonas,
Paenibacillus, Rhodococcus, Enterobacter, Rheinheimera, and Cellulomonas. Of
the 193 bacteria, 49 % showed antagonistic potential against phytopathogenic
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Fig. 15.3 The roots of
4-week-old cucumber
seedlings grown in pots
amended with
vermicompost ratios as 0 %
(negative control for
pathogen), 0, 10, 20, and
30 % (from left to right). All
four, except the one at the
far left, inoculated with

F. oxysporum f. sp.
cucumerinum at 2-day-old
state. Fusarium infection
was entirely alleviated on
the seedlings from pots with
20 and 30 % vermicomposts

Fig. 15.4 Antagonism of
water extract of the
vermicompost on

F. oxysporum f. sp.
cucumerinum in a malt agar
medium. Unsterilized
vermicompost water extract
was injected into the right
and /eft holes and sterile
water into the fop and
bottom holes, and then a
mycelium disk with

F. oxysporum f. sp.
cucumerinum was placed in
the center of the plate

fungi, e.g., the strains of Pseudomonas against F. oxysporum. Additional functional
characterization of the bacteria revealed that particularly strains of both Pseudo-
monas and spore-forming Bacillus bacteria exhibited broad-spectral plant growth-
promoting traits and antagonistic potential. These results by Pathma and Sakthivel
(2012, 2013) supported those previously found by Simsek-Ersahin (2007) that the
genus Bacillus have potential for suppression of the genus Fusarium.

Research on vermicompost-mediated suppression indicated that soilborne dis-
ease suppression is exclusively related to diversity and richness of bacterial com-
munity and activity in the vermicompost (Chaoui et al. 2002; Scheuerell
et al. 2005). Recently, studies manipulating molecular techniques to identify that
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microbial variety and richness responsible for plant growth promotion and disease
suppression traits of vermicomposts have been reported (Yasir et al. 2009a, b, 2010;
Pathma and Sakthivel 2012, 2013; Gopalakrishnan et al. 2010, 2011, 2012). For
example, Yasir et al. (2009a) assessed whether earthworm activity influences the
variety of resident bacterial community sludge mixtures throughout vermi-
composting process and the suppression potential of the end product, vermi-
compost, on spore germination of F. moniliforme in comparison with sludge.
They also examined whether chitinase gene diversity is involved in the suppression
of soilborne plant pathogenic fungi, by using culture-dependent and independent
methods. Analysis of chitinolytic isolates and chitinase gene diversity revealed that
vermicomposting process enriched chitinolytic bacterial communities, for example,
Actinobacteria, which exclusively inhibited plant fungal pathogens.

Recently, Barocio-Ceja et al. (2013) have evaluated in vitro activities of
Trichoderma sp. and Aspergillus sp., isolated from chicken-manure vermicompost,
on two important species of tomato wilt pathogens (i.e., Fusarium and Rhizo-
ctonia). Tomato pathogens, isolated from wilted tomato plants, were identified as
F. oxysporum, F. solani, F. subglutinans, and Rhizoctonia sp., using molecular
analysis. Of 11 isolates from chicken-manure vermicompost, only Trichoderma
sp. and Aspergillus sp. exclusively inhibited growth of F. oxysporum and moder-
ately Rhizoctonia sp. Barocio-Ceja et al. (2013) stated that soil applications of
chicken-manure vermicompost can significantly increase the soil microbe
populations (6.5 x 10°-1.8 x 10° conidia/g), thus diversifying the microbiota and
promoting the populations of these antagonists against phytopathogenic fungi.

Castillo et al. (2013) designed a study to elucidate the interactions among
biochemical parameters in relation to microbial dynamics during and 2 months
after (2 months) vermicomposting of two different types of lignocellulosic organic
wastes: wet olive cake (O) and vine shoots (W). To do that, they analyzed chemical
changes with respect to chemical properties as well as biochemical functions
(dehydrogenase, b-glucosidase, acid phosphatase, urease, and ortho-diphenol oxi-
dase). Furthermore, they assayed the microbial community changes in the bacterial
and fungal structure by determination of biomass of the total abundance of bacteria
and fungi as well as microbial taxa (Alpha-, Beta-, and Gammaproteobacteria and
Actinobacteria), using taxa-specific real-time PCR assay. Multivariate correlation
analysis between microbial structure and abundance and enzyme activities revealed
significant correlations between b-glucosidase activity and bacterial and fungal
structure. In the vermicomposting period of O and W, a decline was found in
bacteria (94 and 77 %), fungi (93 and 94 %), and Gammaproteobacteria (56 and
71 %), but an increase in Betaproteobacteria and Actinobacteria (62-79 %).
Alphaproteobacteria increased only in O (26 %). Despite the difference in content
of initial lignocellulosic wastes, the mature vermicomposts contain similar micro-
bial communities and biochemical parameters in relation to the indigenous micro-
bial community.
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15.4.2 Indirect Mechanisms

Induced systemic resistance (ISR; or systemic acquired resistance, SAR) is “a state
of enhanced defensive capacity developed by a plant when appropriately stimu-
lated” (Bakker et al. 2003; van Loon et al. 1998). ISR can provide protection against
viral, fungal, and bacterial plant pathogens and root, vascular, and foliar diseases of
plants. A variety of soil and rhizosphere bacterial and fungal isolates have been
reported to turn on ISR in plants (van Loon et al. 1998). Microbial metabolites such
as salicylic acid, siderophores, antibiotics, and lipopolysaccharides have been
implicated in microbially mediated ISR (Bakker et al. 2003).

Previously, induced resistance has been implicated in the genus Fusarium in that
nonpathogenic F. oxysporum soil isolates induced systemic resistance in water-
melon against Fusarium wilt in some suppressive soil systems and in greenhouse
systems (Larkin et al. 1996; Keener et al. 2000). Compost-mediated induced
resistance to Fusarium wilt of tomato resulted in reduced fungal colonization of
the tomato roots due to an increase in physical barriers, such as callose-enriched,
multilayered wall appositions and osmiophilic deposits to fungal penetration
(Pharand et al. 2002). Inoculation of composts with Pythium also induced the
SAR in tomato, leading to increased level of suppression and protection by forma-
tion of physical barriers (Pharand et al. 2002). There are reports stated that compost
products, applied as soil amendments, control several important soilborne diseases
such as wilts caused by Fusarium (Reuveni et al. 2002). A recent study by Singh
et al. (2012) reported a significant increase in vermicompost-mediated suppression
in disease incidence of root rot/wilt, a complex disease of C. forskohlii involving
F. chlamydosporum and Ralstonia solanacearum, in organic field conditions.

15.5 Conclusion

Considerable research, conducted on solid and aqueous vermicompost products as
plant growth substrates and plant disease-suppressive agents, has demonstrated a
great potential for both plant growth promotion and plant protection. However,
research findings exhibited a large variability and inconsistency. In addition, an
adequate understanding of vermicompost-mediated suppression mechanisms of
plant diseases caused by Fusarium requires more comprehensive research to better
identify pathogen- and host-specific components of suppression mechanisms. There
are several difficulties to overcome, such as obtaining a better understanding of
vermicompost microbial population variability through vermicomposting and
maturation process and interactions between the pathogen and indigenous micro-
bial community. Since suppression effect is lost after sterilization or pasteurization,
suppression activity is attributed to a diverse microbial community of vermi-
composts. Therefore, advanced understanding of microbial composition and struc-
ture and function of the antagonistic populations in vermicompost could reduce
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variability and increase predictability of disease control efficacy. Developing
methodology for assessment of vermicompost-mediated suppression for a single
vermicompost batch is one of the major tasks needed to be executed by the
researchers.

At present, there is information on thermophilic compost-mediated Fusarium
suppression that suggests involvement of different mechanisms, including induced
resistance, observed in suppression of F. oxysporum: melonis, basillici, radicis-
lycopersici, and radicis-cucumerinum. High genetic flexibility of the genus Fusa-
rium requires case-by-case, host- and formae speciales-specific studies for a better
understanding of vermicompost-mediated suppression mechanisms of diseases
caused by the genus Fusarium. Recently, research on vermicompost microbiology
has extensively been manipulated by non-cultivating methods based on molecular
characteristics, targeting information-bearing macromolecules (RNA, DNA, or
lipids) using PCR-based molecular methods (DGGE, clone library, and micro-
array). There are a few pioneering attempts to analyze phylogenetic relationships
in vermicompost microbial community, as well as reveal the microbial community
composition, and structure to functions, using metagenomics and
metatranscriptomics.

Biological control of plant diseases by vermicompost products provides an
environmentally friendly agricultural practice and employs many benefits as well.
There are many obstacles in obtaining information on vermicompost-mediated
soilborne disease suppression, specifically those caused by Fusarium. The over-
arching challenges are (1) research that will lead to a better understanding of
interactions between indigenous antagonistic microbial populations, involved in
vermicompost-mediated suppression, pathogen, and plant in rhizosphere zone,
(2) developing reliable quality disease control tools, (3) and integrating research
findings into commercial vegetable production.
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Chapter 16
Impact of Organic Amendments on the
Suppression of Fusarium Wilt

Christel Baum, Bettina Eichler-Lobermann, and Katarzyna Hrynkiewicz

16.1 Introduction

Fusarium wilts are important diseases of diverse horticultural and agricultural crops
and lead to significant yield losses. They are caused by pathogenic formae speciales
(f. sp.) of the soilborne fungus Fusarium oxysporum. F. oxysporum is found
worldwide and comprises not only pathogenic but also saprophytic nonpathogenic
strains. The host-specialist pathotypes (f. sp.) may cause vascular wilt or damping-
off. Since pathogenic f. sp. of F. oxysporum in general are facultative parasitic
fungi, their regulation by crop rotation is ineffective. Also fungicides and host
resistance often do not give adequate and sustainable control (Weller et al. 2002).
However a positive aspect is, that Fusarium spp. have diverse microbial anta-
gonists, which can contribute to their regulation (Toyota et al. 1994).

Soil suppressiveness of Fusarium wilt can be based on suppression (1) of
pathogenic f. sp. of F. oxysporum only or (2) of Fusarium spp. strains in general
(Scher and Baker 1980). The specific suppressiveness can limit Fusarium wilt
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caused by pathogenic F. oxysporum and is not effective against diseases caused by
nonvascular Fusarium species including F. roseum and F. solani or other soilborne
pathogens (Alabouvette 1986, 1999).

However, the single introduction of microorganisms isolated from suppressive
soils into conducive soils can fail to develop Fusarium-suppressive conditions by
the lack of reproduction of the microbial community structure and interactions
which occur in natural suppressive soils. Therefore, an application of organic
amendments, which introduce the substrate in combination with advantageous
microbial populations, might be favorable.

In the present chapter an overview on the causal agents of suppression of
Fusarium wilt is given, and the quality of different organic amendments for this
reason was evaluated. It is aimed to facilitate a selection and optimization of the use
of organic amendments in the arable management by reviewing the actual state of
knowledge.

16.2 Causes of the Suppression of Fusarium Wilt by
Organic Amendments

The causes of the suppression of Fusarium wilt by organic amendments are usually
combinations of biotic and abiotic impacts on the pathogen. The application of
organic amendments leads to microbial and chemical/biochemical changes in the
soils and substrates, which involve properties which are known to control the
growth and/or pathogenicity of F. oxysporum and can thereby cause suppression
of Fusarium wilt (Fig. 16.1).
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Fig. 16.1 Controls of Fusarium wilt mediated by organic amendments
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16.2.1 Microbial Controls of Fusarium Wilt

A general increased microbial activity after application of organic amendments
leads to pathogen suppression (Ha and Huang 2007; Escuadra and Amemiya 2008),
although F. oxysporum in general can be isolated even more frequently in these
conditions, e.g., after treatments with farmyard manure (Joffe 1963).

Diverse microbial antagonistic taxa contribute with their specific mechanisms to
the pathogen control. Among these microbial antagonists of F. oxysporum are
bacterial and fungal taxa, which were described to contribute to Fusarium wilt
suppressiveness like Alcaligenes and Pseudomonas spp. (e.g., Sayyed and Patel
2011), Bacillus spp., and Trichoderma spp. Furthermore, actinomycetes, like Strepto-
myces lydicus (Himmelstein et al. 2014) and nonpathogenic F. oxysporum, were
described to contribute to the suppression (Weller et al. 2002). Specific mechanisms
of the antagonists include mycoparasitism, antibiosis, and nutrient or space compe-
tition. The competition for organic C sources, which were released from the plants,
is a fundamental aspect, since it controls the germination of plant pathogenic fungi in
the rhizosphere. Furthermore, the inhibition of pectinases and other enzymes that are
essential for the pathogen growth and infection of the host plant can be involved and
may include development of induced resistance and/or growth promotion of the
host plant in general (Harman et al. 2004; Verma et al. 2007).

Bacteria involved in the nitrogen cycling control Fusarium wilt severity by their
impact on the ammonium/nitrate ratio. The diversity of ammonia-oxidizing bacte-
ria was negatively correlated with the Fusarium wilt severity (Senechkin et al.
2014).

16.2.2 Chemical and Biochemical Controls of Fusarium Wilt

After addition of fresh organic amendments to soil, ammonium concentration and
pH increase temporarily, followed by increased nitrification and a decline in
ammonium and pH (Zelenev et al. 2005). Between the chemical properties, the
pH value was revealed to be a leading control of the soil suppressiveness. The
substrate pH and furthermore the B-glucosidase activity in the substrate explained
more than 91 % of the severity of Fusarium wilt on tomato in experiments of
Borrero et al. (2004). Fang et al. (2012) underlined the significant impact of the soil
pH and found strongest suppression of Fusarium wilt in the soil pH of 6.7, with
significant advantages compared to acidic soils (pH 5.2 or 5.8).

High nitrogen concentrations in general and high ammonium-to-nitrate ratios
increase Fusarium wilt incidence and severity (Jones et al. 1993). This means that
the impact of organic amendments on the C/N and on the ammonium/nitrate ratios
in soil can depend on these properties (Borrero et al. 2012; Huang et al. 2012).

Siderophores, released by soil microorganisms, are high-affinity iron-chelating
chemical compounds, which were described to be causal elicitors of Fusarium
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suppression (Sayyed and Patel 2011). This leads back to the fact that low iron
availability reduces the growth and sporulation of F. oxysporum and was described
to be associated with suppression of Fusarium wilt of tomato (Borrero et al. 2004).

16.3 The Impact of the Source and Quality of Organic
Amendments

In general, the significance of organic amendments for the control of Fusarium wilt
is based on the initial status of the soil and the amount and quality of the
organic amendment. Diverse qualities of organic matter were tested on their impact
on Fusarium wilt severity.

The significance of different organic amendments as controls of the suppres-
siveness of soils was indicated in an in vitro experiment by Toyota et al. (1995) and
reviewed for several soilborne pathogens in soils and substrates by Bonanomi et al.
(2007). In more than half of the observed cases of a total of more than 150 studies,
organic amendments contributed to suppression of Fusarium spp. The tested
organic amendments had decreasing suppressive effects on Fusarium spp. in the
following order: compost (74 %) > crop residues (56 %) > waste (46 % of the
observed cases with highly suppressive or at least suppressive effects). However,
peat application even leads often (58 % of the observed cases) to conducive effects
and never to induction of suppression of Fusarium spp. (Bonanomi et al. 2007).

The significance of different sources and qualities of organic matter to support
the suppressiveness of soils against Fusarium wilt will be described in the following
subsections by dividing the organic amendments in three groups: plant residues,
amendments of animal waste, and composts and complex organic amendments.

16.3.1 The Impact of Plant Residues

In general effects of plant residues on soilborne fungi vary significantly. They can
be suppressive (45 % of the observed cases), conducive (28 % of the observed
cases), or neutral by reviewing of results of about 2400 experimental case study
(Bonanomi et al. 2007). The effect of plant residues on Fusarium wilt is based on a
general growth effect, which can include even fungal growth promotion, and on the
plant-specific effect on the spore germination. Pathogenic F. oxysporum can sur-
vive on plant residues over long periods (10 years and more), once it is established
in a field (Zhou and Everts 2004). Thereby plant residues can promote the spreading
of the pathogen after return of the host plant. However, the impact on the later
germination ability of F. oxysporum spores varies plant genotype specific (Elmer
and Lacy 1987). The germination-lysis mechanism (proposed by Chinn and
Ledingham 1961) seems to be the basis of increased suppression of Fusarium wilt
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after application of such organic amendments in soil, which are suppressive to
Fusarium wilt in general (Toyota et al. 1995). These authors described the effects of
organic amendments and alterations of environmental conditions on the inoculum
potential of F. oxysporum f. sp. raphani strain PEG-4, estimated from its population
dynamics and spore germinability. They tested soils which were suppressive and
soils which were conducive to Fusarium wilt of radish. In this investigation it was
found that suppressive soil possessed a greater degree of fungistasis than soil which
was conducive to Fusarium. Rice straw and fresh radish residue brought about
suppressive effects on the germination of spores of the tested Fusarium strain PEG-
4 in both soils along with their decomposition. The autecology of the F. oxysporum
strain PEG-4 was quite different in suppressive and conducive soil and affected by
the presence or absence of organic amendments (Toyota et al. 1995).

In comparisons of legumes and other plant species (e.g., grasses), residues of
legumes usually were the most effective plant species to suppress Fusarium wilt.
This might be explained by their low C/N ratio, which results in a fast, extensive
breakdown of foliage and a significant stimulation of the soil microbial activity
(Himmelstein et al. 2014).

In field experiments with watermelon, four different fall-planted cover crops
(Vicia villosa, Trifolium incarnatum, Secale cereale, Brassica juncea) that were
tilled in the spring as green manures and bare ground were evaluated on their
impact on Fusarium wilt severity caused by F. oxysporum f. sp. niveum and
measured in the yield and quality of watermelon fruits (Himmelstein et al. 2014).
In this investigation V. villosa and T. incarnatum were able to reduce Fusarium wilt
of watermelon.

Also in watermelon production systems soil amendment with hairy vetch (Vicia
villos a Roth) at 0.25 or 0.50 % (w/w) resulted in 54—-69 % decreased wilt incidence
by F. oxysporum f. sp. niveum (Zhou and Everts 2004). In greenhouse experiments
by these authors, soil amendment with hairy vetch (5 %, w/w) reduced significantly
the population density of the pathogen, which was attributed primarily to increased
levels of fungicidal ammonia produced during decomposition. This effect was
missing in microplot and field experiments with this treatment, most probably
caused by strong temperature differences. Incorporation of hairy vetch into
mulched soil was indicated to be a supplement to cultivar resistance for manage-
ment of Fusarium wilt of watermelon.

16.3.2 The Impact of Animal Waste

Animal wastes (e.g., slurry and dung, shell powder) have been tested on their
impact on diverse pathotypes of F. oxysporum. Slurry and dung were preferably
used after composting and shell powder was mainly added in complex organic
amendments (Senechkin et al. 2014; see Sect. 16.3.3).

Shrimps and crap shell powder was tested on its impact on Fusarium wilt caused
by F. oxysporum f. sp. tracheiphilum on asparagus bean (Vigna sesquipedalis) by
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Ha and Huang (2007). They found that amendments of 1 % (w/w) in pathogen-
infested soil were the most effective in reducing population densities of this
pathogen and reduced the disease severity by 56 %. The combination of shrimps
and crap shell powder (0.5 %, w/w) with two tested Bacillus spp. strains was more
effective than the organic amendments or the bacterial inoculation alone. Also in
general, organic amendments with animal waste were used rather in combination
with other organic matters and/or after composting (e.g., Escuadra and Amemiya
2008).

16.3.3 The Impact of Composts and Complex Organic
Amendments

Compost is organic matter that has been decomposed, which caused increased
stability against further microbial decomposition and is a key ingredient in horti-
culture and organic farming. Its quality and effects are significantly controlled by
the quality of the basic raw material and the duration of composting. Composts are
between the most suppressive organic materials with more than 50 % of cases
showing effective disease control of several soilborne pathogens (Bonanomi et al.
2007). Composts were also used in combination with microbial inoculants or
animal wastes. The effects of the combined amendments were sometimes stronger
as compost alone (Pharand et al. 2002; Escuadra and Amemiya 2008).

The potential of compost based on pulp and paper mill residues for the control of
crown and root rot of greenhouse-grown tomato caused by F. oxysporum f. sp.
radicis-lycopersici was ultrastructurally investigated by Pharand et al. (2002). In
this investigation one of the most prominent facets of compost-mediated induced
resistance concerned the formation of physical barriers at sites of attempted fungal
penetration. These structures, likely laid down to prevent pathogen ingress toward
the vascular elements, included callose-enriched wall appositions and osmiophilic
deposits around the sites of potential pathogen ingress. A substantial increase in the
extent and magnitude of the cellular changes induced by compost was observed
when Pythium oligandrum was supplied to the potting substrate as microbial agent.
This finding corroborates the current concept that amendment of composts with
specific antagonists may be a valuable option for amplifying their beneficial
properties in terms of plant disease suppression (Pharand et al. 2002).

Complex organic amendments using different bacterial strains were tested by de
Boer et al. (2003). They combined specific strains of antagonistic bacteria, using
multiple traits antagonizing the pathogen to achieve a higher level of protection.
The tested strain Pseudomonas putida WCS358 suppressed Fusarium wilt of radish
by effectively competing for iron through the production of its pseudobactin
siderophore. The strain P. putida RE8 induced systemic resistance against Fusa-
rium wilt. When WCS358 and RE8 were mixed through soil together, disease
suppression was significantly enhanced to approximately 50 % as compared to
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the 30 % reduction for the single-strain treatments. Moreover, when one strain
failed to suppress disease in the single application, the combination still resulted in
disease control. The authors concluded that the enhanced disease suppression by the
combination of P. putida strains WCS358 and RES was the result of the combi-
nation of their different disease-suppressive mechanisms. These demonstrate that
combining biocontrol strains can lead to more effective or, at least, more reliable
biocontrol of Fusarium wilt of radish.

Ntougias et al. (2008) studied nine composts of wastes and by-products of the
olive oil, wine, and Agaricus mushroom agro-industries. The composts were mixed
with peat at a ratio of 1:3 (w/w) and evaluated on their impacts of diverse pathogens
of tomato including F. oxysporum f. sp. radicis-lycopersici. Suppressiveness of
Fusarium wilt by the compost amendments was relatively low and varied widely
among compost types (8-95 % decrease in plant disease incidence).

The effect of different composts and complex organic amendments on the
suppression of Fusarium wilt of spinach caused by F. oxysporum f. sp. spinaciae
was evaluated in a continuous cropping system in both containers and in microplot
field trials by Escuadra and Amemiya (2008). They tested amendments with wheat
bran alone, wheat bran and sawdust, coffee grounds, chicken manure, or a mixture
of different composts with and without 5 % (w/w) crab shell powder either once
(5 %, w/w) or continuously (2.5 %) into the test soils infested with the pathogen. In
their container trials, the soil amended with composts became suppressive to
disease development on the second and third cropping. The suppressive effect
was notable in the soil amended with the mixture of compost with and without
crab shell powder. The coffee compost lowered soil pH but became suppressive to
the disease after modifying the soil pH. In the field trial using the mixture of the
different composts containing 5 % crab shell powder, a combination of 5 % before
the first cropping and 2.5 % every second cropping gave stable disease control and
promoted plant growth. After compost amendment, the total microbial activity
increased and population of the pathogen gradually decreased. These phenomena
were especially notable in soils amended with the mixture of different composts.
The results indicative of these investigation revealed that diversity in the organic
materials promotes higher microbial activity and population in the soil thereby
enhancing disease suppressiveness (Escuadra and Amemiya 2008).

In cucumber production Fusarium wilt caused by F. oxysporum f. sp. cucu-
merinum is one of the most destructive soilborne diseases without any efficient
fungicide available for its control. Therefore, organic amendments using compost
of sewage sludge and pig manure were tested in cucumber production by Huang et
al. (2012). They formulated plant-growth media with peat mixture and compost in a
4:1 ratio (v/v) and inoculated artificially with F. oxysporum conidia (5 x 10
conidia mL™") by root-dip method. In this investigation Fusarium wilt was effec-
tively suppressed in sludge-compost-amended media, while the disease suppression
effect of pig manure compost was limited. Sludge compost was indicated as a
potential biocontrol of Fusarium wilt in cucumber production.

Also on strawberry (Fragaria X ananassa) compost of manure was the most
effective organic amendment to suppress Fusarium wilt in the soil (at 5 %, w/w),
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and this effect was significantly based on the increased soil pH after the application
of compost (Fang et al. 2012). These authors stated a great potential for mani-
pulating soil pH, adding soil organic amendments and utilizing crop rotation, not
only to successfully manage Fusarium wilt on strawberry but to do so in a sustain-
able way without current reliance upon chemical fumigants.

In flax production four types of organic amendments (plant-derived fresh com-
post, steer-derived slurry, slurry plus dung, slurry plus compost and dung) were
tested on their ability to promote the suppression of Fusarium wilt caused by F.
oxysporum f. sp. lini (Senechkin et al. 2014). In this investigation complex amend-
ment with slurry compost and dung suppressed flax Fusarium wilt, whereas single
amendments with fresh compost even enhanced it. Senechkin et al. (2014)
suggested that ammonium-oxidizing bacteria could be useful indicators for sup-
pression of soilborne pathogens.

16.4 Conclusion

Organic amendments from plant and animal origins can significantly contribute to
suppress Fusarium wilt of diverse crop plant species; however, differences between
different qualities and quantities of organic amendment and different sites or sub-
strates can be assumed. Composts in general and complex organic amendments,
including combinations of composts with microbial antagonists of Fusarium and/or
animal wastes, were promising organic amendments for this reason. The selection
of production system-specific optimized organic amendments to suppress Fusarium
wilt is essential and can be accelerated by consideration of the presented state of
knowledge. For instance, application of peat has general rather conducive than
suppressive effects on Fusarium wilt and can be excluded for this reason.

The advantage of compost and complex organic amendments to single microbial
inoculations to induce suppression of Fusarium wilt was a combination of chemical
and microbial effects on F. oxysporum. Indicated environmental controls of the
efficiency of organic amendments to suppress Fusarium wilt were especially the
temperature, the soil pH, and the nutrient concentrations and the ammonium/nitrate
ratio.

Yet, concerted research activities are required to develop fast and efficient
selection schemes for case-specific optimized organic amendments for an efficient
suppression of Fusarium wilt, considering the production system (e.g., greenhouse
vs. field), the initial soil or substrate conditions, and the host plant and pathogen
genotype combination.
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Chapter 17

Role of Soil Amendment with Micronutrients
in Suppression of Certain Soilborne Plant
Fungal Diseases: A Review

Sazada Siddiqui, Saad A. Alamri, Sulaiman A. Alrumman,
Mukesh K. Meghvansi, K.K. Chaudhary, Mona Kilany, and Kamal Prasad

17.1 Introduction

Mineral nutrients are essential elements for normal growth and development of
plants and microorganisms (Fig. 17.1). Some of the common mineral nutrients are
boron (B), chlorine (Cl), copper (Cu), iron (Fe), manganese (Mn), molybdenum
(Mo) and zinc (Zn), which are required by plants in very small amounts. Therefore,
they are called as micronutrients. Apart from their role in normal development and
growth of the plants, micronutrients are essential factors in protection from adverse
environmental conditions and disease control (Agrios 2005; Dordas 2008). The
occurrence of micronutrients in the soil has direct implications on the severity of
plant disease and thereby plays a key role in controlling, scavenging and detoxifi-
cation of free oxygen radicals. Nutrients can affect disease resistance or tolerance of
plants. However, the severity of plant disease can be affected by several factors
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Fig. 17.1 Nutrient balance is important for normal plant growth

such as seeding date, crop rotation, mulching, mineral nutrients, organic amend-
ments, irrigation, pH adjustment, management of the nutrient availability through
fertiliser addition and plant disease control strategies (Marschner 1995; Huber and
Graham 1999). In recent years, micronutrient management has received consid-
erable attention. However, there is very little information available about whether
any specific nutrient can decrease or increase the severity of any specific plant
disease with an increase in micronutrient concentrations following soil amend-
ments. It has been shown that high levels of micronutrients in soils significantly
prevented pathogenic infection (Graham and Webb 1991; Huber and Graham
1999). The use of micronutrients as fertilisers reduces the severity of many
diseases and together with the cultural practices can affect disease control. The
micronutrient level in soil can affect plant physiology or pathogens, alone or in
concert, which will affect the development of diseases. In addition, pathogenic
infection and sporulation can be affected by the uptake of micronutrients
(Atkinson and McKinlay 1997; Oborn et al. 2003). Pathogens can directly influ-
ence plant physiology, specifically nutrient uptake, assimilation, translocation
from root to shoot and immobilisation of nutrients near the rhizosphere zone,
which deprives root tissues, while others cause nutrient toxicity or nutrient
deficiency by interfering with translocation (Marschner 1995). In addition, signif-
icant amounts of micronutrients can be consumed by other organisms for their
growth, causing a reduction in the availability of micronutrients for the plants and
increasing its susceptibility to pathogenic infections due to nutrient deficiency
(Dordas 2008).

Considering the current information available, the role of micronutrients in
regulating the soil system and controlling certain plant fungal diseases per se is
important for future research. The aim of the present article is to evaluate the role of
micronutrients in managing soilborne plant fungal diseases. However, very little
literature is available on this topic. Therefore, we need a more thorough under-
standing on the importance of micronutrients in agro-ecosystem processes, and the
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mechanisms of suppression of fungal activity is yet to be fully understood due to its
complexity. In the present chapter, we attempt to discuss the role of micronutrients,
which can lead to a less disease-favourable environment and increase host plant
resistance. Here, our main focus is the critical analysis of various factors respon-
sible for the suppression of certain plant fungal diseases due to micronutrients. In
addition, we have identified efforts to determine key areas where sincere research
efforts are still needed to develop strategies for manipulating micronutrient appli-
cation in such a way that it could be more efficiently utilised in managing soilborne
plant fungal diseases.

17.2 Biology of Soilborne Plant Fungal Diseases

Fungi are considered the most important soilborne pathogens among the four major
groups (bacteria, viruses, nematodes and protozoa) of plant pathogens (Agrios
2005). On the basis of morphological and biological characteristics, plant patho-
genic fungi are commonly divided into five main taxonomic classes,
i.e. Plasmodiophoromycetes, Zygomycetes, Oomycetes, Ascomycetes and Basid-
iomycetes. Many soilborne fungi persist in soil for long periods, because they
produce resilient survival structures like melanised mycelium, chlamydospores,
oospores and sclerotia. Only a few groups of bacteria are soilborne, because none
of the spore-forming bacteria can survive in soil for long periods. Soilborne
pathogens share the soil environment with many other organisms and compete
with them for limited resources. In addition, many of the microorganisms in soil are
directly or indirectly antagonistic to soilborne pathogens. In the current chapter, we
focus on fungi because they are the most important soilborne pathogens causing a
number of plant diseases.

Numerous diseases caused by soilborne pathogens are difficult to detect, diag-
nose and predict. In addition to this, soil ecology is extremely complex, making it a
challenge to understand all aspect of diseases caused by soilborne pathogens (Koike
et al. 2003). Most of the soilborne plant pathogens decrease the ability of the root to
provide the plant with water and nutrients (Huber and Graham 1999). Rot fungi are
the most common soilborne fungal pathogens that damage plant tissues below the
ground (damping off of seedlings, root and crown rots and seed decay), and
vascular wilt initiated by root infection is also mostly reported in the field. A few
soilborne pathogens, however, cause foliar diseases with symptoms and damage
appearing in above-ground plant parts.

17.3 Biological Control of Soilborne Plant Fungal Diseases

Biocontrol may be defined as any condition or practice where the survival or activity
of pathogens is reduced through the living organism used as the biological agent
with the result that there is a reduction in the incidence of disease caused by the
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pathogen (Singh 2002). During the 1970s, biological control was developed as an
academic discipline and is now an established method supported in both the public
and private sectors (Baker and Cook 1974). It is a potential nonhazardous alternative
method for preventing crop loss due to diseases (Chet 1990). In nature, several
bio-agents are available and were tested against pathogens during the 1970s and
1980s, with Gliocladium and Trichoderma gaining high popularity and success. It is
now well established that certain bio-agents have tremendous potential and can be
exploited successfully in modern agriculture for the control of plant diseases
(Mukhopadhyay 1994). Despite that, Van Lenteren (1995) showed that biological
control is practised in just 5 % of the estimated 299989.42 ha in greenhouses
worldwide. The important factors for adopting biocontrol are predictability, efficacy
and cost (Heinz et al. 2004). There are many general micro- and mesofauna
predators, such as protists, collembolans, mites, nematodes, annelids and insect
larvae whose activities can not only reduce pathogen biomass but also facilitate
infection and/or stimulate plant host defences by virtue of their own herbivorous
activities. Because plant diseases may be suppressed by the activities of one or more
plant-associated microbes, researchers have attempted to characterise the organisms
involved in biological control. High soil organic matter supports a large and diverse
mass of microbes resulting in decreased ecological niche availability for pathogens.
The extent of general suppression will be substantially different depending on the
quantity and quality of organic matter present in a soil (Hoitink and Boehm 1999).
Manipulation of agricultural systems, through additions of composts, green manures
and cover crops, is aimed at improving endogenous levels of general suppression.
Few reports regarding the application of microbes as biocontrol agents have nega-
tive effects on rhizosphere microbiota (Scherwinski et al. 2006).

The utilisation of organic amendments such as green manure, animal manure,
incorporation of crop residues into the soil, peats and composts has been proposed,
both for conventional and biological systems of agriculture, to improve soil struc-
ture and fertility (Magid et al. 2001; Conklin et al. 2002; Cavigelli and Thien 2003)
and decrease the incidence of disease caused by soilborne pathogens (Litterick
et al. 2004; Noble and Coventry 2005; Bonanomi et al. 2007). Vermicompost was
the most suppressive material, with more than 50 % of cases showing effective
disease control. Sahni et al. (2008) studied the collar rot disease caused by Sclero-
tium rolfsii and demonstrated that substituting the soil with different amounts of
vermicompost showed a significant reduction in mortality of chickpea compared
with the control. In a more recent review, Meghvansi et al. (2011) determined that
earthworm populations can suppress soilborne fungal diseases.

17.4 Suppressive Soil

A suppressive soil is one in which disease incidence or severity is at minimum
levels, despite the presence of the pathogens and susceptible plant hosts (Baker and
Cook 1974). However, non-suppressive (conducive) soil is one in which disease
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occurs and progresses. Induction of soil suppressiveness to soilborne fungi may
provide long-term plant protection. Suppressive soil is maintained by different
methods such as addition of organic matter and crop rotation, which improves the
presence of microbes that are antagonistic to soilborne pathogens. Farmers have
been trying to manipulate soil ecology by the addition of organic matter for a few
decades. However, organic matter helps to maintain soil aeration, structure, drain-
age, moisture holding capacity, nutrient availability and microbial ecology (Davey
1996; Zaccardelli et al. 2013).

Organic amendments such as animal manure, composts, peats and green manure
(the incorporation of crop residues into the soil) have been proposed, both for
conventional and biological systems of agriculture, to improve soil structure and
fertility (Magid et al. 2001; Conklin et al. 2002; Cavigelli and Thien 2003). Organic
amendments are useful for controlling diseases caused by pathogens such as
Sclerotium spp. (Coventry et al. 2005), Pythium spp. (McKellar and Nelson 2003;
Veeken et al. 2005), Phytophthora spp. (Szczech and Smolinska 2001), Sclerotinia
spp- (Boulter et al. 2002), Rhizoctonia solani (Diab et al. 2003) and Verticillium
dahliae (Lazarovits et al. 1999). Studies have shown that after a few years of
reduced organic input, organic matter and soil fertility decreased over the time,
and a large number of diseases caused by soilborne plant pathogens spread in agro-
ecosystems (Bailey and Lazarovits 2003). Incorporating organic amendments and
managing crop residue type and quantity have a direct impact on plant health and
crop productivity. Crop rotations, consisting of wheat, beans or legumes followed
by either a fallow period or a green manure, were frequently used in the times of
ancient Greece and Rome (Karlen et al. 1994).

Soil is crucial for micronutrient storage such as Br, Mn, Zn, Cu, Fe and Cl, which
can reduce the severity of plant disease by increasing disease tolerance and resis-
tance of plants to pathogens. Once a plant is infected by a fungus, its natural
defences are triggered and it causes increased production of fungus inhibiting
phenolic compounds and flavonoids both at the site of infection and in other parts
of the plant. The production and transport of these compounds are controlled in
large part by the nutrition of the plant (Lattanzio et al. 2006). Some products of the
seafood and livestock industries as well as manures have been used by farmers to
maintain productivity in agricultural soil for millennia (Lazarovits 2001). Liu and
Baker (1980) showed that successive monocultures of radishes generated soil
suppressiveness to Rhizoctonia solani, and enhanced Trichoderma harzianum
propagule density was closely accompanied by soil suppressiveness. Chung
et al. (1988) postulated that high propagule density of Trichoderma was found to
be associated with naturally suppressive Colombian soils than the conductive soils
due to acidic pH (5.1), which enhanced the propagation of fungi and Trichoderma.



368 S. Siddiqui et al.

17.5 Micronutrients Suppress Certain Soilborne Plant
Fungal Diseases

Plant nutrition affects disease and pathogen resistance mechanisms in two ways:
mechanical barriers or cell wall thickening and production of pathogen defence
compounds like flavonoids and antioxidants. Micronutrients play an important role
in the resistance mechanisms of plants against pathogens, and increases in micro-
nutrient concentrations in soils significantly prevent pathogenic infections
(Marschner 1995). Plant damage caused by pathogens can be reduced or controlled
using micronutrients, by direct toxicity to the pathogen or by promoting induced
system resistance. The use of micronutrients such as B, Cu and Mn can release,
through cation exchange, Ca from cell walls. Once released, the Ca ions act
together with salicylic acid to activate a systemic acquired resistance (Reuveni
et al. 1996, 1997; Reuveni and Reuveni 1998). Micronutrients play an important
role in plant metabolism by affecting the phenolics and lignin content and also
membrane stability (Graham and Webb 1991).

17.5.1 Boron

Boron (B) is an important micronutrient in reducing the incidence of plant fungal
diseases. B provides direct strength and stability for the cell wall and has a
beneficial effect on reducing disease severity. In addition, B also contributes to
plant resistance and tolerance. B reduces disease susceptibility because it plays an
important role in cell wall structure and maintains cell membrane permeability
required for metabolism of phenolics or lignin (Blevins and Lukaszewski 1998;
Brown et al. 2002; Mustafa and Murat 2013). Plant tissues contain and produce
different types of defensive compounds, which hinder the fungal attachment. B
plays a main role in the synthesis of these compounds. Borate compounds trigger
the enhanced formation of a number of plant defensive chemicals at the site of
nitrification. The level of these substances and their fungistatic effect also decrease
when the nitrogen supply is too high. It has been shown that B amendment in soil
reduces soilborne plant fungal diseases caused by Fusarium solani (Mart.) (Sacc.)
in bean, Plasmodiophora brassicae (Woron.) in crucifers, Verticillium albo-atrum
(Reinke and Berth) in toma)to and cotton (Graham and Webb 1991) and Blumeria
graminis in wheat (Marschner 1995). B-deficient plants are susceptible to a wide
range of diseases such as an ergot, fusarium wilt, powdery mildew and rust
(Graham 1983). It is therefore imperative that future research focuses on the
understanding of the exact role of B in management of plant diseases.
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17.5.2 Manganese

Manganese (Mn) is a highly effective micronutrient in plant resistance to diseases
by affecting cell wall composition and lignin synthesis, and Mn suppresses pene-
tration of pathogens into plant tissue. Mn increases the production of soluble
phenols, which play a role in plant resistance mechanisms against fungal pathogens
and also inhibits the production of aminopeptidase necessary to supply pathogens
with amino acids. It also inhibits pectin methylesterase, which is needed by the
pathogen in order for the organism to penetrate plant cell walls (Graham and Webb
1991). Marschner (1995) and Graham and Webb (1991) reported that Mn plays a
crucial role in photosynthesis, lignin and phenol biosynthesis and several other
functions. Induction of pectin methylesterase, a fungal enzyme that degrades host
cell walls, and aminopeptidase, an enzyme that supplies essential amino acids for
fungal growth, is inhibited by Mn. Many pathogenic diseases such as take-all,
downy mildew, powdery mildew, tan spot and several others can be controlled by
Mn fertiliser (Heckman et al. 2003; Simoglou and Dordas 2006). Mn also activates
many enzymes that participate in the shikimic acid and phenylpropanoid pathways
and also controls lignin and suberin biosynthesis; both of these compounds are
important biochemical barriers to fungal pathogen invasion, because they are
phenolic polymers resistant to enzymatic degradation (Hammerschmidt and Nich-
olson 2000; Vidhyasekaran 1997). Lignin and suberin play an important role in
wheat resistance and also all diseases caused by Gaeumannomyces graminis (Sacc.)
(Rovira et al. 1983; Krauss 1999). When Mn occurs in different redox states, it
performs different functions. When it is present in healthy tissues such as the Mn>*
ion, it accumulates at the sites of pathogen attack in the Mn** form. Mn might
improve host resistance either by alteration of metabolic status or by production of
toxic metabolites (Thompson and Huber 2007).

17.5.3 Zinc

Zinc (Zn) appears to be involved in resistance to many diseases. However, the
mechanisms of how Zn is involved in disease resistance are unclear. In some cases,
it decreased or increased, and in others, it had no effect on plant susceptibility to
disease (Grewal et al. 1996). Zn acts as a cofactor for numerous enzymes and also
affects membrane stability. It also plays a crucial role in protein and starch
synthesis; therefore, a low Zn concentration induces accumulation of amino acids
and reduces sugars in plant tissue (Romheld and Marschner 1991; Rice 2007; Duffy
2007). In most of cases, application of Zn in soil reduced disease severity. Zn is
important for maintaining defence mechanisms in plants because it participates in
superoxide production, which is responsible for a cascade of plant defence path-
ways against fungal and bacterial pathogens (Doke et al. 1996). Zn deficiency
induced NADPH-dependent superoxide radical generation and membrane damage
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and also free radical damage to critical cell constituents; these free radicals damage
membranes, DNA, chlorophyll and protein and finally lead to cell death (Cakmak
2000). Application of Zn to soils reduces root pathogen attack in tomato, including
Fusarium solani, Rhizoctonia solani, Macrophoma phaseoli and also Rhizoctonia
root rots in wheat, chickpea, cowpea and medicago (Kalim et al. 2003). However,
low Zn level in soils and leaf tissues was associated with a high incidence of
Phytophthora pod rot (or black pod) in cocoa in Papua New Guinea (Nelson
et al. 2011).

17.5.4 Copper

Copper (Cu) is an essential micronutrient for higher plants as well as for fungi and
bacteria. Cu is also very toxic to all plants when present at high levels. However,
reported deficiency of Cu decreases lignification in the xylem and has been linked
to lodging in cereals, and application of Cu to soil protects grapes and hops from
downy mildew caused by Plasmopara viticola and Pseudoperonospora humuli,
respectively (Evans et al. 2007). Cu causes direct toxic effects on pathogens. Cu
increases cuticle thickness by lignin formation and acts as barrier for infections. It
plays an important role in polyphenol oxidase activity; it produces some phyto-
alexins and other antipathogenic molecules. Phytoalexins are antimicrobial com-
pounds produced by plants in response to a host-parasite interaction. Some
phytoalexins are phenolics (Robinson and Hodges 1981). When a plant becomes
infected by a fungus, its natural defences are triggered. The infection causes
increased production of fungus inhibiting phenolic compounds and flavonoids,
both at the site of infection and in other parts of the plant. The production and
transport of these compounds are controlled in large part by the nutrition of the
plant (Graham and Webb 1991). Cu deficiency) leads to impaired defensive com-
pound production, accumulation of soluble carbohydrates and reduced wood ligni-
fication, all of which contribute to lower disease resistance. Cu is extensively used
as a commercial fungicide. Cu deficiency results in impaired synthesis of chemical
defence compounds that provide protection against pathogens.

17.5.5 Iron

Iron (Fe) is a necessary micronutrient for plants and animals. However, the role of
Fe in disease resistance is not well studied in plants. Therefore, Fe differs from the
other micronutrients such as Mn, Cu and B, for which microbes have lower
requirements. However, addition of B, Cu and Mn to deficient soils, generally,
benefits the host, whereas the effect of Fe application is unclear; it has been shown
to have positive or negative effects on the host. A few studies suggested that Fe can
reduce or control the disease severity of several diseases such as rust in wheat
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leaves, smut in wheat and Colletotrichum musae in banana (Graham and Webb
1991). Fe has an essential role in plant cells as a cofactor in redox reactions and
other functions. Fe is mainly available to plants as its reduced ion Fe**. Fe
stimulates other enzymes involved in the biosynthetic pathway as it is a component
of peroxidase but it did not affect lignin synthesis. Synthesis of fungal antibiotics by
soil bacteria and siderophore synthesis by rhizosphere microorganisms can be
promoted by Fe and it results in lowering Fe level in the soils. The antagonisms
for Fe and the production of siderophores are not the only processes that lead to the
limitation of the growth of parasitic fungus (Graham and Webb 1991).

17.5.6 Chlorine

Chlorine (Cl) is an essential micronutrient, which is required in very small amounts
for plant growth and development. It is thought that Cl might interact with other
nutrients such as Mn. A number of diseases such as Septoria in wheat, downy
mildew in millet, take-all in wheat, northern corn leaf blight, stripe rust in wheat
and stalk rot in corn are controlled by Cl (Mann et al. 2004). The mechanisms
regarding the effect of Cl on resistance are not clearly understood. It seems that C1
can participate with NO3 absorption and affects the rhizosphere pH. Thus, it can
increase the availability of Mn and suppress nitrification. In) addition, CI ions can
increase Mn for the plant and increase pathogen tolerance and mediate reduction of
Mn oxides. It is important to conduct future research on understanding the more
precise role of Cl in suppressing soilborne plant fungal diseases.

17.5.7 Molybdenum

Molybdenum (Mo) is an essential trace element and soil is the primary source of
Mo. Mo is used by plants as molybdate ions (MoO, ). Mo is an essential micro-
nutrient that enables plants to make use of nitrogen. Without molybdenum, plants
cannot convert nitrate nitrogen to amino acids and legumes cannot fix atmospheric
nitrogen (Rice 2007). It is considered a mobile element, as it moves in both the
xylem and phloem conductive tissue of the plant. Palti (1981) reported that Mo
reduced ascochyta blight in beans and peas caused by Ascochyta spp. and late blight
in potato caused by Phytophthora infestans. Hahlbrock and Scheel (1989) reported
that Mo increases photosynthetic pigments leading to an increase in carbohydrate
content. Carbohydrates are the main reservoir for photosynthesis. Polysaccharides
of the plant cell wall such as cellulose, hemicellulose and pectin that are barriers
against plant pathogens, as well as phenolic compounds, are associated with
carbohydrates that play an important role in plant defence. There are very few
reports about the potential effects of Mo on plant diseases. It has been reported that
the production of a toxin by Myrothecium roridum, a pathogen of muskmelon, is
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reduced by Mo. Also the symptoms of verticillium wilt are reduced when Mo is
applied to tomato roots (Kuti et al. 1989). A study showed that the reproduction of
Phytophthora drechsleri and Phytophthora cinnamomi diseases is slightly
decreased by Mo. It is not clear that Mo plays any role in protection against diseases
within a plant. The deficiency of Mo can reduce nitrate reductase production, which
converts nitrates to proteins; therefore, a small amount of Mo is essential to plant
health. When Mo is applied to soil, it can inhibit growth of certain soilborne fungi
(Mortvedt and John 1991). So, in order to understand the role of Mo in management
of plant disease, further research is required.

17.6 Factors Affecting and Improving the Availability
of Micronutrients in Soil and Disease Resistance

Various methods have been employed to improve the availability of micronutrients
in soil and limit the imbalance of certain elements that can affect growth and
disease tolerance. The most common approaches are discussed below (Fig. 17.2).

17.6.1 Fertilisers

Inorganic and organic fertilisers are generally used in maintaining the appropriate
soil fertility. Applying organic and inorganic fertilisers is a simple approach, which
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has been practised for years in overcoming soil fertility constraints (Kazemeini
et al. 2010; Abedi et al. 2010). Soil amendments by organic and mineral fertilisers
can lead to beneficial interactions between macro- and micronutrients; thus, they
provide the optimum need for micronutrient requirements. Fertilisers have been
reported to improve crop yield and quality and play a key role in the maintenance of
soil productivity (Akande et al. 2006). In addition, the presence of micronutrients
and plant uptake can be affected by the availability of macronutrients present in
these amendments due to either negative or positive interactions between macro-
and micronutrients (Fageria 2001). Few plant diseases are completely controlled by
application of fertilisers; for example, botrytis disease can be alleviated by proper
application and management of micronutrients. The use of fertilisers produces a
more direct means of utilising nutrients to reduce or control the severity of many
diseases (Atkinson and McKinlay 1997).

17.6.2 Soil Organic Matter

Soil organic matter (SOM) consists of plant and animal residues at various stages of
decomposition. SOM increases soil fertility by providing action exchange sites and
acting as a reserve of essential nutrients, especially nitrogen (N), phosphorus
(P) and sulphur (S), along with micronutrients. As such, there is a significant
correlation between SOM content and soil fertility. SOM is known to affect soil
aeration, structure, drainage, moisture holding capacity, nutrient availability and
microbial ecology (Davey 1996). SOM plays a key role in promoting the uptake of
Fe, Mn, Zn and Cu by higher plants and in the use of micronutrient-enriched
organic wastes and naturally occurring metal organic complexes as soil amend-
ments (Bonanomi et al. 2010).

Manures and compost are considered a rich source of N and might reduce
soilborne diseases by releasing certain allelochemicals generated during product
storage or by subsequent microbial decomposition. The modes of action for disease
suppression are elucidated for) a number of diseases including verticillium wilt and
common scab in potato (Chakraborty et al. 2011; Chaoui et al. 2003). Stone
et al. (2004) reported that fields with organic residue applications such as crop
residues, cover crops and organic waste can affect soilborne pathogen and diseases
and also affect the availability of nutrients. Addition of sphagnum peat to soil has
been shown to suppress diseases caused by Pythium spp. Also, addition of different
organic amendments has been shown to reduce Phytophthora root rot in a number
of species (Szczech et al. 1993). A recent study by Pane et al. (2013) has shown that
agricultural waste-based composts exhibiting suppressiveness of diseases are
caused by the phytopathogenic soilborne fungi Rhizoctonia solani and Sclerotinia
minor.
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17.6.3 Crop Rotation and Cover Crops

Crop rotation is the practice of growing a sequence of different crops on the same
field. The idea that crop rotation improves overall agricultural productivity is not
new; crop rotation was practised in China during the Han dynasty (ca. 206 B.C. to
A.D. 220) to improve productivity (MacRae and Mehuys 1985). Long-term exper-
iments showed that crop rotation together with other fertility management practices
is fundamental to long-term agricultural productivity and sustainability (Reid
etal. 2001; Stone et al. 2004). Crop rotation is considered the most effective disease
control strategy because plant pathogen propagules have a finite lifetime in soils,
and rotation with non-host crops limits their food supply. Crop rotation can increase
N levels and can also affect the availability of other nutrients, which can then affect
disease severity (Reid et al. 2001). Rotation is the most powerful and effective
practice to control bean diseases, and it remains one of the most important disease
management strategies available in many cropping systems (Hall and Nasser 1996).

One of the primary uses of cover crops is to increase soil fertility and affect plant
health. They are used to manage a range of soil macronutrients and micronutrients.
Mustards belonging to the family Brassicaceae have been widely shown to suppress
fungal disease populations through the release of naturally occurring toxic
chemicals during the degradation of glucosinolate compounds in their plant cell
tissues (Lazzeri and Mancini 2001). The trace element Mn is affected by crop
rotation; it was found that crop rotation with lupin increased the availability of Mn
(Graham and Webb 1991). Micronutrients such as P, Zn and Mn availability in the
soil increase by adding green manure to soil, which can also affect disease tolerance
(Huber and Graham 1999). Most of the green manure species that are used can fix
nitrogen with N-fixing bacteria and can increase soil N levels (Cherr et al. 2006).
This can have a significant effect on disease development.

17.6.4 Vermicompost

Vermicompost is a nutrient-rich, microbiologically active organic amendment that
results from the interactions between earthworms and microorganisms during the
breakdown of organic matter. It is characterised by high porosity and high water-
holding capacity, in which most nutrients are present in forms that are readily taken
up by plants (Domfnguez 2004). Vermicompost constitutes an excellent source of
plant macro- and micronutrients. Although some of these nutrients are present in
inorganic forms and are readily available to plants, most are released gradually
through mineralisation of organic matter, thus constituting a slow-release fertiliser
that supplies the plant with a gradual and constant source of nutrients (Chaoui
et al. 2003). However, in contrast to chemical fertilisers, the amount of nutrients
provided may vary greatly, depending on the original feedstock, processing time
and maturity of the vermicompost (Campitelli and Ceppi 2008).
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17.6.5 Rhizosphere

Root exudates may alter the chemical environment of the root either directly by
interaction with element soil constitutes or indirectly by their influence on the
microbial community. Plant roots are known to exude a variety of compounds to
alter the availability of nutrients in their environment. Root exudates play a
fundamental role in the mineral nutrition of plants. They either contain signals
that act as regulators of microbial growth and function or possess molecules that
directly control rhizosphere processes, which enhance nutrient uptake and assimi-
lation (Dakora and Phillips 2002). N is a main component of protein and DNA in
cells. It combines with Mg and forms a main constituent of chlorophyll and takes
part in photosynthesis (Soetan et al. 2010). In addition, certain concentrations of P,
S, Ca, Mg, Fe and Cu stimulate the production of isoflavonoids in plants, and these
molecules function as signals to mutualistic soil microbes and/or phytoalexins
against infecting pathogens (Dakora and Muofhe 1996).

17.7 Conclusion

With an extensive literature search, it can be concluded that the addition of
micronutrients or application of fertilisers has significant effects on controlling
soilborne plant fungal diseases. Micronutrients play a vital role in gene expression;
biosynthesis of proteins, nucleic acids and growth substances; and metabolism of
carbohydrates and lipids through their involvement in various plant enzyme sys-
tems and other physiologically active molecules (Rangel 2003). Disease resistance
is genetically controlled but mediated through physiological and biochemical
processes, interrelated with the nutritional status of the plant or pathogen.

It has been confirmed that the micronutrient activity in the soil creates a
favourable environment for the growth of plant beneficial microbes and suppresses
the growth of pathogenic microbes. Therefore, by improving genetic efficiency of
the plant and modification of the plant environment, it is possible to expect
improved agricultural production. In sustainable agriculture practices, balanced
nutrition is an essential component of any integrative crop protection programme,
because in most cases it is a more cost-effective and also environmentally friendly
approach to control plant disease. Micronutrients can reduce disease to an accept-
able level or at least to a level at which further control by other cultural practices or
conventional organic biocides are more successful and less expensive. Extensive
research is required in order to understand the mechanisms by which micronutrients
can reduce disease severity and cause alterations in disease tolerance and plant
metabolism. This may help in understanding the association between any specific
micronutrient(s) and the susceptibility of the plant to a particular disease.
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Chapter 18

Impact of Green Manure and Vermicompost
on Soil Suppressiveness, Soil Microbial
Populations, and Plant Growth in Conditions
of Organic Agriculture of Northern
Temperate Climate

L. Grantina-Ievina, V. Nikolajeva, N. Rostoks, 1. Skrabule, L. Zarina,
A. Pogulis, and G. Ievinsh

18.1 Introduction

Several aspects of agricultural management regime, such as crop rotation, tillage
frequency, compost or manure type, application of pesticides and synthetic fertil-
izers, and water regime, are key determinants of microbial community structure in
the soil. Vegetation is also an important factor since plants are providing soil

L. Grantina-Ievina
Faculty of Biology, Department of Microbiology and Biotechnology, University of Latvia,
4 Kronvalda blvd., LV-1586 Riga, Latvia

Latvian Plant Protection Centre, Struktoru 14a, LV-1039 Riga, Latvia
e-mail: lelde.grantina-ievina@lu.lv

V. Nikolajeva (P<)) » N. Rostoks

Faculty of Biology, Department of Microbiology and Biotechnology, University of Latvia,
4 Kronvalda blvd., LV-1586 Riga, Latvia

e-mail: vizma.nikolajeva@]Iu.lv; nils.rostoks@]lu.lv

1. Skrabule « L. Zarina

State Priekuli Plant Breeding Institute, 1a Zinatnes Str., Priekuli distr., Priekuli LV-4126,
Latvia

e-mail: ilze.skrabule@priekuliselekcija.lv; livija.zarina@priekuliselekcija.lv

A. Pogulis

BALTORGPOTATO, Project “Baltic Organic Potato for the World Markets”, Alojas novads,
Latvia

e-mail: aivars.pogulis@inbox.lv

G. Ievinsh
Faculty of Biology, Department of Plant Physiology, University of Latvia, 4 Kronvalda blvd.,
LV-1586 Riga, Latvia

Latvian Plant Protection Centre, Struktoru 14a, LV-1039 Riga, Latvia
e-mail: gederts.ievins@lu.lv; gederts.ievins@laapc.lv

© Springer International Publishing Switzerland 2015 381
M.K. Meghvansi, A. Varma (eds.), Organic Amendments and Soil Suppressiveness

in Plant Disease Management, Soil Biology 46,

DOI 10.1007/978-3-319-23075-7_18


mailto:lelde.grantina-ievina@lu.lv
mailto:vizma.nikolajeva@lu.lv
mailto:nils.rostoks@lu.lv
mailto:ilze.skrabule@priekuliselekcija.lv
mailto:livija.zarina@priekuliselekcija.lv
mailto:aivars.pogulis@inbox.lv
mailto:gederts.ievins@lu.lv
mailto:gederts.ievins@laapc.lv

382 L. Grantina-Ievina et al.

microorganisms with specific carbon sources (Garbeva et al. 2004), but, on the
other hand, microbial products can influence the decomposition of organic matter in
the soil (Liitzow et al. 2006). Several investigations show long-term positive
influence of organic farming practices on soil quality and microbiological activity
in comparison with conventional farming, due to regular crop rotation, and the
absence of synthetic fertilizers and pesticides (Shannon et al. 2002). Fertilizing the
soil rather than the plant is an organic farmer’s goal to assure sufficient nutrient
mineralization (Fliessbach and Mader 2000). In the meta-analysis of several inves-
tigations about the impact of organic agriculture on soil organisms, it was con-
cluded that soil fungal populations mostly respond positively to organic
management, but effects on microbial biomass and activity have been contradictory
(Bengtsson et al. 2005).

The objective of this study was to provide an analysis of the impact of organic
amendments, i.e., green manure and vermicompost, on the soil microorganisms and
plant growth and health in conditions of organic agriculture of Northern temperate
climate.

Some case studies dealing with green manure or vermicompost amendments in
organic agriculture are discussed giving deeper analyses of the vermicompost
impact on plant growth. The first case study is about the impact of green manure
on soil microbial populations and soil suppressiveness against such pathogens as
late blight, potato scab, and black scurf of potato in organic agriculture. The second
case study is about the use of vermicompost in organic starch potato cultivation.
Vermicompost produced from composted grass and starchless potato pulp was
amended in the field experiment in two growing seasons. The development and
severity of the late blight were assessed, as well as the impact on several groups of
soil microorganisms. During the growing season, the plant response to the
vermicompost amendments was monitored in the terms of photosynthetic activity
and leaf chlorophyll content. The possible acting mechanisms of the vermicompost
on plant growth are also discussed.

18.2 Green Manure

18.2.1 Impact of Green Manure on the Soil Biochemical
and Microbiological Properties and Plant Parameters

Truu et al. (2008) studied a set of microbiological and biochemical properties of
soil to assess the influence of agricultural practices on the three most widespread
soil types (calcaric regosols, calcaric cambisols, and stagnic luvisols) in the fields of
horticultural farms throughout Estonia. Investigation showed that soils managed
according to organic farming principles were generally characterized by elevated
microbiological parameter (microbial activity and biomass) values, but at the same
time the variation of those parameters among soils from these fields was also
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highest. Researchers offer an opinion that the reason for such large deviations may
be the different durations of organic management practice as well as differences in
management history among fields, such as different amount and types of organic
fertilizers (green or brown manure) applied and differences in crop rotation. Truu
et al. (2008) also found that legume-based (mainly clover) crop rotation increased
soil respiration and microbial biomass.

In an investigation in the semiarid Canadian prairie comparing annual legumes
as green manure (green fallow) with tilled fallow—wheat and continuing wheat
cultivation, it was estimated that after 6 years of these management practices,
significant improvements were detected in several microbiological characteristics
such as colony counts of aerobic bacteria and filamentous fungi. Four green manure
crops, black lentil (Lens culinaris Medikus), tangier flat pea (Lathyrus tingitanus
L.), chickling vetch (Lathyrus sativus L.), and feed pea (Pisum sativum L.), were
used. This investigation also proved that the microbiological attributes of the soil
are sensitive and responsive to the beneficial influence of the particular cropping
systems (Biederbeck et al. 2005).

It is reported that organic farming with various cover crops and green manure in
combination with animal manure in the long term results in higher biodiversity of
soil organisms. The diversity of bacterial functional communities has been recorded
to be higher in soils from organic farms, while species diversity was similar (Liu
et al. 2007). Higher abundance and diversity of actinomycetes, important decom-
posers of organic material, is reported in organic tomato fields (manured with
leguminous green manures and/or organic soil amendments) than conventional
ones in Mediterranean climate (Drinkwater et al. 1995). The ratios of Gram-
positive to Gram-negative bacteria and of bacteria to fungi have been reported to
be higher in the fields with organic treatments (plant residues and straw incorpo-
rated into the soil) than in the conventional treatments (Marschner et al. 2003).

In an investigation in Maine (USA), it has been observed that green manure
(rapeseed) has increased the total population of cultivable bacteria, mainly Gram-
negative bacteria in organic farming system and Gram-positive bacteria in conven-
tional farming system (Bernard et al. 2012).

Edesi et al. (2013) studied the influence of organic cultivation with green manure
and cattle manure, organic cultivation with green manure, and conventional culti-
vation with green manure, cattle manure, mineral fertilizers and pesticides on soil
microbial activity, and plate count microorganisms in podzoluvisol in Estonia.
They found that the total number of bacteria was not different under various
management regimes. All soil samples were examined for molds, yeasts,
mesophilic spore-forming bacteria, Fusarium spp., actinomycetes, azotobacteria,
cellulose decomposers, and denitrifying and nitrifying bacteria. In this investiga-
tion, the abundance of abovementioned groups of microorganisms did not differ
significantly among treatments with exception of nitrifying bacteria. The amount of
nitrifying bacteria was higher in both organic and conventional systems treated with
cattle manure than in organic cultivation system treated only with green manure.
Researchers conclude that although the green manuring is considered to be an
important management practice in organic farming to maintain and increase soil
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microbial activity and the abundance of microbes in different microbial
populations, it is important to use also other organic fertilizers such as animal
manure in addition to green manure (Edesi et al. 2013).

Cover crops have traditionally been used to reduce soil erosion and build soil
quality, but more recently cover crops are being used as an effective tool in organic
weed management. Wortman et al. (2013) demonstrated that weeds may alter soil
microbial community structure as a means of increasing competitive success in
arable soils. However, the relationship between weeds and soil microbial commu-
nities requires further investigations.

Tein et al. (2014) investigated how different farming systems influence tuber
yields and quality of potato as well as how potato cultivation within a crop rotation
under different farming systems affects soil quality. Experiments were carried out
on stagnic luvisol in Estonia. In this study, potato was part of a five crop rotation
experiment in which red clover (Trifolium pratense L.), winter wheat (Triticum
aestivum L.), peas (Pisum sativum L.), potato, and barley (Hordeum vulgare L.)
followed each other simultaneously on a same field. In the first organic farming
system, catch crops were used to provide organic green manure. In the second
organic system, a fully composted cattle manure at a rate of 40 tons/ha was also
added as a fertilizer. It was estimated that the first system significantly decreased
the average soil potassium (K) concentration after potato cultivation. The second
system significantly increased the average soil organic carbon (C) and phosphorus
(P) concentrations after potato cultivation. The fresh tuber yield differences
between both systems were found to be nonsignificant. There were no significant
differences among both systems in average tuber K, calcium (Ca), dry matter, and
starch concentrations.

Green manure can be incorporated in the soil as a fresh plant material or
processed. Direct incorporation of red clover-derived slurry and compost (both
with equal nitrogen (N) and C in comparison to fresh red clover) in the leek field in
Sweden resulted in the immediate increase in the abundance of bacteria and fungi
(estimated according to fatty acid analysis). Mulching with fresh red clover
sustained a higher bacterial and fungal biomass until the end of the cropping season
and stimulated arbuscular mycorrhizal fungi (estimated as amount of neutral lipid
fatty acid 16:1w5) at the end of the cropping season (Elfstrand et al. 2007).
Although in another investigation in Sweden various N amendments were used
for 53 years, it was found out that soil fungal populations did not differ among
treatments, including the treatment with green manure (fodder crops) every second
year (Borjesson et al. 2012). The protease, acid phosphatase, and arylsulphatase
activities were highest in the direct incorporation treatment, whereas enzyme
activity in treatments with processed red clover was never higher than in the control
treatments. There were no differences in leek harvest yield, but the N, P, and sulfur
(S) concentrations in the leek crop at harvest increased in response to higher
amounts of slurry and compost amendment. The authors concluded that direct
incorporation of a red clover ley before planting of the leek was most effective
for enhancing and sustaining a high microbial biomass and high rates of enzyme
activity in the soil in comparison to other treatments: mulching with fresh red
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clover, incorporation of biogas slurry from fermented red clover and composted red
clover (Elfstrand et al. 2007).

Arlauskiene et al. (2013) presented the analysis of application of grass biomass
in organic manure production using innovative technologies, i.e., after additional
mulching. Field experiments with different methods of perennial grasses
(festulolium, red clover, and lucerne) aboveground biomass removed from the
field mulching four times during the period of vegetation and mixed—first cut
removed from the field, second, and third—mulching for green manure) were
carried out in Lithuania on an endocalcari-endohypogleyic cambisol. As a result,
the mulch of grasses was partially mineralized. Late in the autumn, Nisorganic
content in soil increased the least after application of the aboveground mass of
grasses in a combined manner. It was concluded that it is purposeful to apply the
aboveground mass of perennials in a combined manner from the environmental
approach because the mulch of perennials affects the soil Niporganic cOntent in spring
more than in the autumn.

Olesen et al. (2009) studied the influence of green manure on the yield of winter
cereal in organic arable farming on three different soil types varying from coarse
sand to sandy loam in Denmark. All cuttings of the grass—clover were left on the
soil as the mulch. Catch crops did not significantly affect grain yield and total
aboveground biomass but reduced grain N concentration for 0.4-0.5 N kg~ ' dry
matter. The authors are of the opinion that the slower mineralization of the organic
matter in the incorporated grass—clover probably increased late season N uptake,
thereby primarily affecting grain protein content. The dry matter biomass in catch
crops was considerably smaller than the weed biomass. The dominating leaf
diseases for winter wheat were Septoria, mildew, and stripe rust. The dominating
leaf diseases on winter rye were rye leaf rust and scald. There was no significant
relationship between disease severity and grain yield, when yield was corrected for
effects of year and N input. The results obtained by Olesen et al. (2009) showed that
N in grass—clover green manure crops can be an important source of N for winter
cereals on soils with good N retention, but they should be avoided on sandy soils
with high rates of N leaching.

Results provided by Doltra and Olesen (2013) indicate that in Nordic climates,
legume-based catch crops can contribute to the ecological intensification of spring
cereals, not only by reducing the nitrate leaching and increasing N retention but also
by improving yields.

However, investigations about soil fungal communities do not clearly indicate
that they are always positively influenced by organic agriculture practices. In an
investigation in southern Germany, it was determined by the -cultivation-
independent approach that fungal populations were almost entirely uninfluenced
by the farming management practices, whereas active population, investigated by
the isolation of hyphae using a soil-washing technique, showed a clear response to
farming management practices (Hagn et al. 2003). The propagule number of
Trichoderma has been shown to be higher in soils from conventional farms that
used animal manure with synthetic fertilizers in comparison with organic farms
using animal manure and deep litter (Elmholt and Labouriau 2005), but it depended
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on the year of analyses. It is assumed that Trichoderma spp. are less affected by a
soil disturbance (after the use of pesticides) than other soil fungi and are able to
quickly colonize niches left by other organisms in conventional fields with mono-
culture (Liu et al. 2007). In an investigation in Denmark, it was determined that
there were no significant differences of amount of cultivable filamentous fungi and
yeasts among organically cultivated fields and fields with synthetic fertilizer and/or
animal manure. There were differences only in the abundance of particular genera,
i.e., Penicillium spp. and Gliocladium roseum were more represented under organic
than conventional farming (Elmholt and Labouriau 2005).

In microcosm studies with various types of manure, including green manure
(grass—clover), it was detected that fresh grass—clover amendment to the soil
increased several times the easy degradable organic carbon content, microbial
biomass, and significant changes in microbial diversity measures compared to the
raw cattle slurry and the two anaerobically digested materials (cattle slurry/maize,
cattle slurry/grass—clover). At the same time, the increased microbial biomass
depleted the soil for mineral nitrogen (Johansen et al. 2013). Soil microbial
parameters alone do not give broad understanding about the soil quality. For
agricultural purposes, it is important to reduce the level of soilborne fungal and
bacterial pathogens.

Two classical types of soil suppressiveness to soilborne plant pathogens are
known (Weller et al. 2002). General suppression owes its activity to the total
microbial biomass and is not transferable between soils. Specific suppression
owes its activity to the effects of select groups of microorganisms and is transfer-
able. Take-all decline results from the building of fluorescent Pseudomonas spp.
that produce the antifungal metabolite 2,4-diacetylphloroglucinol. Producers of this
metabolite may have a broader role in disease-suppressive soils worldwide (Weller
et al. 2002).

Disease-suppressive properties of the soil depend on various factors: soil texture,
structure, pH, Ca content, agricultural practices (crop rotation, tillage, fertilizers,
and organic amendments), and soil biota (microbial activity or soil respiration,
microbial community diversity and composition, population size of particular
microbial groups like actinomycetes) (Postma et al. 2008). The soil can act as a
reservoir of the inoculum of pathogenic fungi, for example, oospores of late blight
Phytophthora infestans can survive in the soil in the absence of the host for several
years (Drenth et al. 1995). In order to estimate the impact of agricultural practices, it
is important to evaluate both soil microbial parameters and disease-suppressive
capacity of the soil.

Brassica crops used in crop rotations and as green manures have been associated
with reductions in soilborne pests and pathogens. These reductions have been
attributed to the production of volatile sulfur compounds through a process
known as biofumigation and to changes in soil microbial community structure
(Larkin and Griffin 2007). It is reported that green manure from white mustard
(Sinapis alba), oriental mustard (Brassica juncea), and a sorghum-sudangrass
hybrid in Newport (USA) reduced the verticillium wilt in the subsequent potato
crop. The mustard mixture reduced also other diseases—black scurf and common
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scab (Larkin et al. 2011a) and, in other investigation, also the rhizoctonia stem
canker of potato (Larkin et al. 2011b). Green manure from rye and vetch reduced
the incidence of southern blight of tomatoes caused by Sclerotium rolfsii (Bulluck
IIT and Ristaino 2002). Many vegetables, primarily the family Brassicaceae, are
rich in glucosinolates (beta-thioglucoside-N-hydroxysulfonates), the precursors of
isothiocyanates, and/or their breakdown products known for their fungicidal, nem-
atocidal, and allelopathic properties (Fahey et al. 2001). Lord et al. (2011) assessed
the effects of brassica green manures on pale potato cyst nematode Globodera
pallida. Three Brassica juncea lines containing high concentrations of 2-propenyl
glucosinolate were the most effective, causing over 95 % mortality of encysted eggs
of G. pallida in the polyethylene-covered soil. The toxic effects of green manures
were greater in the polyethylene-covered than in open soil. In this research, toxicity
in the soil correlated with the concentration of isothiocyanate-producing
glucosinolate but not total glucosinolate in green manures. However, disease
reductions are not always associated with higher glucosinolate-producing crops
and have been also observed with non-Brassica crops (barley and ryegrass),
indicating other mechanisms and interactions are important, particularly for control
of Rhizoctonia solani (Larkin and Griffin 2007).

18.2.2 Case Study

Only a small part of soil fungi (17 %) and bacteria (0.1-1 %) (Bridge and Spooner
2001; Torsvik et al. 1996; Val-Moraes et al. 2013) are cultivable, and therefore,
currently two approaches are used to analyze soil microbial communities, i.e.,
conventional plating of cultivable microorganisms and DNA-based analyses that
are independent of cultivation. Amplified rRNA gene restriction analysis (ARDRA)
gives genetic fingerprinting of communities, populations, or phylogenetic groups.
In soil microbiology, this method is used to determine the diversity within phylo-
genetic or functional groups of microorganisms (Lynch et al. 2004). Several studies
have shown that quantitative PCR can be used successfully to determine the
abundance of specific groups of microorganisms in the soil. An important genus
of soil fungi analyzed with this method is Trichoderma that is known for its
antagonistic activities against plant pathogens (Cordier et al. 2006).

The objective of our study (Grantina et al. 2011) was to conduct complex
investigation of microbial attributes in the soil of three organic and four conven-
tional agriculture fields in order to estimate the impact of 6-year-long organic
agriculture practices in Northern temperate zone conditions and to compare the
characteristics of microbial populations with crop plant health and pathogen sup-
pression. For the characterization of soil bacteria, only classical microbiological
methods that analyze cultivable bacteria were used, but soil fungal populations
were assessed using both classical and molecular biology methods targeting also
those organisms that are uncultivable under laboratory conditions. The hypothesis
was that 6 years of organic agriculture practices after long-term conventional
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agriculture can result in some improvements in the conditions of soil microbial
populations and/or plant health and pathogen suppression. Three fields of organic
agriculture and four fields of conventional agriculture were examined at the State
Priekuli Plant Breeding Institute. Fields of organic agriculture were treated with this
type of management for 6 years. The crop rotation in organic fields was as follows:
spring crops with clover undersown, clover, winter crops, potatoes, and crucifers
(Brassicaceae) for green manure and spring crops. The green manure was incor-
porated in each field every 6 years. In other years, the amelioration of the soil was
achieved by cultivating the clover (symbiotic nitrogen fixation), as well as with
turning the plant residues into the soil. Similar to organic fields, in the conventional
fields, winter crops were grown before potatoes. In all analyzed fields, there was
sod-podzolic soil. Soil pH and soil moisture contents were similar in organic and
conventional agriculture fields.

Soil samples were taken in the fields in June and in August 2008 and 2009. Nine
subsamples were collected on transect of each field at a sampling depth of 10-15 cm
(three subsamples in each corner of the field and three subsamples in the middle of
the field, 100 g each). The subsamples were pooled together to create three larger
samples for every field. Altogether, 84 soil samples were analyzed. The information
about the time of outbreak and severity of late blight (Phytophthora infestans),
potato scab (Streptomyces scabies), and black scurf of potato (Rhizoctonia solani)
was recorded each growing season. On average, the total number of bacteria was
significantly higher in organic agriculture fields in comparison with conventional
fields. The increase of bacterial colony-forming units (CFU) was on average
approximately 70 %. There was a trend that at the end of summer 2008, the number
of Actinobacteria in all fields decreased (except one organic field with green
manure and cover crops in this year), but in 2009 the number of Actinobacteria
increased in all fields; however, these changes were not statistically significant.
Overall, the total number of Actinobacteria was significantly higher in organic
agriculture fields—on average almost four times if results of both years are com-
bined. The total number of yeasts and maltose-utilizing bacteria was fluctuating
during the analyzed period, and on average it was higher in samples of 2009 and
also in organic agriculture fields in general in comparison to conventional fields—
on average by 190 % (statistically not significant).

The ratio of bacteria to fungi differed significantly in particular sampling times.
On average, the ratio of bacteria to fungi was significantly higher in the conven-
tional fields (498 vs. 312). A common trend was observed that the total number of
cultivable filamentous fungi (CFF) increased in 2009 in all fields with the exception
of conventional barley field. It is still unclear, why the total number of CFF
increased significantly in the second year in almost all fields, since none of the
factors included in the regression models explained this shift. In spite of the fact that
one conventional field received fungicides (mancozeb and others) several times
during the second summer, the total number of CFF was increased 9.5 times at the
end of August 2009 in comparison with the previous level. Data about dominating
CFF genera showed that especially the number of CFU of Mucor spp. and sterile
mycelia increased in 2009, while members of other genera remained unchanged. It
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contradicts other investigations that found that the application of such fungicide as
mancozeb in amount of 10 mg kg~ ' in soil decreased the amount of fungi for at
least 3 months (Doneche et al. 1983), although the concentration of mancozeb
applied on the abovementioned conventional field was significantly lower. In
general, the total number of CFF was significantly higher in organic fields. The
increase of CFF numbers in organic agriculture fields was on average approxi-
mately by 110 %.

Changes in the abundance of dominant fungal genera (Trichoderma, Mucor,
Mortierella, Penicillium, and Verticillium) and sterile mycelia (not sporulating after
10 days of incubation) were evaluated in the two-year period. Similar to the
investigations of Liu et al. (2007), in our investigation there were no statistically
significant differences in the propagule numbers of Trichoderma genus among
fields of organic and conventional agriculture. The most abundant genus was
Penicillium—on average 37.8 £14.4 % of all fungi, while other genera were
represented by 5-10 % of all CFF, and sterile mycelia covered 33.0 & 10.1 %. In
organic fields, only propagule numbers of Penicillium and Verticillium were sig-
nificantly higher than in conventional fields. Higher numbers of Penicillium have
been recorded in organic fields amended with animal manure and deep litter in the
work of Elmholt and Labouriau (2005). Other genera were similarly abundant in
both groups of fields.

Consequently, in our investigation we found that colony counts of all groups of
cultivable microorganisms (total bacterial count, Actinobacteria, yeasts and
maltose-utilizing bacteria, and CFF) were significantly higher in organic agriculture
fields after a 6-year-long period of organic agriculture practices than in continued
conventional fields. This is in line with the results of Biederbeck et al. (2005) in the
semiarid Canadian prairie after the period of 6 years. Similarly, two times higher
bacterial numbers under low-input (integrated) agriculture in comparison to high-
input agriculture have been recorded in an investigation in the Netherlands (Bloem
et al. 1992). There were no statistically significant differences among fields of
organic and conventional agriculture for the results obtained by molecular methods,
although the mean Shannon diversity index of fungal population was higher in the
organic fields in comparison to the conventional agriculture fields (2.56 vs. 2.43).
Similar to our study, no significant differences were detected between the two
agricultural regimes (organic farms with ecological or biodynamical practices and
conventional farms) regarding the number of phylotypes per field and Shannon
diversity indices of arbuscular mycorrhizal fungi in onion fields in the Netherlands
using molecular methods (Galvan et al. 2009).

Quantitative PCR indicated an increase in the amount of Trichoderma spp. DNA
in 2009, especially in August. However, there were no statistically significant
differences among fields of organic and conventional agriculture, although the
mean values of this parameter were higher in organic fields, i.e., 9.23 ng g ' dry
soil vs. 7.17 ng g~ ' dry soil. In 2008, the first damage of the late blight
(Phytophthora infestans) in organic fields was observed 7—10 days earlier than in
conventional fields. Late blight significantly destroyed foliage (30-100 %) in
organic field 10—14 days before it reached such level in conventional fields. In
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2009, the first spots of the disease on potato leaves were observed at the same time
on both environments, but significant foliage damages (5—100 %) were assessed
after 10 days in organic field and only after 24 days in conventional field. The
application of fungicide delayed the late blight development in conventional field
and saved crop vegetation for longer time. The late blight development was faster in
2008 than in 2009 due to more favorable weather conditions (more rainfall during
August) in 2008. The precipitation in August 2009 was approximately two times
less than in two previous years. The prevalence of potato scab caused by Strepto-
myces scabies and black scurf of potato caused by Rhizoctonia solani was similar in
the fields of both agricultural practices. Consequently, in contrast to the soil
microbiological indicators that showed improvement after 6 years of organic
agricultural practices in comparison to the conventional agricultural fields, the
plant health, in terms of plant disease suppression, had not been improved. Con-
troversial results about the capacity of low tillage and organic agriculture systems
to reduce the disease levels, for example, of common root rot of cereals caused by
Cochliobolus sativus, verticillium wilt, and common scab of potato, have been
obtained in previous investigations (Bailey and Lazarovits 2003). Fungal activity
measured as fungal biomass has been proved to correlate with R. solani suppression
in soil (Postma et al. 2008). Our investigation showed that the increase in the
number of CFF did not result in the disease suppression, possibly because a
6-year organic management period was too short to reduce the plant pathogen
levels in the soil, and crop rotation had gone through the whole cycle only once.

18.3 Vermicompost

18.3.1 Impact of Vermicompost on Plant Growth

The use of vermicompost in agriculture is increasing. Among beneficial effects of
vermicompost in agriculture, it is usually generally stated that vermicompost
application leads to the improvement of soil’s physical properties, including poros-
ity, water retention capacity, etc. (Ferreras et al. 2006). However, in short-term
studies in controlled conditions, soil mechanical properties are of less importance in
comparison to field experiments. Therefore, potential beneficial effect from
vermicompost application could be more easily related to changes in the chemical
composition of substrate, e.g., mineral nutrients and plant hormonelike substances.
Within the present review, instead of analyzing agronomic properties, we will focus
on direct and indirect physiological effects of vermicompost on plants.

An overview of possible direct or indirect physiological effects of vermicompost
on plants is given in Table 18.1. Due to a different degree of mineralization and
variation in mineral nutrient content in feeding material, it is evident that the
beneficial effect of vermicompost needs to be analyzed at least at two levels of
soil mineral nutrient availability. In conditions of low mineral supply, plant growth
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Table 18.1 Possible direct and indirect physiological effects of vermicompost constituents on

plants
Concentration or Possible negative
Constituent level Possible benefits consequences
Minerals Relatively low, Directly used for needs of | Do not meet optimum

variable, and
unbalanced in
respect to particular
elements

mineral nutrition,
increase plant growth and
development

needs at low level of
application. Certain ele-
ments can be at toxic
level

Organic matter

Relatively high

Indirect benefit from
improving soil properties,
long-term effect from
acting as nutrients for
microorganisms

Decrease in plant avail-
ability of certain
minerals

Biologically Highly variable, Promote plant growth, Positive effect will be
active usually high improve uptake of min- seen only at optimum
substances erals, induce resistance level of mineral supply.
against pests and diseases | Include growth inhibi-
tory substances
Microorganisms | Highly variable, Promote availability of Can contain potentially
usually high mineral nutrients through | harmful microorganisms

mineralization and solu-
bilization. Release bio-
logically active
substances

and development will be promoted due to the increasing doses of plant-available
mineral nutrients with the application of vermicompost. Consequently, any amount
of vermicompost in relatively poor soil will benefit plant growth. This is especially
important in organic agriculture, where organically derived fertilizers with a rela-
tively high degree of mineralization are a valuable choice for increasing plant
productivity. However, it is necessary to note that a special care needs to be
taken to balance mineral nutrient content in feeding material for earthworms to
better address plant needs for essential elements. Usually, vermicomposts are
relatively rich in Ca, Mg, Zn, and B and deficient in N, S, Fe, Mn, Cu, and Mo,
while P and K can reach extremely high levels (Karlsons et al. 2015). In addition,
Na and CI concentration can be high, especially, if composted livestock manure has
been used as a feed for earthworms.

In conditions of optimal soil mineral nutrient availability, high doses of
vermicompost might even lead to toxicity of some elements. Consequently, a direct
beneficial effect of vermicompost application can be related to (1) high content of
hormonelike substances promoting plant growth and development and (2) protec-
tion against pests and pathogens. Irrespective of original soil mineral nutrient
content, high organic matter and occurrence of microorganisms in vermicompost
will promote renovation of soil fertility.

While plant hormonelike activity in compost and vermicompost preparations is a
well-known phenomenon (Krishnamoorthy and Vajranabhaiah 1986; Tomati
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et al. 1988), no attempts have been made to quantify this effect of plants. Recently,
we used two different approaches to assess plant growth-affecting activity of
organic fertilizers (Ievinsh 2011; Grantina-levina et al. 2013, 2014a; Karlsons
et al. 2015). The first approach includes measuring an effect of water extract
from fertilizers on seed germination and growth of etiolated vegetable seedlings.
Four vegetable crop species with a relatively wide range of physiological responses
against vermicompost application were selected for the test including beetroot
(Beta vulgaris L.), Swedish turnip (Brassica napus var. napobrassica L.), carrot
(Daucus carota L.), and tomato (Lycopersicon esculentum L.). Seed samples were
imbibed in water or vermicompost extract at various concentrations and germinated
in darkness in the presence or absence of the respective test solution. After 6 days,
the hypocotyl height and radicle length of the seedlings were measured, and a
degree of stimulation vs. inhibition was calculated. Possible effect of soluble
mineral nutrients on plant growth was eliminated by using a second control with
mineral nutrient solution at concentration identical to that in vermicompost extract.
The method revealed significant differences in plant growth-affecting activity
between different organic waste-derived compost and vermicompost samples
(Grantina-Ievina et al. 2013). In particular, the highest growth-promoting activity
was found for cow manure vermicompost stored wet for 1 year at 4 °C, while
storage of the same preparation dry for 1 year at room temperature significantly
decreased growth-promoting activity and increased growth-inhibiting activity.
Also, plant growth-promoting activity significantly increased when composted
sewage sludge were vermicomposted for a short or further for a relatively long
period of time.

The second approach allowed to eliminate possible mineral nutrient effects
during plant cultivation studies in controlled conditions with organic fertilizer as
a substrate amendment (Grantina-levina et al. 2014a; Karlsons et al. 2015). The
experimental setup allowed to discriminate whether changes in plant growth and
development resulted from plant growth-affecting activity or were related to
changes in mineral nutrient supply. This was achieved by using two types of
control, e.g., pure quartz sand and quartz sand with optimum level of mineral
nutrients added. Treatment with increasing doses of organic fertilizers was
performed both in the case of pure sand and mineral-enriched sand. It was shown
that even 10 % substrate substitution treatment with vermicompost at optimum
mineral nutrient conditions resulted in 90 and 98 % increase of fresh and dry mass
of winter rye (Secale cereale L.) plants (Karlsons et al. 2015). Moreover, further
increase of substrate substitution rate with vermicompost (30 and 50 %) resulted in
a near-linear concentration-dependent increase in both fresh and dry mass accumu-
lations of rye plants. In consequence, it was concluded that in conditions of optimal
soil mineral nutrient availability, a beneficial effect of vermicompost application
results mainly from plant growth-promoting activity, while in nutrient-poor soils
increase in plant-available minerals due to vermicompost treatment is the most
important aspect.
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18.3.2 Microbiological Quality of Vermicompost

The wide variety of organic waste (plant residues, animal manure, activated sludge
from wastewater treatment plants, etc.) available as feedstock in vermicomposting
represents a rich source of microbial diversity. It is reported that vermicompost can
significantly increase the amount of plant growth-promoting (free-living nitrogen
fixers, nitrifying bacteria, phosphate solubilizers, silicate solubilizers, and fluores-
cent pseudomonads) and plant disease-protective microorganisms, such as
Trichoderma spp. fungi in comparison to the initial substrate (coconut leaves
with cow manure) used for vermicomposting (Gopal et al. 2009). The application
of vermicompost has been used in an investigation in India to increase the level of
potentially favorable soil microorganisms such as nitrogen fixers and mycorrhizal
fungi (Kale et al. 1992). It has been shown in previous studies that the addition of
pig manure and food waste vermicompost significantly increased the microbial
activity in commercial substrates (Atiyeh et al. 2000, 2001). Based on molecular
analysis, it was found that microbial diversity and species composition of
vermicomposts, prepared from mixed organic materials, mainly green plant parts,
cattle manure, and agricultural plant waste, were similar to those of vermicompost
extracts produced from them. For example, the saprophytic bacteria,
Sphingobacterium and Actinomyces, and ammonium-oxidizing bacteria,
Nitrosovibrio and Nitrosospira, were found in both vermicompost and subsequent
extracts (Fritz et al. 2012).

Evidently, vermicompost-associated microorganisms can affect humans during
processing; therefore, vermicompost handling needs to be conducted similarly as in
conventional composting (Deportes et al. 1995). For example, in a study in Italy of
fungal populations of vermicompost produced from 70 % dung (from cows, poul-
try, and various zoo animals) and 30 % plant debris from various sources, it was
found that the fungal populations were dominated by two species: Pseudallescheria
boydii and Aspergillus fumigatus (Anastasi et al. 2005). Both species are potential
human and animal pathogens and have been found also in vermicompost samples
produced in Latvia from various substrates—cow manure, cow manure with tree
leaves, sewage sludge and starchless potato pulp, and composted grass (Grantina-
Ievina et al. 2013).

It has been shown that the level of artificially inoculated potentially harmful
microorganisms such as Escherichia coli, Enterococcus spp., and Salmonella spp.
is significantly reduced due to the activity of earthworms already after 6 days of
vermicomposting biosolids from municipal plants (Eastman et al. 2001). Selective
reduction of pathogenic bacteria was observed during the vermicomposting of cow
manure: the level of fecal enterococci, fecal coliforms, and Escherichia coli was
reduced, but the level of Clostridium, total coliforms, and enterobacteria remained
unchanged (Aira et al. 2011). The indicators of fecal contamination such as bacteria
E. coli and enterococci have been detected in composted sewage sludge and in two
consecutive immature vermicompost samples, but in mature vermicompost only
E. coli was present (Grantina-Ievina et al. 2013). There is also some evidence that
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the level of potentially pathogenic fungi may remain unchanged during
vermicomposting (Beffa et al. 1998) or even increases (Grantina-Ievina
et al. 2013). Nevertheless, it has been demonstrated in several investigations that
water extracts from vermicompost possess antifungal activity. For example, it is
reported that aqueous extracts of air-dried vermicompost inhibited spore germina-
tion of several fungi from Alternaria, Curvularia, and Helminthosporium genera
and the development of powdery mildews on balsam and pea in India (Singh
et al. 2003). In another study, water extracts of vermicompost that was produced
from paper sludge and dairy sludge inhibited spore germination of Fusarium
moniliforme in vitro, but spore germination of such plant pathogens as Rhizoctonia
solani, Colletotrichum coccodes, Pythium ultimum, and Phytophthora capsici was
not reduced (Yasir et al. 2009). Water extracts from vermicomposts produced from
cow manure, cow manure with tree leaves, sewage sludge and starchless potato
pulp, and composted grass have shown antifungal activity in vitro against fungi
from genera Pseudeurotium, Beauveria, Nectria, and Fusarium (Grantina-levina
et al. 2014b).

Much research has been conducted with general bacterial populations, and it is
known that particular production conditions (feedstock, time and method of
vermicomposting) result in similar species composition of bacterial populations
of vermicompost samples if the same earthworm species is used. For example, the
average similarity coefficient among various products was nearly 80 % when
estimated by comparable methods (Fernandez-Gémez et al. 2012).

18.3.3 Case Study: The Impact of Vermicompost on Soil
Microorganisms and Potato Yield

The second case study is about the use of vermicompost in organic starch potato
cultivation. In the first growing season (2012), the vermicompost produced from
composted grass and starchless potato pulp was amended in the amount of 0, 4, 6, 8,
10, and 12 tons/ha in field experiment. The development and severity of the late
blight caused by Phytophthora infestans were assessed. It was estimated that
vermicompost amendments did not reduce the potato late blight infection as it
was expected, but in contrary, it was significantly increased (Table 18.2). It can be
explained by observed encouraged growth of potato foliage that resulted in more
favorable conditions and microclimate for the development of potato late blight
infection. The impact of plant density to the potato late blight infection has been
described (Hospers-Brands et al. 2008). Nevertheless, the vermicompost increased
the potato yield. For example, application of 12 tons/ha of the vermicompost
increased potato and starch yields by 15 % and 10 %, respectively, in the first
growing season (unpublished data). In the second year of field experiments (2013),
granulated form of vermicompost from starchless potato pulp and composted grass
was used in the amount of 0, 1, 2, and 3 tons/ha. The largest amount of the granules
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Table 18.2 Incidence of potato late blight pathogen Phytophthora infestans Deb. infection (%)

Time of assessment
Amount of vermicompost (tons/ha) 24 July 2012 31 July 2012 09 August 2012
0 0 7.9 334
4 0 9.9 33.8
6 0 10.9 43.8
8 0 12.1 52.8
10 0 13.1 63.8
12 0 12.8 68.1

increased the potato and starch yields by 15-30 % depending on the field
(unpublished data). During the growing season, the plant response to the
vermicompost amendments was monitored in the terms of photosynthetic activity
and leaf chlorophyll content, and in particular measurement times, significant
changes of these parameters were detected.

The impact of the vermicompost on several groups of soil microorganisms (total
bacterial population, number of Actinobacteria, and filamentous fungi) was
assessed. It was concluded that vermicompost amendments did not significantly
change the abundance of these microorganisms, while the species spectrum of
filamentous fungi was altered. For example, the application of 1 tons/ha signifi-
cantly increased the amount of plant growth-promoting filamentous fungi, such as
Mortierella and Trichoderma spp. (unpublished data).

18.4 Conclusions

It is expected that organic farming with the application of green manure or
vermicompost would result in high biodiversity of soil organisms and plant growth
promotion. On average, significantly higher numbers of all groups of analyzed
cultivable microorganisms were observed in organic agriculture fields in compar-
ison to conventional fields, e.g., total bacterial population had increased by 70 %,
Actinobacteria by 290 %, and cultivable filamentous fungi by 110 %. Results
obtained by molecular methods regarding fungal diversity did not show such an
increase.

In contrast to the soil microbiological indicators, controversial results about
plant health, in terms of disease suppressiveness, have been obtained. Our studies
raise particular concerns about the vermicompost. Definitely, the unique nature of
organic amendments in each case must be taken into account. Further studies are
needed to explain the impact of green manure and vermicompost on the plant
health.
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Chapter 19

The Impact of Silicon Amendment
on Suppression of Bacterial Wilt
Caused by Ralstonia solanacearum
in Solanaceous Crops

Henok Kurabachew

19.1 Introduction

Bacterial wilt caused by Ralstonia solanacearum is one of the most destructive
bacterial diseases of bacterial origin in the world (Hayward 1995; Yabuuchi
et al. 1995). R. solanacearum is a Gram-negative, strictly aerobic rod bacterium
(0.5-0.7 x 1.5-2.0 pm in diameter) classified in the subdivision of the Proteo-
bacteria (Kersters et al. 1996). The species R. solanacearum is severe in tropical,
subtropical, and some relatively warm temperate regions of the world where the
environmental condition is optimal for the pathogen (Hayward 1991). Recently, the
geographical spectrum has extended to more temperate countries in Europe and
North America as a result of dissemination of strains adapted to cooler environ-
mental conditions (Genin and Boucher 2004). The host range of the bacterium is
exceptionally wide, and many economically important crops as well as many weed
hosts have been recognized (Hayward 1991). It is a major constraint in the produc-
tion of several important crops particularly Solanaceae crops such as tomato,
potato, tobacco, eggplant, and tobacco (French and Sequeira 1970). Generally,
R. solanacearum has an extended host range that includes over 450 host species
in 54 botanical families (Wicker et al. 2007).

Ralstonia solanacearum is a highly heterogeneous bacterial species, based on
host range the species divided into five races (Buddenhagen et al. 1962; He
et al. 1983; Pegg and Moffett 1971) and into six biovars according to the ability
of species to metabolize three sugar alcohols and three disaccharides (Hayward
1964, 1991, 1994; He et al. 1983). Both classifications lack an exact concordance
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with the genetic background of the complex members. Therefore, molecular-based
assessment of the genetic diversity of R. solanacearum employing restriction frag-
ment length polymorphism analysis resulted in two clusters of strains as divisions
1 Asiaticum and 2 Americanum (Cook et al. 1989; Cook and Sequeira 1994). More
recently, a phylogenetically meaningful classification scheme was developed based
on DNA sequence analysis (Fegan and Prior 2005, 2006). This scheme divides the
complex species into four phylotypes that broadly reflect the ancestral relationships
and geographical origins of the strains. Accordingly, phylotype I, II, III, and IV
strains originated in Asia, America, Africa, and Indonesia, respectively. The phylo-
types are further subdivided into sequevars based on the sequence of the endo-
glucanase (eg/) gene (Fegan and Prior 2005, 2006). This phylotyping scheme
proposed by Fegan and Prior (2005) is consistent with the former phenotypic and
molecular typing schemes and adds valuable information about the geographical
origin and in some cases the pathogenicity of strains.

Symptoms of R. solanacearum include leaf yellowing, wilting, and necrosis as
well as vascular browning (Swanson et al. 2005). Typically, stem and tuber cross-
sections ooze whitish bacterial exudates (Genin and Boucher 2002). The bacterium
scurvies in infected plants, volunteer crops, susceptible weed hosts, and infested
soil. Its dissemination is mainly through the use of infected plants, latently infected
planting material, and contaminated irrigation water (Hayward 1991, 1994).

19.2 Management of Bacterial Wilt

Control of R. solanacearum is difficult due to its wide host range and its survival
capacity in various environments. Unlikely a single strategy cannot separately
control bacterial wilt in epidemic regions (Saddler 2005). However, losses can be
reduced by following integrated disease management and application of multiple-
control measures (Denny 2006). The control measures such as plant breeding, field
sanitation, crop rotation, and biological control have only limited success (Ciampi-
Panno et al. 1989). Also the use of pesticide is limited, so no commercial pesticide
is available against the pathogen other than chemical fumigants (Wang and Lin
2005). Although disease resistance is an important component of integrated disease
management, it is generally agreed that breeding for resistance is not completely
effective, producing only modest gains and often lacking stability and/or durability
(Hayward 1991; Boucher et al. 1992). The stability of resistant varieties highly
affected by pathogen strains, temperature, soil moisture, and presence of root-knot
nematodes (Wang and Lin 2005). Alternatively, enhancing the host resistance
against the pathogen can be an effective control strategy. Recently, Si amendment
has significantly reduced bacterial wilt incidence and enhanced the host resistance
in tomato. The enhanced resistance was attributed to an induced resistance (Diogo
and Wydra 2007; Kurabachew and Wydra 2014).
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19.3 Induced Disease Resistance in Plants

Plants are subjected to numerous infections with pathogens and parasites. The only
way to face the infection is activating resistance mechanisms against the pathogenic
agent. “Resistance is the ability of an organism to exclude or overcome, completely
or in some degree, the effect of a pathogen or other damaging factor” (Agrios 1997).
During evolution plants have developed sophisticated defensive strategies to per-
ceive pathogen attack and to translate this perception into an appropriate adaptive
response. In response to microbial attack, plants activate a complex series of
responses that lead to the local and systemic induction of a broad spectrum of
antimicrobial defenses (Hammond-Kosack and Jones 1996).

Resistance in plants to pathogen is a natural phenomenon that is often observed
as hypersensitive response (HR), a necrotic lesion that surrounds the site of
infection and limits the spread of the pathogen (Van Loon et al. 1998). Local
infection by a necrotizing pathogen leads to a HR, and the enhanced state of
resistance extends systemically into the uninfected plant parts. This long-lasting
and broad-spectrum induced disease resistance is referred to as systemic acquired
resistance (SAR) (Ross 1961; Durrant and Dong 2004). The induction of SAR is
accompanied by local and systemic accumulation of endogenous levels of the plant
hormone salicylic acid (SA), followed by the coordinate activation of a specific set
of pathogenesis-related (PR) genes, many of which encode PR proteins with
antimicrobial activity (Van Loon et al. 2006b).

Systemic resistance against plant pathogens can also be induced by plant
growth-promoting rhizobacteria (PGPR) known as induced systemic resistance
(ISR) (Van Loon and Glick 2004). ISR is mediated through jasmonic acid (JA) in
concert with the ethylene (ET) pathway. Such systemic resistance triggered by
beneficial microorganisms confers a broad-spectrum resistance that is effective
against different types of plant pathogens such as viruses, bacteria, and even insect
herbivores (Van Wees et al. 2008).

Application of SAR and ISR in pest management seems promising. Unlike
traditional pesticides, synthetic elicitors and PGPR strains provide a way to control
disease without applying additional selective pressure on pathogen populations, as
they generally do not exhibit any direct antimicrobial activity. In addition, the
inducers of SAR and ISR seem to be friendly to the environment relative to the
current pesticides. Therefore, SAR and ISR are attractive approaches for managing
crop pests in a sustainable manner within the scope of a conventional agriculture
system. Although induced resistance has benefits, like all technologies, there may
be undesirable costs that need to be considered. A consistent problem from several
field studies using benzothiadiazole (BTH) or 2,6 dichloroisonicotinic and its
methyl ester (INA) has been the reduction of crop yield (Louws et al. 2001; Romero
et al. 2001), but this reduction is not significant (Iriti and Faoro 2003).
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19.4 Role of Silicon in Plant Biology

Silicon (Si) is the second most abundant element in the lithosphere following
oxygen and comprises approximately 28 % of the earth crust. The element and its
role in plant did not seize much attention for decades (Epstein 1994). Si is found in
nature in the form of silica, SiO,, and aluminum, iron, or calcium silicates. The
simplest source of monosilicic acid is quartz, which reacts with water to form silicic
acid. The roots of plants interplay with the soil minerals and play a major role in the
solubilization of Si, and hence, Si in its uncharged form, the silicic acid (H4Si0y), is
provided in the soil solution for absorption. Actual concentrations in the soil
solution vary widely in space and time, depending on the particular soil minerals
present and many other factors, both abiotic and biotic. However, the range of
concentrations 0.1-0.6 mM may be considered as a normal range (Dahlgren 1993;
Epstein 1999; Dakora and Nelwamondo 2003).

Si accumulation in plants varies greatly due to the differences in ability to uptake
Si. Plants are classified into three groups regarding Si uptake. The Si accumulators
are defined as plants which contain higher than 1.0 % Si and show a Si/Ca mol ratio
higher than 1, the intermediate plants contain 0.5—-1.0 % Si or even higher but show
a Si/Ca mol ratio less than 1, while Si non-accumulators contain less than 0.5 %
Si. The uptake mode is active for the first group, passive for the second, and
rejective for the third group. The most popular examples representing these groups
are rice, cucumber, and tomato which are Si accumulator, intermediate accumu-
lator, and Si non-accumulator, respectively (Ma et al. 2001; Mitani and Ma 2005).

Si is a multifunctional element that significantly influences plant growth
resulting in greater yields, e.g., in rice, or increases the sugar content, e.g., in
sugarcane (Savant et al. 1999; Seebold et al. 2000). It enhances soil fertility;
improves soil physical properties; increases photosynthesis; improves the effi-
ciency of water use; regulates evapotranspiration; alleviates abiotic and biotic
stresses; increases tolerance to metal toxicity such as Fe, Mn, and Cd; reduces
frost damage; and improves disease and pest resistance (Dakora and Nelwamondo
2003; Gao et al. 2004; Ma 2004; Liang et al. 2005b).

19.5 Role of Silicon Amendment in Plant Resistance
Induction

Silicon alleviates biotic stresses and increases the resistance of plants to pathogens.
Several studies have suggested that Si activates plant defense mechanisms, yet the
exact nature of the interaction between the element and biochemical pathways
leading to resistance remains unclear (Fauteux et al. 2005). Silicon amendment
showed not only increased resistance toward fungal and bacterial diseases but also
toward insects, such as a reduced preference, longevity, and production of nymphs
of the green aphids Schizaphis graminum on wheat (Basagli et al. 2003).
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Si induces plant defense only in response to infection with pathogens, in order to
invest energetic costs only in infected plants (Chérif et al. 1994; Schneider and
Ullrich 1994). Si pre-sensitizes the cellular metabolism of the plant, so after
exposure to pathogen or biological stress, these pre-sensitized or “primed” plants
are able to respond quicker, and with higher level of resistance capacity than
non-primed plants, and thus cope better with the challenge. Ample evidence
showed that Si alone has apparently no effect on the metabolism of plants growing
in a controlled unstressed environment (Cai et al. 2009). Plants expressing SAR,
ISR, or BABA-IR exhibit a faster and stronger activation of specific defense
responses after they have been infected by a pathogen. This capacity for augmented
defense expression is called priming (Conrath et al. 2002; Van Hulten et al. 2006).
The priming phenomenon has been demonstrated in different plant species against
biotic and abiotic stress (Conrath et al. 2002). Thus, priming is likely a common
property of the plant’s immune system (Van Hulten et al. 2006).

Disease resistance induced by Si has been observed in many plant species
including rice, cucumber, and wheat. Si enhances rice (Si accumulator) resistance
to many diseases such as blast, sheath blight, brown spot leaf scab, and stem rot
(Datnoff et al. 1997; Rodrigues et al. 2003; Fauteux et al. 2005; Cai et al. 2008). Si
also increases plant resistance to powdery mildew in wheat, barley, cucumber, and
Arabidopsis (Fauteux et al. 2005, 2006; Ma and Yamaji 2006). Recently, Si has
been shown to induce resistance in tomato against bacterial wilt caused by
R. solanacearum (Dannon and Wydra 2004; Diogo and Wydra 2007; Kurabachew
and Wydra 2014).

19.5.1 Mode of Action of Silicon-Induced Resistance

Plants, being sessile, have evolved a battery of defense response genes to protect
themselves against biotic and abiotic stress. Defense in plant can be constitutive or
induced. Induced plant defenses are regulated by highly interconnected signaling
networks in which the plant hormones such as jasmonic acid (JA), ethylene (ET),
and salicylic acid (SA) play a central role (Asselbergh et al. 2008; Pozo et al. 2004;
Van Loon et al. 2006a).

In induced resistance, the defense capacity of the plant can be enhanced bio-
logically by beneficial rhizobacteria and mycorrhizal fungi or chemically by exo-
genous application of low doses of SA, its functional analogue benzothiadiazole
(BTH), acibenzolar-S-methyl (ASM), JA or B-aminobutyric acid (BABA), or
silicon (Conrath et al. 2006; Dannon and Wydra 2004; Fauteux et al. 2005; Frost
et al. 2008). Silicon is known to induce systemic acquired resistance (SAR) and
modulate the defense response of the plant by participating in signal transduction
through accumulation of salicylic acid, which leads to the enhancement of host
resistance (Fauteux et al. 2005). The onset of SAR is associated with increased
levels of salicylic acid (SA) and is characterized by the coordinate activation of a
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specific set of pathogenesis-related (PR) genes, many of which encode PR proteins
with antimicrobial activity (Van Loon et al. 2006b).

19.5.2 Biochemical Mode of Action of Silicon-Induced
Resistance

Plants develop an enhanced resistance against further pathogen attack when
infected with necrotizing pathogens, which is referred to as systemic acquired
resistance (SAR) (Conrath 2006). Silicon induces defense responses similar to
SAR. Different studies showed that Si treatment increased the activity of the
common protective enzymes, i.e., peroxidase (PO), polyphenol oxidase (PPO),
and phenylalanine ammonia lyase (PAL) in stem of tomato (Kurabachew and
Wydra 2014), leaves of rice (Cai et al. 2008), wheat (Yang et al. 2003), and
cucumber (Liang et al. 2005a). These enzymes played a pivotal role in regulating
the production and accumulation of antimicrobial compounds such as phenolic
metabolism product (lignin), phytoalexins, and pathogenesis-related proteins in
plants. Si application can induce the production of antifungal compounds after
the penetration of pathogens (Liang et al. 2005a; Rémus-Borel et al. 2005). Further-
more, Si treatment resulted in the increase of flavonoid phytoalexin in cucumber
plants infected by powdery mildew (Podosphaera xanthii) (Fawe et al. 1998).

19.5.3 Molecular Mode of Action of Silicon-Induced
Resistance

Debatably, Si has been suggested to be a SAR inducer. A difference between known
SAR inducers and Si is the loss of activity when Si donation is interrupted, as a
result of its deposition in the cell wall which leads to its inactivation as SAR
inducer. Therefore, Fauteux et al. (2005) suggested that Si acted as a signal in
triggering defense responses. Additionally, it is speculated that Si modulates the
defense response of the plant by its involvement in signal transduction. If Si is
involved in the signaling events leading to the enhancement of the host resistance, it
should also influence the systemic signals. The signals are transmitted to the cell
nucleus, where the signal is translated into expression of the defense-related genes,
through the activation of specific kinase/phosphatase cascades. In other words, the
gene expression is modulated by activating defense-regulating transcription factors
or deactivating inhibitors of defense response (Fauteux et al. 2005).

Si is known to bind to hydroxyl groups and may thus affect protein activity or
conformation. The mode of action of Si in signal transduction may also derive from
interactions with phosphorus. Thus, it was suggested that Si could act as an
activator of strategic signaling proteins interacting with several key components



19 The Impact of Silicon Amendment on Suppression of Bacterial Wilt Caused by. . . 407

of plant stress signaling systems ultimately leading to induced resistance against
pathogens. On the other hand, metals play a crucial role for many enzymes. Excess
of toxic metal concentrations may lead to enzymatic dysfunctions. Si was men-
tioned above to extenuate the toxic effect of such metals. Thus, Si may lead to
improvement of the enzymatic catalysis. However, to affirm whether Si enhances
plant defenses indirectly by sequestering toxic metals or directly by modulating
signal transduction and subsequent gene expression, more detailed analysis at the
molecular level is required (Fauteux et al. 2005).

Si acted as a signal in triggering plant defense mechanisms similar to SAR
(Fauteux et al. 2005; Cai et al. 2009). If Si is involved in the signaling events
leading to the enhancement of the host resistance, it should also influence the
systemic signals. The signals are transmitted to the cell nucleus, where the signal
is translated into expression of the defense-related genes, through the activation of
specific kinase/phosphatase cascades. In other words, the gene expression is modu-
lated by activating defense-regulating transcription factors or deactivating inhi-
bitors of defense response (Fauteux et al. 2005). Si can also bind to hydroxyl groups
of proteins strategically involved in signal transduction, or it can interfere with
cationic cofactors of enzymes influencing pathogenesis-related events. Therefore,
Si interacts with several key components of plant stress signaling systems leading to
induced resistance.

19.5.3.1 Gene Expression During Silicon-Induced Resistance

Gene expression profiling using microarrays has been recognized as a powerful
approach to obtain an overall view on gene expression and physiological processes
involved in response to a particular stimulus (Maleck et al. 2000; Schenk
et al. 2000). Transcriptome analysis of tomato stem after challenge inoculation
with the bacterial pathogen R. solanacearum strain ToUdk2 (racel,phylotype 1)
revealed amplified expression patterns defense genes, indicating that the plants
were primed by silicon to respond more rapidly and/or more strongly to pathogen
attack (Kurabachew et al. 2013). In this setup, the silicon-mediated upregulated
defense-related genes were pathogenesis-related proteinl precursor (PR-1); endo-
1,3-beta glucanase-like protein; basic endochitinase; disease resistance protein
(NBS-LRR class); hevein-related protein precursor (PR-4); pathogenesis-related
protein; glycoside hydrolase family 19 (basic endochitinase); leucine-rich repeat
protein; defensin; disease resistance protein; cytochrome P450; germin-like, puta-
tive cytochrome P450; and peroxidase (Kurabachew et al. 2013). Additionally a
variety of transcription factors and signal transduction elements such as myb family
transcription factor, homeodomain protein containing “homeobox” domain sig-
nature, Zip transcription factor ATB2, putative WRKY-type DNA binding protein,
zinc finger protein putative, WRKY transcription factor 3 and mitogen-activated
protein kinase, transmembrane protein, leucine-rich repeat protein family, receptor-
related serine/threonine kinase, tyrosine phosphatase, phosphatidylinositol-4-
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phosphate 5-kinase, MAP3K-like protein kinase, protein phosphatase 2C (PP2C),
and NADPH oxidase were upregulated (Kurabachew et al. 2013).

Inoculation of R. solanacearum in tomato primed with silicon triggered changes
in the expression of defense response genes. Most of the upregulated defense-
related genes and transcripts belong to the salicylic acid-dependent pathway that
leads to induction of systemic acquired resistance (SAR). SAR is induced after
local infection of the plant by the pathogen or elicitor accompanied by an increase
in the level of endogenous salicylic acid (SA) and subsequent PR protein expression
(Ross 1961; Durrant and Dong 2004).

In microarray analysis, upregulation of PR-1 protein, a marker for SAR, was
found. PR proteins function either directly on the pathogen through production of
antimicrobial substances or indirectly by creating physical barriers to the pathogen
infection process or by upstream intrinsic PR signaling (Jiang et al. 2009). Further-
more, pathogenesis-related (PR) proteins such as endo-1,4-beta-glucanase, basic
endochitinase, and glucan endo-1,3-beta-glucosidase are known to disrupt the cell
wall of fungal/bacterial pathogens (Datta and Muthukrishnan 1999). All these genes
participate in the induction of systemic resistance in the plant. Furthermore, results
indicated induction of SAR against the vascular pathogen by silicon application
which was also depicted by reduction of bacterial wilt severity and incidence in the
ad planta experiment. This indicated the pivotal role of silicon in resistance
induction in tomato against the pathogen. In another silicon-induced gene expres-
sion profiling in tomato against tomato Ralstonia solanacearum, Ghareeb
et al. (2011) reported upregulation of jasmonic acid/ethylene marker genes
JERF3, TSRF1, and ACCO, oxidative stress markers FD-I and POD, and basal
defense marker AGP-1g.

For analysis of gene expression profiles in molecular plant microbe interactions,
the use of an internal control or housekeeping gene with high expression stability
under the experimental conditions is needed as a prerequisite for accurate relative
quantification of gene expression. In recent study Ghareeb et al. (2011) conclude
the expression stability of two housekeeping genes: phosphoglycerate kinase genes
(PGK) and a-tubulin (TUB) in silicon-primed and R. solanacearum-inoculated
tomato plants. However, the expression stability of actin (ACT) severely varied,
in particular at the early phase after inoculation with the pathogen, suggesting the
possibility of disabling the cytoskeleton that mediates resistance. However, appli-
cation of silicon resulted in more expression stability of the three housekeeping
genes, showing alleviation of the biotic stress imposed by the pathogen.

19.6 Conclusions

Silicon is a bioactive element associated with beneficial effects on mechanical and
physiological properties of plants. Silicon alleviates abiotic and biotic stresses and
increases the resistance of plant pathogens. The element possesses a unique bio-
chemical property that may explain its bioactivity as a regulator of plant defense
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mechanisms. Silicon can act as a modulator influencing the timing and extent of
plant defense responses upon infection pathogens. It may also interact with several
key components of plant stress signaling systems leading to induced resistance.

Different biochemical and molecular studies have indicated that silicon activates
plant defense mechanisms; however, the exact nature of the interaction between the
element and biochemical pathways leading to resistance still remains unclear.
Silicon triggered the regulation of different defense-related genes involved in signal
transduction and transcription factors that increase plant resistance toward bacterial
wilt providing a higher protective role against the pathogen. This strengthens the
hypothesis that silicon alleviates and induces resistance after pathogen inoculation
triggering the expression of a variety of defense-related genes. Furthermore, the
phenotypic and biochemical investigation on tomato, which is a non-silicon accu-
mulator plant, supports the idea that silicon-related protection is based on induction
of systemic resistance rather than on the formation of a mechanical barrier. There-
fore, based on different research and literature analysis, silicon can be part of an
integrated disease management package against bacterial wilt.
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