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Preface

This book entitled Cottage Industry of Biocontrol Agents and Their Applications
divided into five main parts comprising 15 chapters written by more than 20 pro-
fessors, researchers, and scientists from different Egyptian entities.

The late Dr. Doug Waterhouse authored or co-authored 12 books on the bio-
logical control that drawn relevant information available from many sources for
enabling students and research workers to locate easily, most or all of the infor-
mation on pests in different countries. The books are essential for planning future
biological control projects in different regions over the world. These books will be
referred to for years to come, guiding new initiatives and recording part of the
history of safely and successfully controlling insects by biological control in the
developing countries.

As an introducible chapter to this book, the editors begin with the following title
“The Roadmap of the Book.” It presents generally different biological control
strategies for altered pests (insects, mites, and plant diseases as well as micronu-
trient deficiency) by using diverse biocontrol agent groups to apply the effective-
ness of modern field applications in agriculture which have been given a significant
role for the enhancement of agricultural production. These applications comprise
parasitoids, predators; microorganisms and biocontrol products for plant diseases.
In the last chapter, there is another problem discussed; it is dealing with deficiencies
in micronutrients, which affect the plant production. Our idea in this book is pre-
senting a brief about low-cost biological control industry; therefore, all co-authors
have tried, each specialist has done his/her best in their branches to present a
summary of their ideas, information and research publications to obtain this prac-
tical book for our scientists, colleagues and students.

Cairo, Egypt Prof. Dr. Nabil El-Wakeil
Cairo, Egypt Prof. Dr. Mahmoud Saleh
Zagazig, Egypt Dr. Mohamed Abu-hashim
July 2019
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Introduction: The Roadmap of the Book

Many insects that are of tiny or no economic significance in their home country
may become main pests when they have been introduced to another country without
their own natural enemies. Areas of the world where much of today’s agriculture is
based on introduced crops are distinguished for two facts [1]. The first fact is that a
high part of their significant arthropod insects is exotic; the second is that classical
biological control has obtained many important success cases. Worldwide, bio-
logical control either applied alone or as one of many strategies of integrated pest
management is attracting increasing interest to reduce dependence on insecticides.
Therefore, concentrating on biological control industry is very significant issue for
given economy and environment for both developed and developing countries.

First Part: Parasitoids, Predacious Insects and Mites
for Managing Agricultural Pests

It consists of five chapters dealing mainly with parasitoids and predators for insects
and mites. To explain the different ways, especially in the early step of biological
control starting with egg parasitoids, which help to kill the egg (first development
stage of any insect), by this strategy, youmake the way of insect management shorter.

First Chapter: Egg Parasitoids

They are used successfully for many years as inundative biocontrol agents against a
wide range of economically important crops, vegetables, fruit orchards, and forest
insect pests; they are currently the most widely produced and released natural
enemies in biological control over the world [2, 3]. Trichogramma species were
applied in more than 50 countries, and commercial releases occur in approximately
32 million hectares every year [4]. Egg parasitoids have been used to control many
of insect pests which infest crops such as cotton, sorghum, soybean, sugarcane,
tomato, and grape [5, 6].
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Second Chapter: Larval Parasitoids

The ecto/endo-parasitoids which develop outside/inside their larval hosts are called
larval parasitoids. The larval parasitoids lay their eggs into or outside the hosts,
which hatch and begin feeding on their larvae in order to complete their growth.
When fully fed the parasitoid, larva spins a cocoon and pupates either externally or
internally and then emerges as an adult to feed, mate, and continue the life cycle [7].
Most of adult parasitoids feed on flower nectar, pollen, and honeydew. The authors
aimed in this chapter to discuss potential of larval parasitoids in sustainable agri-
culture through monitoring the abundance of natural enemies, the mass production,
and the field application [9] either alone or combining with egg parasitoids [8].

Third Chapter: Aphid Parasitoids

Aphids are one of insect groups whose economic importance increases with agri-
culture development [10]. Natural enemies include parasitoids and others, which
maintain aphid population at a low population size [11, 12]. In this chapter, the
authors are interested to present the following aspects:

1. Survey and seasonal abundance of certain aphids and estimation of the para-
sitism percentages of some aphid species during four seasons.

2. Effects of some weather factors (temperature, rainfall, and relative humidity) on
the aphid parasitoid population and its aphid hosts.

3. Host suitability and host stage preference of certain aphid species for
Diaeretiella rapae.

4. Evaluating the role of the parasitoid, D. rapae in controlling the cabbage and
cauliflower aphids under field conditions.

5. Mass production of D. rapae and study of its efficacy in controlling the cabbage
and cauliflower aphid species in greenhouses and in the field.

Fourth Chapter: Predacious Insects

The authors in this chapter entitled “Predacious insects and their efficiency in
suppressing insect pests” mentioned that there are many predaceous insects in
nature. These insect predators help to avoid some insect pests from population
outbreaks. These predators positively eat/prey their prey. One of the vital goals for
authors is the developing methods which suppress insect species without harming
the environment or other organisms. Augmentative releases of insect predators are
released into profitable crops with aphid infestations [13–15]. The authors aimed in
this chapter to discuss potential of using insect predators to sustain their population
through mass production and the field application for suppressing various insect
pests in the numerous target crops, as well as against many aphid species in dif-
ferent crops.
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Fifth Chapter: Predatory Mites

This chapter entitled “Mass Production of Predatory Mites and Their Efficacy for
Controlling Pests”. Mites are common found in different habitats as in soil, stored
product, ornamentals, and field crops. Mites of the family Tetranychidae are strictly
phytophagous and are represented in all regions of Egypt. Spider mites can
undoubtedly cause severe crop loss [16]. The Mesostigmata predators are
encountered in soil and litter, on aerial parts of plants, nests or galleries of insects,
mammals, and birds, where they feed on small insects, nematodes, Collembola, or
on phytophagous and mycophagous mites [17, 18]. Prostigmata predators are also
found in diverse habitats, including soils and overlaying litter layers as well as
aerial parts of plants. Predators of the genus Agistemus play an important role in
biological control of economic pests [19, 20].

The objective of this chapter is to give a highlight about the most dominant
predatory mites associated with fruit trees, vegetables, and crops. The authors
concentrated also on selected predatory species from various groups of mites for
augmentation release for rapid biological control. The mass production and their
potential of biological control in Egypt are also included. The role of these mites in
attacking various pests by natural and factitious prey is reviewed.

Second Part: Microorganisms for Controlling Insect Pests

The second part comprised four chapters, which dealing with using microorganisms
such as bacteria, fungi, nematodes, and viruses to manage different insect pests.

Sixth Chapter: Bacillus thuringiensis

In this chapter entitled “Production and Application of Bacillus thuringiensis for
Pest Control in Egypt”, the authors reported that Bacillus thuringiensis (B.t)
accounts 80–90% the total world microbial insecticide market. B.t. appeared to be a
simple, spore-forming infectious bacterium, easy to grow on laboratory media.
Steinhaus [21] encouraged the commercialization of B.t. leading to the production
of Thuricide in 1957.

The leading role in research and development of B.t. has been taken by the
National Research Centre (NRC), Egypt, to develop research in this area and to
combat the key lepidopteran pests of field, oilseed, and vegetable crops. This
chapter covers the expanding knowledge of the production, the mode of action, and
the application of this pathogen in Egypt. Emphasis has been given to Lepidoptera,
the most destructive group of plant pests [22–25].

Seventh Chapter: Entomopathogenic Fungi

In this chapter, the authors tried to discuss isolation, mass production, and appli-
cation of entomopathogenic fungi for insect control. Entomopathogenic fungi play
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an exclusively important role in the history of microbial control of insects [26–28].
Entomopathogenic fungi were the first to be recognized as microbial diseases in
insects [29]. The authors aimed to discuss the following objectives:

1. Isolation and abundance of the entomopathogenic fungi.
2. Mass production of entomopathogenic fungi.
3. Field applications of entomopathogenic fungi against some insect pests.

Eighth Chapter: Entomopathogenic Nematodes

Commercialization of biopesticides based on entomopathogenic nematodes (EPNs)
is the very important objective of this chapter as mentioned by authors. EPNs are
considered as an excellent insect biocontrol agents as they can kill their insect host
within 48 hours; have a wide host range; have the ability to move searching for
hosts; can be in vivo or in vitro mass produced; and present no hazard vertebrates
and most non-target invertebrates [30–34]. This chapter focuses on isolation, mass
production, formulation, as well as field application of EPNs for the management of
insect pests in different crops, vegetables and fruit orchards.

Ninth Chapter: Insect Viruses

In this chapter, the authors discussed using insect viruses as biocontrol agent; they
concentrated on the challenges and opportunities. The author emphasized that insect
viruses as biological control agent represent an important component in the inte-
grated pest management (IPM) programs, mainly because it is specific and safe for
the environment and compatible with the other integrated pest management com-
ponents. Baculoviruses are active in controlling early larval stage of lepidopteran
insects. These viruses were isolated from insect from different insect orders such as
Lepidoptera, Diptera, Orthoptera, and Coleoptera [35–37].

This chapter will cover the history of insect viruses, followed by a discussion on
the large-scale production and commercialization of insect viruses with some
examples. Thereafter, the emergence of resistance development and strain com-
position as challenges for insect viruses will be discussed with highlights on the
recent reports in this field. Finally, the future and perspectives for the use of insect
viruses as biocontrol agent will be summarized.

Third Part: Biocontrol Products for Suppressing
Plant Diseases

The third part of this book contains four chapters and dealt with using biological
control products for managing some plant diseases like phyto-pathogenic bacteria,
fungal plant diseases, plant parasitic nematodes, and plant viral diseases.
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Tenth Chapter: Biological Control of Phyto-pathogenic Bacteria

The authors confirmed that the pathogenic bacteria can attack many plants causing
different symptoms, including necrosis, tissue maceration, wilting, and hyperplasia
and resulting diseases and damage to crops. Phyto-pathogenic bacteria can be
controlled by different methods such as cultural practices, resistant varieties, soil
sterilization, seed disinfection, and hot water treatment [38, 39].

The biological control of pathogenic bacteria occurs in nature, where biocontrol
agents can reduce the inoculum density of many plant pathogens, where the bio-
logical agents have different mechanisms included; competition, antibiosis, para-
sitism, plant growth stimulation and induce systemic resistance as well as it
considered as environmentally friendly measure [40–42]. In this chapter, the
authors indicated that the common phyto-pathogenic bacterial species able to be
controlled by various biocontrol agents; the beneficial effects of common biocontrol
agents and field application of biological control agents will be reviewed.

Eleventh Chapter: Fungal Plant Diseases Management

In this chapter, the authors discussed using different biocontrol agents for con-
trolling the fungal plant diseases. Plant fungal diseases are the most destructive
diseases, where the fungal pathogens attack many economical crops causing yield
losses [43]. On the other hand, the fungal species can attack only one plant species
or many plant species.

This chapter discussed using various biological control agents instead of
chemical control for the fungal plant pathogens [44, 45]. The author mentioned that
the biological control has many advantages in relation to soil fertility, plant, animal,
and human health, where the use of chemicals such as fungicides that accumulate in
the plant crop tissue then transferred to human causing several diseases such as liver
and kidney failures.

Twelfth Chapter: Biological Control of Plant Parasitic Nematodes

The author mentioned that plant parasitic nematodes spend at least some part of their
lives in soil—one of the most complex environments. Their activities are not only
influenced by variation in soil physical factors such as weather conditions and
aeration but also by a vast array of living organisms, including other nematodes,
bacteria, fungi, algae, protozoa, insects, mites, and other soil animals [46, 47].

For biological control to be successful, it must be supported by a backbone of
basic ecological research [47, 48]. In this chapter, the author aimed to have a sound
knowledge of the population dynamics of nematodes, of the threshold levels needed
to cause economic damage, of the role that parasites, predators, and other soil
organisms play in regulating nematode populations and other components of the
soil ecosystem. Noweer [48] investigated the effect of the nematode-trapping fun-
gus Dactylaria brochopaga and the nematode egg parasitic fungus Verticillium
chlamydosporium in controlling citrus nematode infesting mandarin, and
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interrelationship with the co-inhabitant fungi; similar results were recorded by
Noweer [47].

Thirteenth Chapter: Plant Viral Diseases

The authors tried in this chapter to discuss the potential management tools to
control plant viral diseases. The authors mentioned that viruses are essentially
obligate parasites with fairly simple and unicellular organized only by one type of
nucleic acid, either DNA or RNA. Mostly, all types of living organisms including
animals, insects, plants, fungi, and bacteria are able to be infected by different
viruses [50].

The main goal of this chapter is to shed light on the plant viral diseases that
affect plants and crops. The losses resulted from viral infection affect the production
and the crop yields which lead to hunger complained in the third world as a whole.
The authors reported that they identified several ways that may be used to eliminate
most of these viruses, which are effective as a protection and not a cure [51, 52].
Several microbes, plant extracts, nanomaterials and etc. that are used to reduce viral
infection. The authors ended their chapter by using a local Egyptian trail bacillus
spp. filtrates mixed with nano-clay to protect potato from virus infection.

Fourth Part: Bio-products Against Abiotic Factors

This part of the book consists of one chapter dealing with the “Biochemical indi-
cators and biofertilizer application for diagnosis and alleviation micronutrient
deficiency in plant”.

Fourteenth Chapter: Biochemical Indicators of Micronutrient Deficiency

Micronutrients like iron (Fe), copper (Cu), zinc (Zn), manganese (Mn), and boron
(B) are important for an abundance of physiological functions in plant growth,
development, and oxidative stress response. The authors stated that at low con-
centrations in electron transport and antioxidant systems, micronutrients are desired
for cellular structures and protein stabilization [53].

The authors mentioned that metabolic processes in root and shoot levels are
affected in such micronutrient deficiencies [54–56]. In this chapter, the authors
epitomize sources and factors that influence the behavior and availability of
micronutrients in soils, the possible approaches to control the availability of soil
micronutrients, and the present physiological and biochemical changes in plants.
They explained some strategies to increase the availability of micronutrients in soil
for plant uptake.
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Final Part: Conclusions

The Conclusions chapter, which summarizes the covered topics in this book with an
update of the recently published research, highlights the extracted conclusions from
the chapters and presents a set of recommendations for further future research on
biological, organic, and supportable agriculture environment.

Consequently, biological control has certainly been highly succeeded over a
huge area over the world, even though the same pest continues to be a problem in
another place. Suppression level of any insect may show role of natural enemies,
which it is highly likely that any contribution, would give to the insect suppression
a useful contribution to the integrated management of that insect pest.

Nabil El-Wakeil
Mahmoud Saleh

Mohamed Abu-hashim
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Egg Parasitoid Production and Their
Role in Controlling Insect Pests

Saad H. D. Masry and Nabil El-Wakeil

Abstract Eggparasitoids have been used successfully as inundative or augmentative
biological control agents against a wide range of agricultural pests; Trichogramma
and other egg parasitoids are currently the most widely produced and applied natural
enemies over the world. Trichogramma evanescens as well as many species have
also been deeply researched in different crops; maize, cotton, rice and sugarcane
and vegetables like tomato, cabbage, pepper and potato as well as fruit orchards;
apple, olive, pomegranate and grape as well as for controlling the forest and stored
product insect pests. Trichogramma species have a short generation time and can
be easily mass-produced and they could kill the Lepidopteran pests during the egg
stage. The endogenous species is selected for release on the environmental basis
that it is better adapted to the proposed climate and habitat than those are exotic
parasitoids. Efficiency of the parasitoids is depended on the factitious hosts which
reared on; Sitotroga cerealella, Ephestia kuehniella andCorcyra cephalonica. There
are biological components in a mass rearing facility: the host and the parasitoid. To
ensure high product quality and to avoid contamination with other parasitoid species,
facilities usually rear only a fewparasitoid strains or species at anygiven time. Storage
of both host eggs as well as parasitized ones is a requirement to manage commercial
or otherwise supply of parasitoid material in times of need. There is a need for
regulatory evaluating the quality of parasitoid wasps. There are many factors affect
the field release, like weather, crop, host, predation, pesticide uses, and parasitoid
quality that influence the release and disappearance rate. In field applications over
world, releases of several million female wasps/ha through the season proved to be
very effective in suppressing the key lepidopteran pests of many crops accomplishing
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parasitism up to 91%. Therefore, egg parasitoids are a promising biocontrol agent
for mainly Lepidopteran insects.

Keywords Egg parasitoids ·Mass rearing · Host selection · Quality control · Field
application · Lepidopteran pests

1 Introduction

Biological control of insect pests is promising as an important component of Inte-
grated Pest Management (IPM) globally, with the realization of environmental and
human hazards associated with the use of chemical pesticides. Currently, world agri-
culture is transforming into a more professional approach, support to eco-friendly
pest control techniques as key thrusts in promoting export horticulture and organic
farming [1–4].

Among other different biocontrol techniques, a procedure that has shown efficient
results in controlling pest outbreaks, mainly from the order Lepidoptera, is the use of
egg parasitoids from the genus Trichogramma (Hymenoptera: Trichogrammatidae)
[5]. Egg parasitoids are one of the effective natural enemies of important agricultural
and forestry pests. Research on egg parasitoids receives maximum attention because
they are amenable to mass rearing, not only on the target hosts but, also on alternate
or factitious hosts. Besides, utilization of the appropriate egg parasitoids at the right
time can prevent hatching of the pest’s eggs to larvae, thus preventing damage at the
initial stage. Trichogrammatid egg parasitoids are the most widely mass-produced
biocontrol agents, both globally and in Egypt [3, 6–8]. Trichogramma is a dominant
genus of egg parasitoids and among the earliest and most widely exploited natural
enemies [9].

Egg parasitoids have been used successfully for many decades as inundative bio-
logical control agents against a wide range of economically important agricultural
and forest pests; they are currently the most widely produced and released natural
enemies in biological control throughout the world [6, 10]. Trichogramma species
have been carried out in more than 50 countries and commercial releases occur in
approximately 32million ha every year [11]. Egg parasitoids has been used to control
many of insect pests which infest crops such as cotton, sorghum, soybean, sugar cane,
tomato, and grape [12, 13]. Some of the advantages in using Trichogramma spp. in
biological control programs are: theses parasitoids are easily reared on alternative
hosts and are highly aggressive in parasitizing eggs of different pest species aswell [8,
14]. A development strategy has been conducted to optimize the technology of field
releases as well as to increase the efficacy of mass production of Trichogramma and
storage at cold temperature. Establishing a new industrial process for Trichogramma
production has been formed for controlling Ostrinia nubilalis biologically in France
[15]. Who mentioned that egg parasitoids are promising an eco-friendly technology
and Chilo sacchariphagus could be managed by Trichogramma chilonis as applied
in their program for 10 years.
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Egg parasitoids other than Trichogrammatidae have an economic significance
and play a precise role in IPM programs, these parasitoid wasps are found in the fol-
lowing families: Mymaridae, Scelionidae and Platygastridae. The biological control
programs with those wasp groups is occurred through the collaborative governmen-
tal, specialist institutions and international cooperators working on quarantine, mass
production and release [16]. The scelionid egg parasitoids have been recorded from
eggs of hemipterans or lepidopterans. In the subfamily Telenominae, Eumicrosoma
cumeus (Nixon) and Eumicrosoma phaex (Nixon) were originally recorded as egg
parasitoids of the lygaeid, Cavelerius sp. [17]. Anwar and Zeya [18] recorded 14
mymarid species in 5 genera from different states in India. In the following para-
graphs the characteristics, biology, mass rearing and importance of these species
were presented.

1.1 Eulophidae

The Eulophidae comprise 297 genera found in 4 subfamilies as follows: Euderinae,
Eulophinae, Entedoninae and Tetrastichinae. The Tetratischinae are usually primary
endoparasitoids of eggs of Lepidoptera and Coleoptera [19].

1.2 Platygastridae

Wasp species of family Platygastridae are commonly endoparasitoids ofmany genera
in orders Coleoptera, Diptera and Homoptera [20]. Some species of Fidiobia were
collected as parasitoids of Coleoptera (curculionid and chrysomelid) eggs [20]. Six
species of the genusFidiobia are recorded. Of these, 5 species are known to parasitize
eggs of genera Diaprepes, Hypera and Entypotrachelum and one species is known
to parasitize eggs of Fidia viticida [21, 22]. In Brazil, genus Fidiobia parasitized of
weevil eggs which infested citrus orchards [23].

1.3 Mymaridae

There are many genera and species recorded as egg parasitoids belonging this family.

1.3.1 Anagrus epos Girault

A collection of this wasp species had been established in UCR quarantine from
the parasitized egg masses of Cuerna fenestella Hamilton [24]. Fresh eggs of H.



6 S. H. D. Masry and N. El-Wakeil

vitripennis were offered to the mated females of A. epos. After mass production of
A. epos, it had been released in California against the GWSS [24, 25].

1.3.2 Gonatocerus ashmeadi Girault

This species was inserted and released in California, which obtained from south-
eastern USA and northeastern Mexico. It is by far the most abundant natural enemy
of GWSS in California [26]. This species likely established itself in California long
before the arrival of GWSS on eggs to California [24]. G. ashmeadi could success-
fully suppressed the GWSS infestation in Hawaii and Chile [24].

1.3.3 Gonatocerus morrilli (Howard)

Gonatocerus morrilliwere introduced into California fields fromTexas and Tamauli-
pas (Mexico) [25, 27], who indicated that G. walkerjonesi Triapitsyn, was a species
native to California, which accurately had been released in California.

1.3.4 Gonatocerus fasciatus Girault

Gonatocerus species are egg parasitoids of Proconiini [28] which produce up to 7
wasps per each GWSS egg. Its emergence holes could be recognized easily by host
egg. In northern California, G. fasciatus was discovered by Triapitsyn [24], who
suggests that this species is native there. This wasp species had been first introduced
into California from Louisiana as mentioned by Triapitsyn et al. [28] and later mass
released against H. vitripennis [25].

Using of Egg parasitoids is favored by simple mass rearing systems, persistent
economic efficiency of the parasitoids and the suitable technologies for their com-
mercial use [6, 7, 11, 14, 29].

2 Historical Perspective

In the early stages of development, biological control of necessity followed mainly a
‘trial and error’ approach [30]. The release of Trichogramma for biological control
of lepidopterous pests has been considered for more than 120 years, although the
mass rearing of these hymenopterous parasitoids was not proposed in USA until the
1920s. Flanders’ work inspired activity during the 1930s, but this activity quickly
dissipated in the West with the rise of chemical insecticides. It was left primarily
to scientists in the former USSR (from 1937) and China (from 1949) to develop
Trichogramma as biological-control agents [31]. In the 1960s, the Europeans and
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Americans revitalized research on Trichogramma; in the 1970s, they began mass-
rearing and release [32–34].

It has been almost 40 years since an exhaustive review of inundative releases
has been conducted [35]. Although the genus Trichogramma is not the only group
to be used with this approach, much of our understanding of inundative release
comes from studies with these minute egg parasitoids. At the same time as Stinner’s
review [35]; a compendium of international research was published that marked the
beginning of an exchange of information among scientists in NorthAmerica, Europe,
the former USSR, and China [36]. This exchange resulted in an explosion of research
that continues today. International symposia with published proceedings have been
conducted every four years since 1982 [37], and informal sessions have been held at
the last three International Congresses of Entomology. In addition, there have been
eight international symposia on quality control [38].

Trichogramma has also been deeply researched in different crops started by
Farghaly [39]; Zaki [40] and El-Wakeil [41] in maize fields. There were many wide
biocontrol projects in 1980s until now in Egypt using Trichogramma in controlling
insect pests i.e. sugar cane [42–45], cotton [29, 46, 47], grape [7], olive [13, 48] and
tomato [49, 50].

3 Life Cycle of Egg Parasitoids

3.1 Life Cycle of Trichogramma spp.

Trichogramma spp. (Hymenoptera: Trichogrammatidae) have a short generation time
and can be easilymass-produced and they could kill the Lepidopteran pests during the
egg stage before caterpillars can emerge and damage the crop [33, 36].Trichogramma
is solitary endoparasitoid, it seeks out and parasitizes host eggs, more than one egg
may be inserted into each host egg and this is based, at least in part, on the egg size.
After hatching, the parasitoid larvae feed on the contents of the host egg. The wasps
pupate within the egg and adults chew an emergence hole to escape (Fig. 1). It takes
about 10 days from the time of parasitism to emergence of wasps at a constant 27 °C
[51].

Fresh egg Parasitized eggs     Wasps emergence

Fig. 1 Life cycle of Trichogramma species. Drawn by El-Wakeil
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Fig. 2 Adult Trissolcus sp. (a), Trissolcus sp. investigating its host egg mass (b), Adult Trissolcus
sp. that failed to emerge from a host egg (c) (https://biocontrol.entomology.cornell.edu/parasitoids/
trissolcuseuschisti.php, March 2015)

3.2 Life Cycle of Scelionid Wasp

Adult female Trissolcus euschisti (Ashmead) (Hymenoptera: Scelionidae) (Fig. 2a)
locate an egg host through chemical cues that are found by drumming the antennae
over the host eggs (Fig. 2b). One wasp egg is deposited into each host egg. The adult
female will then remain on or near the eggmass to defend it against other parasitoids.
As parasitoid egg hatches out of host egg, it starts eating the developing embryo of
the host, and pupates inside the host egg. T. euschistitakes 25 days to develop to
male and 30 days to female inside the host egg at a mean temperature of 27 °C. If
temperature falls to 15 °C, or exceeds 33 °C, T. euschisti may develop but fail to
emerge from the host egg (Fig. 2c). Males will emerge approximately 1 day before
females and will wait for their female siblings to hatch out so they can mate with
them before dispersing [52]. In temperate climate zones, T. euschisti can have up to
5 generations per year.

4 Selection of Parasitoids to Release

The selection of themost appropriate parasitoid for release startswith the best species.
This process is difficult, because there is considerable interspecific variation in the
more than 145 species known, and the taxonomy of the genus is poorly under-
stood [53]. Members of the genus are polyphagous egg parasitoids on ten orders of
insects, including Lepidoptera, Coleoptera, Diptera, Heteroptera, Hymenoptera, and
Neuroptera. As more species are discovered, however, increasing specialization is
recognized. Molecular studies help clarify the taxonomy of this genus [54, 55].

The local species is generally selected for release on the ecological basis that it
is better adapted to the proposed climate, habitat, and host conditions [56, 57]. For
example, at least six species of Trichogramma have been used around the world to
control Ostrinia spp. In their native regions, the most common are T. nubilale Ertle
and Davis and T. pretiosum Riley in the United States, T. ostriniae Pang et Chen and
T. dendrolimi Matsumura in China, and T. evanescens (Westwood) and T. brassicae
Bezdenko in Europe. Use of the local species is the basis of inundative theory and

https://biocontrol.entomology.cornell.edu/parasitoids/trissolcuseuschisti.php
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is only contraindicated when there is no native species or when pre-introductory
screening suggests otherwise [56, 58]. In diverse habitats, this competition could lead
to the elimination of local species or strains when non-native species are released
[59]. A survey of local species should be conducted before parasitoids are released,
because natural levels of parasitism, although sometimes negligible, can be as high
as 40–100% [60, 61]. The recent move by national agencies in some countries to
restrict the importation of organisms for biological control makes it important that
effective native species be identified.

Once the species has been selected, the population (=strain) to release must be
determined. Parasitoid is playboth interspecific and intraspecificvariations in biology
andbehavior that are strongly influencedby environmental factors. These populations
have been compared in terms of development, fecundity, egg absorption, sex ratio,
longevity, host age selection, oviposition, host preference, and activity [14, 62], as
well as in terms of their response to environmental conditions [63]. The ultimate
choice of strain will depend on how it ranks in terms of those biological attributes
considered advantageous for the environment into which it will be released and the
type of releases.

The final aspect of selection is that of founding populations, i.e. where and how
many collections (both individuals and populations) are needed to initiate a vigorous
colony. This field is most important, because it is based on the population genetics. A
few studies have examined the genetic variability of traits, including fecundity [64],
reactive distance, walking behavior [60], and sex allocation [64]. Trichogramma are
haplodiploid organisms (most females arise from fertilized diploid eggs, and most
males from unfertilized haploid eggs), however, and are characterized by high rates
of sib-mating an estimated 55–64% in the field [65] and naturally low heterozygosity.
This feature suggests that the degree of heterozygosity normally required to maintain
a vigorous colony of a Trichogramma species might be less than expected and that
healthy colonies may be founded ca. 500 individuals. Considerable work is needed
to develop an understanding of how Trichogramma maintain sufficient levels of
variation under conditions of small population size. The similarity in climate between
collection and release sites is a further important consideration that can have a major
impact on successful establishment in new environments [66].

5 Mass Production of Trichogrammatid Parasitoids

The members of the family Trichogrammatidae, who are amongst the tiniest insects,
measuring less than a millimeter, are all parasitic on the eggs of other insects which
mostly are lepidopterans. The tiniest amongst them are the species ofMegaphragma,
measuring 0.18 mm [67]. In other words, these are next only to mymarids. The
species of Trichogramma (and also Trichogrammatoidea) have been selected for
laboratory mass production and releases against noxious lepidopterous crop pests in
the field. Amongst the natural lepidopterous hosts of Trichogramma spp., Noctuidae
has maximum number of host species, followed by Tortricoidea, Pyraloidea, etc.
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[68]. Their small size did not prevent entomologists all over the world to exploit
them for biological control of harmful moths and butterflies [69–71]. This is mainly
because:

(1) Their short life cycle, most of them in tropical climate having 8–10 days.
(2) Their high breeding potential, a female can produce 25 and 80 offsprings.
(3) Their high percent of female progenies (60–90%).
(4) Most of them adapt to laboratory factitious host lepidopterans like rice moth

Corcyra cephalonica, grain moth Sitotroga cerealella and flour moth Ephestia
kuehniella. Their laboratory production and field releases were commenced
during the 20th century.

Mass rearing and releasingof natural enemies are consideredoneof thevital tactics
in IPM programs [72]. Much research has led to the technical standardization and
regulation of commercial production processes [73]. This has resulted in a scientific
foundation for the commercial production and application of augmentative agents.
Most Chinese Trichogrammamanufacturers are located in Northeast China. Among
them, several manufacturers have reached an annual production capacity of 20 billion
insects. They may be released every 50–60 days at a density of 0.18–0.21 million
wasps/ha per release [74]. At these release rates Trichogramma can parasitize 37–
40% of the cotton bollworm eggs and reduce bollworm populations up to 60% [75–
77]. Mass rearing is the production of insects competent to achieve program goals
with an acceptable cost/benefit ratio and in numbers per generation exceeding ten
thousand to one million times the mean productivity of the population of native
females [78].

5.1 Production System for Trichogramma Mass Rearing

Once a parasitoid colony has been selected, the next step is to rear large numbers for
release. This process has been accomplished in variousways during the past 100 years
and has been the focus of considerable attention [32, 79, 80]. Mass production of Tri-
chogramma is a growing field, andmany facilities have been established or expanded
in 80s. Two types of rearing systems have evolved those with short-term high daily
output and those with long-term low daily output [34]. A range in production from
4 to 1000 million parasitoids/day has been found, depending on the mode of output;
short-term output usually has the higher values [31]. Consistent levels of output of
100million female parasitoid/week, although rarely specified, are not uncommon for
the larger facilities [34]. Major commercial facilities are currently found in Europe,
America, China and the former USSR [81]. Numerous other smaller facilities can
be found over the world with government, private, and cooperative support [82–84].
Most of the larger facilities produce parasitoids on a year-long basis, whereas the
smaller facilities produce parasitoids for local periodic releases [34].

El-Wakeil [14] compared the efficiency of the parasitoid Trichogramma
evanescens (Westwood) reared on eggs of three different factitious hosts; Sitotroga
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Fig. 3 Host eggs used for Trichogramma rearing facility a Galleria mellonella, b Ephestia
kuehniella, c Sitotroga cerealella, d Helicoverpa armigera. Photograph by El-Wakeil

cerealella, Ephestia kuehniella and Galleria mellonella (Fig. 3). Rates of parasitism
on Helicoverpa armigera eggs, emergence rates of parasitoids and their longevity
were the highest for wasps reared on H. armigera. Wasps reared on S. cerealella
gave comparable rates. However, wasps from E. kuehniella and G. mellonella gave
the lowest ones. Parasitized eggs of H. armigera and S. cerealella produced more
parasitoid females than eggs of E. kuehniella and G. mellonella.

There are generally worldwide biological components in a mass rearing facility:
the rearing host and the parasitoid. Larger facilities have these compartmentalized
into smaller units for host production and parasitization; these units are then repli-
cated in the facility according to the desired level of output. A common factor in
almost all facilities is that they allocate at least two thirds their space and energy
for the production of the rearing host(s) and the remainder for the parasitoid [85].
Development of rearing and application of Trichogramma dendrolimi for controlling
the citrus insect pests are discussed by Niu et al. [86]. Their results led to a significant
reduction in needing of classical pesticides for the control some citrus insects.

5.2 Mass Production of Other Egg Parasitoids

Eggs ofDiaprepes root weevils could be obtained from its adults which may be kept
in 30 × 30 × 30 cm Plexiglas cages with water and foliage of Conocarpus erectus
as a food source and an oviposition substrate [87]. Strips with eggs of the Diaprepes
root weevil are removed daily from the cage and either hung inside a similar cage
containing a colony of Q. haitiensis, water and smears of honey [87]. Eggs are
removed from the ovipositing cage or chamber after approximately 3 days, the strips
are opened and the parasitized eggs exposed to facilitate parasitoid emergence.

Conocarpus erectus leaves containing D. abbreviatus eggs are positioned into a
30 × 30 × 30 cage in a room held at 27 °C, 12:12 L:D. Adults of A. vaquitarum are
inserted inside the cage and providing honey and water. After 4–5 days, parasitized
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eggs are removed from the cage and placed in emergence containers for almost
2 weeks [88, 89].

Fidiobia citri was reared successfully on Pachnaeus eggs, producing ca 11.6
parasitoids/egg mass, versus 0.34 parasitoid wasps got from D. abbreviatus eggs.
Accordingly, it does not act using D. abbreviatus effectively as a host for rearing F.
citri [90]. Moreover, trials exposing eggs of Diaprepes in citrus groves across the
state of Florida to determine possible native egg parasitoids provided no parasitism
[90].

5.3 Rearing Host

Twomajor biological aspects of host rearing are the species to use (including artificial
host eggs) and whether the eggs can be stored to extend the production period of
the facility. To date, the consequential choice in host rearing has been limited to
species that produce either small or large eggs. Flanders [69] originally proposed a
small host egg of Sitotroga cerealella, and producers in slightly more than half the
countries today use this species. Several countries, including France and Canada,
have switched to Ephestia kuehniella, because of better production from the rearing
medium, ease in mechanization, and improved sanitation conditions. The third small
egg species, the rice meal moth, Corcyra cephalonica (Stn.) is used in various Asian
countries because of its local availability. However, Trichogramma emerging from
either Ephestia or Sitotroga are equivalent in the field. Somewhat better performance
has been noted in the laboratory by parasitoids from Ephestia, possibly because of
their slightly larger size [14, 91, 92].

A relatively recent development in Trichogramma rearing is in vitro production on
artificial host media [93]. This area has been researched in since 1975 [31, 94]. Two
approaches have been taken. In thefirst approach, the natural insect egg hemolymph is
partially replacedwith egg yolk andmilk solids. In the second approach, a completely
artificial diet is created from biochemical analysis of the insect and its egg [95].
Eighteen species of Trichogramma have now been reared from egg to adult in various
forms of artificial media [93]. The closest system to commercial production is that
developed for T. dendrolimi on the basis of insect hemolymph [60, 93]. This diet has
been packaged in plastic host egg-cards (produced at 1200 egg-cards per hour), and
the resultant parasitoids have been used onmore than 1300 hawith parasitism equal to
parasitoids from natural host eggs [60, 96]. The development of completely artificial
hosts is an important goal and, when realized, will lead tomajor reductions in the size
of facilities, the cost of the product, and changes in the strategy for implementation
in the field.

An essential part of producing the rearing host is somemeans of storing the eggs to
ensure a continuous supply; sterilization and cool temperatures are themost common
features. Sterilization increases the storage and flexibility of unparasitized small host
eggs and is achieved by either cold storage or freezing for short periods of time or
by irradiation using ultraviolet or gamma sources. Bigler [32] reported a maximum
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storage of four weeks for irradiated Ephestia eggs held at 2 °C and 90% RH; Vieira
and Tavares [97] suggested that eggs still can produce high-quality parasitoids after
storage at 0.7 °C and 60% RH in the dark for up to 3.5 months. A more promising
approach to long-term storage is liquid nitrogen for all host egg types.

High-quality parasitoids have been produced both in China, where eggs of both
silkworm and Corcyra have been stored from 8 to 30 months in liquid nitrogen and
have produced high-quality parasitoids, and in USA, where eggs of Sitotroga have
been stored for 21 days [98].

5.4 Factitious Hosts Selection

5.4.1 Corcyra cephalonica (Stainton)

Amongst the parasitoids, as mentioned, Trichogramma species are the best available
ones which could be mass produced with comparative ease. Factitious host election
is the main factor to be considered first. In Indian conditions, the rice moth C.
cephalonica (Fig. 4), is the best host which is accepted by most Trichogramma
species except a couple of new species discovered recently, described by Nagaraja
and Prashanth [99]. But a problem encountered in this is the caterpillars’ facultative
cannibalistic as well as predaceous habits. In Trichogramma rearing using egg cards
the unparasitized eggs left on the card hatch and commence feeding on other eggs,
both fresh as well as parasitized ones, hence becoming facultative cannibalistic as
well as predaceous; by this way, the entire parasitoid culture might be lost. In order to
avoid this, experiments were conducted earlier for killing the developing embryos of

Fig. 4 Rearing of Rice meal moth, Corcyra cephalonica (Stainton): C. cephalonica reared on rice
grains (a), eggs collected (b) (cited from Perveen and Sultan [100])
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Fig. 5 Rearing unit of grain moth, Sitotroga cereallela (Olivier). Designed by El-Wakeil

the host egg without affecting the shape and nutritious contents by exposing them to
(1) high temperatures, (2) freezing by keeping them in the freezer, and (3) irradiating
under UV light. The UV irradiation for 10–45 min was found to be the safest and
the eggs remained as fresh as ever and are readily parasitized [100].

5.4.2 Sitotroga cerealella (Olivier)

In fact, this is a safer factitious host, unparasitized larvae of which would hatch
but they are not cannibalistic/facultatively predaceous like Corcyra. This is the host
insect which is bred on a massive scale producing several kilograms of eggs every
day in Russia and India as well as in Egypt (Fig. 5); it is used for mass production.
Automation in breeding of S. cerealella is rather more practical than Corcyra [14,
100].

5.4.3 Ephestia kuehniella Zeller

This host is also mass bred and used for Trichogrammamass breeding and releasing
against various horticultural and agricultural pests in many European countries, the
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Fig. 6 Rearing facilities of Ephestia kuehniella. Photograph by El-Wakeil

USA andmiddle east [14] (Fig. 6). St-Onge et al. [101] used alsoEphestia kuehniella
as hosts for Trichogramma parasitoids mass breeding; E. kuehniella eggs must be
sterilized to prevent larvae from emerging and eating the unhatched parasitized eggs.
Three sterilization methods were examined: UV irradiation, freezing at −15 °C
and vitrification (liquid nitrogen submersion). Vitrification resulted in significantly
lower parasitoids production with a global emergence rate of 28.7%, compared to
UV irradiation (75.1%), freezing at −15 °C (77.4%) and control (80.9%). Host
eggs sterilization method did not affect sex-ratio, occurrence of malformation in
adults, and female walking speed. Fecundity was significantly reduced in the females
emerging from UV irradiated (37.2 offsprings) and vitrified (36.9 offsprings) eggs,
compared to control (43.1 offsprings [101].

Mass production of natural enemies mainly egg parasitoids is obligatory to ensure
the obtainability of biocontrol agents for suppressing the key insect pests. Many
factitious hosts need to be sterilized to avoid development their embryos as confirmed
by St-Onge et al. [101] in additional it allows their storage for a longer period.
Ephestia or Sitotroga eggs are frequently used as hosts for Trichogramma wasps but
they must be sterilized for avoiding larvae emerging. Sterilization or cold methods of
Ephestiaeggs didn’t affect wasp efficiency, and didn’t occurrence of malformation
in adults [101, 102].
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5.5 Conditions Required for Mass Production

The mass-production laboratory should have well-ventilated premises, which should
also have facility for fixing air conditioner, heater and humidifier, if required, espe-
cially in the regions having extremes of weather conditions. The air conditioning
becomes useful to protect the breeding stock from extreme cold as well as extreme
heat. Otherwise, the productions should be carried out under normal conditions with-
out air conditioning [70].

If Corcyra is being mass produced, it should be protected from larval parasitoids
Bracon hebetor (Say) (Hymenoptera: Braconidae) and pupal parasitoids like Antro-
cephalus. For this, the doors must be provided with antechamber with fine 0.5 mm
steel wire-mesh doors and the windows with additional mesh of the above size,
which should always be kept closed. However, the conditions explained for Corcyra
are good enough to protect this culture also. The common intruders in both cultures
are the predatory mites. These should be tackled using some acaricide, safe to the
host as well as the parasitoid cultures [55].

For manual collection of moths, vacuum cleaners fitted with hose for sucking
moths are used. The hose used for moth suction is connected to the wire-mesh
moth collecting and egg-laying cylindrical cage within airtight plastic container.
This container is connected to the suction of vacuum cleaner. The egg-laying moth
cylinders are kept on trays of suitable dimensions for collecting eggs. This facilitates
egg laying as well as egg collection by brushing the exposed paper/cloth strips. The
moth collection apparatus holds good for both the above hosts. When Corcyra is
used as the laboratory host, the eggs have to be UV treated for 10–30 min to arrest
the development so that no larva hatches and at the same time the eggs remain fresh
enough to attract parasitism. This sterilization is not necessary for Sitotroga since the
larvae hatching from unparasitized eggs are not cannibalistic as well as facultative
predators as in Corcyra [14, 100].

5.6 Parasitoid Rearing

To ensure high product quality and to avoid contamination, facilities usually rear
only a few parasitoid strains or species at any given time. Improved techniques for
identifying different populations rapidly by usingDNAmarkers are being developed,
and their integration into facilities may help screen for such rearing problems [103].
The ratio of the number of parasitoids to host eggs in the parasitization units is also
important. High ratios may lead to superparasitism, high numbers of male progeny,
and poor product quality, whereas low ratios may result in poor parasitization and
inefficient use of host eggs [104]. The acceptance and allocation of offspring in host
eggs by Trichogramma are influenced by the density of the host [105], and parasitoid
fecundity or clutch size is adjusted according to host availability relative to abundance
[106, 107], host egg size [108], and spacing between eggs [109]. Ratios of females
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to small host eggs of 1:10 are often used to maintain parasitism of 70–80% and sex
ratios of 50–80% females in rearing facilities [70].

Once uniform parasitism of the host eggs has been achieved throughmanipulation
of lighting and temperature, their emergencemust be programmed. Programming can
be as simple as allowing the parasitoids to complete development at a specified tem-
perature and photoperiod [110] or it may involve more complex manipulation of
environmental conditions to achieve synchronization, long-term storage and delayed
emergence. In general, storage at low temperatures (6–12 °C) during the pupal stage
is considered best for Trichogramma [111, 112], although such storage has never
extended much longer than two weeks without losses in parasitoid quality [113].
Those species that are more cold hardy; T. brussicue, ostriniae, evanescens and den-
drolimi and/or undergo diapause (initiated by temperature and photoperiod effects
on the maternal generation and developing larvae) can tolerate longer storage [104].
The specific conditions that promote parasitoid storage and diapause are being pur-
sued actively to allow rearing facilities to economize andmaintain the genetic quality
of their stock better. Other factors that may affect the spread of emergence include
superparasitism and intrinsic competition [114].

The maintenance of parasitoid quality is critical to the reputation of a produc-
tion facility, and the quality may be compromised after rearing the parasitoid for
many generations under uniform conditions and on an atypical host. Two important
changes can occur: loss of tolerance to natural physical extremes and loss of prefer-
ence for the target host. The first change has been rarely studied, although rearing the
parasitoid under fluctuating temperatures has been recommended to maintain toler-
ance. Unfortunately, this recommendation is difficult to implement in a commercial
rearing facility [115].

Brassicas are major vegetable crops which it needs increasing steadily natural
enemy production. Therefore, efforts to develop biological pest management strate-
gies for brassica vegetables have been conducted. The successful examples of Tri-
chogramma application with other IPMmanagement practices in brassicas show the
great potential of enhancement biological control to reduce chemical pesticide input
and improve vegetable production [77, 116].

The loss of preference for the target host is a controversial area, because this effect
has been demonstrated for some Trichogramma species [46, 117], but not for others
[118]. Approaches taken to counter this effect include the setting of maximum limits
for the number of generations that can be reared in the facility, periodically switching
the parasitoids to different hosts, or both. The first approach is used in France, where
100 female T. brassicae are collected annually and maintained in isofemale lines
for three generations and then mixed together for a maximum of 20–25 generations
[119]. In Switzerland, T. brassicae is reared for a maximum of six generations on
Ephestia; if kept longer, it is switched to the target host [32]. This switching to the
target or any factitious host is also recommended in Germany and Australia [120],
although parasitization problems can occur in the initial generation [118].

Standardized biological and behavioral tests tomonitor quality in rearing facilities
had been studied. Molecular markers may help identify genetic shifts in populations
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[121]. Whether quality changes occur in continuous rearing must be determined to
support recommendations for rejuvenating commercial cultures routinely [122].

5.7 Adult Food

In case of parasitoids, the adult food is usually honey. The honey solution may be
mixed with 5–10% of vitamin E, since it helps maintaining the insect vigor. It may
also be necessary to use 10% yeast solution as additional food for lengthening adult
life [123].

5.8 Body Size of the Progeny

Body size of an individual species plays an important role in fecundity, longevity, and
searching ability. Normal size of progeny is an important factor which is obtained
with optimum availability of food and space during development in a host egg [117].
The female tends to super parasitise if hosts are not adequate, resulting in either no
emergence or emergence of progeny of small size. It is therefore a must to provide
enough host eggs. Body size of offspring depends on the number of individuals
developing in a single host egg. The number of developing individuals in a host
egg naturally depends on the size of the host egg. The ‘optimum offsprings’ meant
the ones developing to normal size adults with normal longevity and parasitising
capacity [71, 124].

5.9 Storage

Storage of both host eggs as well as parasitized ones is a requirement to manage
commercial or otherwise supply of parasitoid material in times of need. The supplies
on demand are not likely to be uniform throughout the year. Therefore, an effective
storage system which ensures no deterioration of the quality of the product material
has to be evolved [125]. Themethods used in some countries are explained hereunder.

Storage of host eggs aswell as parasitized eggswithout deterioration of the quality
for a long time is equally important in quality control measures. Liquid nitrogen is an
important medium in which the live and parasitised eggs are stored for long periods.
Cocoons of silk worms were stored under −5 °C for up to 2 months after they were
held for 24 h at 15 °C for up to 2 months. Thus, it was reported that the whole pupae
with the cocoons could be stored at −3 to −5 °C for 3–5 months. Fresh eggs of
silkworms could be stored in ice below −10 °C for 6 months. The Trichogramma
reared by adopting storage systems were T. dendrolimiMats., T. chilonis Ishii, and T.
closterae Pang and Chen [124, 125]. Induced diapause during off seasons of market
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activities is also a method used for prolonging the life of Trichogramma. Garcia
et al. [126] used a technology under very low temperatures to induce diapause in
Trichogramma cordubensis.

In Egypt, Abd El-Gawad et al. [127] evaluated the impact of cold stored pupae
of T. evanescenes which mass reared in the eggs of S. cereallela and its pupae
stored at 4, 7 and 10 °C for 1–8 weeks. The results showed that these two factors
of storage temperatures and time substantially were negatively influenced produced
adults and F1. However, Chen and Leopold [71] assessed the effects of refrigerated
storage on the suitability of eggs of the glassy-winged sharpshooter, Homalodisca
coagulata (Say), as hosts for propagation of the parasitoid Gonatocerus ashmeadi
Girault (Fig. 7a).Moreover, Bayram et al. [128] investigated the effect of cold storage
of both pupae and adults of Telenomus busseolae Gahan (Fig. 7b). Storage had a
significant adverse effect on mean adult emergence. T. busseolae could be stored for
4 weeks at 4 and 8 ± 1 °C but only 2 weeks storage was possible at 12 ± 1 °C.
Percent survival was reduced with longer storage times.

In their studies Zhang et al. [129] investigated the biological parameters of dia-
paused, non-diapaused, and cold-stored T. dendrolimi for two generations on host
eggs of Antheraea pernyi under laboratory conditions. They mentioned that the non-
diapaused T. dendrolimi had a higher emergence rate, longer longevity, and a lower
proportion of deformed individuals than diapaused T. Dendrolimi in F1 [129]. In a 3-
year augmentative field release from 2014 to 2016, diapaused T. dendrolimi showed
effective parasitism on eggs of the Ostrinia furnacalis. These results indicated that
diapaused T. dendrolimi can be an efficient alternative method for mass rearing of T.
dendrolimi for long-term cold storage.

Fig. 7 a Adult of Gonatocerus ashmeadi (Girault), http://www.nhm.ac.uk/resources/research-
curation/projects/chalcidoids/images/chalc532.jpg. b Adult of Telenomus busseolae (Gahan),
https://www.futura-sciences.com/planete/dossiers/zoologie-insectes-secours-environnement-801/
page/4/

http://www.nhm.ac.uk/resources/research-curation/projects/chalcidoids/images/chalc532.jpg
https://www.futura-sciences.com/planete/dossiers/zoologie-insectes-secours-environnement-801/page/4/
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5.10 Evaluation of Quality

Singh et al. [130] have listed out the quality parameters for trichogrammatids, which
include clear species identification, per cent parasitism and percent emergence ≥
90%, percent females 50% or more, and one card to contain 16,000–18,000 eggs.

There is a need for regulatory agencies to periodically evaluate the quality of
trichogrammatids produced by insectaries based on simple and reliable methods.
Trichogramma producers should reach a common consensus on the method of pro-
ducing egg cards and also the recommendations to be given to farmers. This would
ensure the proper utility of trichogrammatids in biocontrol programmers. Ballal et al.
[78] assessed the post-shipment quality (measured in terms of somebiological param-
eters) of T. chilonis supplied by nine production units in India. Considering the rec-
ommendation of 150,000 parasitized eggs per ha of cotton, only three units could
reach the quality standards, while the parasitizing efficiency of T. chilonis supplied
by two units was less than 50%. Based on their evaluation of egg cards supplied by
different units in South India, Romeis et al. [131] observed that due to the low prod-
uct quality, up to 85% fewer parasitoids were being actually released than claimed
by the producer.

6 Strategies in the Field

6.1 Approaches for Release

After large numbers of egg parasitoids have been reared and distributed to the field,
they are ready for release. Egg parasitoids have been used in all three biological
control approaches: introduction, inoculation, and inundation. Inundative releases
achieve an immediate, non-sustaining reduction in the host population. In inocula-
tive releases, however, it is the progeny of parasitoids released at the beginning of
the season that have a later effect on the host population. Inundative releases have
predominated in the West [132], whereas countries in Asia and parts of the former
USSR have put emphasis on inoculation and occasional introductions [115].Warmer
climates favormultivoltine pests and inoculative releases, because the parasitoids can
multiply during a long growing season. Inundative releases, which are timed specifi-
cally to the ovipositional period of the pest, are more appropriate in northern climates
with uni- or bivoltine host species. Several countries use both strategies through the
repeated annual applications of Trichogramma and other egg parasites [44, 115, 133,
134].

The different approaches to the use of egg parasites have resulted in two differ-
ent perspectives: the inundative approach, which tends to view the parasitoid as a
fast-acting replacement for chemical insecticides, and the inoculative/introduction
approach, which sees the parasitoid as one aspect of integrated pest management.
Considerably less experimental research has gone into inoculative releases than
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into inundative releases because of the ecological complexity involved and lack
of funding. This situation is unfortunate, because the few integrated studies with
Trichogramma and microbials, such as Bacillus thuringiensis (Bt), Nosema, and
Beauveria, have been positive [135]. In Egypt, El-Mandarawy et al. [136] evaluated
the efficiency of biological control agents against the O. nubilalis Hübner, using
inundative releases of the egg parasitoid, T. evanescens alone or integrated with
Bacillus thuringiensis (Bt). They found that the mean rates of parasitization reached
74.72, 76.83 and 77.23% in the plots treated with the parasitoid alone and 72.90,
74.21 and 75.56% in the plots treated with Trichogramma plus Bt., in 2001, and 2003
respectively.

Several authors suggest that releases of more than one species of nature enemies
will improve efficacy [120, 137], and some countries have combined Trichogramma
releases with those of other parasitoids (e.g. Hubrobracon) to provide acceptable
levels of control for pests in cotton, tomato, and pine [115, 138]. In Colombia,
releases that integrate Trichogramma with both Bt and Apunteles or Telenomus have
reduced the use of insecticide by 50% on tomato and cassava [139].

Trichogramma releases may have an immediate effect not only on the target pest,
but possibly on other insect populations as well [107]. Direct effects may be seen
on non-target Lepidoptera in the crop and surrounding area, and indirect effects may
be seen on the natural enemy complexes associated with them [59, 140]. Lopez and
Morrison [141] showed that predators ofHelicoverpa in cottonwhere Trichogramma
wasps were released were unaffected compared with insecticide plots. The effects
on non-targets will become increasingly important, not only because of the world-
wide interest in biodiversity but because producers are now being asked to address
this aspect before Trichogramma can be registered. Releasing Trichogramma in veg-
etable crops have led Chinese farmers and producers to reduce quantity of chemical
pesticides which it is practiced since 1950s in greenhouses [73, 142, 143].

Mass releases of T. dendrolimi in apple orchards provided effective control of
Adoxophyes orana andGrapholithamolesta [73]. The parasitism rate ofT. dendrolimi
stabilized in the range of 81–99% in the experimental orchards. The parasitism
rates of A. orana eggs in the field reached to 93–94%. Chinese scientists in apple
orchards have achieved great results for saving and increasing the quality fruitwithout
chemical residue achievements. Overall, augmentative of Trichogramma have been
highly developed for Lepidopteran, Coleopteran and Dipteran insect pests [9, 144,
145].

A control program of litchi stink bug, Tessaratoma papillosa by the egg endopar-
asitoid Anastatus japonicus is an example of successful classical biological control
as conducted by Li et al. [146], who focused on research activities and experiences
drawn from many years of experimentation and field work in an attempt to pro-
mote biological control and reduce insecticide use to produce healthier food and a
safer environment. The straightforwardness of mass-rearing and easy access to high
quality factitious host eggs have made it possible to control T. papillosa with this
parasitoid [147–149].
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6.2 Timing, Frequency and Rates of Release

The timing, frequency, and rates of release all depend on the approach taken. With
inoculative releases, relatively few parasitoids are required very early in the season,
possibly independent of the ovipositional period of the pest. In contrast, inundative
releases require large numbers to be synchronized closelywith the start of oviposition
of a uni- or bivoltine pest [44, 115]. The earlier oviposition can be predicted, the
better for the rearing facility and the field program. If large numbers of parasitoids
are needed in a short time, then some facilities may require several weeks’ ormonths’
notice.

Different methods, including calendar date, plant development, pheromone or
light traps, and egg-laying, have been used to synchronize inundative releases with
the start of host oviposition. Plant development is the least accurate method, unless
it is linked to pest phenology [150]. Light traps [151, 152] and, where available,
pheromone traps [153] appear to be the best predictors, because they collect adult
moths before oviposition starts. Studies that compare trap catch, oviposition, and
efficacy have shown consistently that the best results are achieved when the Tri-
chogramma are released a few days before rather than at the start of oviposition
[153].

Synchronization with the host also means that programming of parasitoid emer-
gence must be considered. Although most facilities ship parasitoid material ready
to emerge and the majority of releases have used material emerging within hours
of release, this is not always the case. Some strategies mix different stages of Tri-
chogramma development, thereby staggering emergence, particularly if only one or
a few releases can be made [153, 154]. This approach ensures that there are always
some females actively searching throughout host oviposition [155]. In practice, this
approach is limited if the released eggs are exposed to predation or extreme temper-
atures.

The first release is usually aimed at just before host oviposition, not only to achieve
high levels of parasitism but also to enable releasedmaterial to multiply in the natural
host eggs. Such an approach ensures that a continuous supply of superior-quality
parasitoids is produced from the target pest in the field [32]. This field multiplication
reduces the need for many releases and is the basis for some of the more successful
programs [156]. The goal of release is tomaintain a level ofmore than 80%parasitism
on freshly laid host eggs [157]. When single releases and field multiplication do not
achieve this goal, then multiple releases at various frequencies are used. Few studies
have actually compared different frequencies of similar final release rates [132, 153].

Similarly, the actual rates of release vary considerably, even for the same pest,
crop, and country. For example, the total rates of release for T. brassicae alone,
which is reared from small host eggs against Ostrinia in Europe, range from 150,000
to 2.8 million wasps/ha. Rates in the several millions of wasps/ha are generally
cited in arboreal situations, such as forestry [153], and in fruit or nut orchards [48,
156], whereas those in agricultural crops, such as corn, cotton, and tomato, range
from 500,000 to 1,000,000 wasps/ha, with averages of 200,000–600,000 wasps/ha
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Fig. 8 Rearing of Trichogramma, card with 20,000 eggs (a) and parasitized eggs in card ready for
release (b) (Biological control laboratory, NRC, Egypt). Photograph by El-Wakeil

(Fig. 8). This range is probably related to the range in dimensional volume of the
crop [158].

Much of the confusion in application rates results from the inconsistency with
which they are reported. The rearing host often is not identified; and numbers may be
cited per release rather than the total number per hectare. In addition, some individuals
refer to numbers of host eggs, whereas others refer to numbers of parasitized (black)
eggs (Fig. 8b), wasps/parasitoids, or females per hectare. To compare these values,
assumptions must be made regarding parasitoid size and quality, parasitism rates
(usually 60–70%), emergence rates (usually 80–90%), and sex ratio (usually 50–
70%). This lack of uniformity makes it difficult to compare studies and provide
specific information on which rate should be used [70, 159].

The reason why different rates of application are selected is not usually given,
although an expected ratio of female wasps: hosts on the order of 1:2 or 1:10 for
egg masses and 1:20 for eggs and the volume of the crop are often starting points
[70, 160]. More emphasis has been placed on establishing the correct spacing of
points for given release rates or their vertical location within the crop. Higher rates
generally result in better parasitism. This is not always the case, however, as many
factors influence the outcome of the release [123, 161].

6.3 Factors that Affect Release

There are many factors affect the field release: weather, the crop, host, predation, use
of pesticides and parasitoid quality all influence the release and disappearance rate
of Trichogramma [162].

6.3.1 Weather

Weather is probably the most pervasive, in that it is a complex of metrologic vari-
ables that affect the development, emergence, survival, activity, and fecundity of
parasitoid. The most influential components are temperature and humidity; in the
extreme, both these components have been linked to poor field results [162, 163].
Parasitoid development is directly related to temperature; thus, extremes in the field
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disrupt not only survival and performance but also emergence [164]. Rare field stud-
ies suggest that Trichogramma avoid dew extreme temperature [60, 70, 165], areas
of bright light intensity, heavy rain, and winds greater than 1.1 km/h [60, 166]. Thus,
if inclement weather cannot be avoided, the rate and frequency of release must be
adjusted upward, with specific regard to changes in the pattern and extent of emer-
gence.

6.3.2 Crop

As the bottom component in the tritrophic interaction and the principal factor in
habitat location, the crop is another important variable for egg parasitoids as it has
both physical and chemical effects (Tables 1, 2 and 3). Different levels of parasitism
can be found on the same host in different crops, and Trichogramma and Telenomus
aremuchmore habitat-specific than host-specific [165, 167]. Because Trichogramma
are thought to search for host eggs randomly, parasitism is directly proportional to
the size of the plant [168], its surface area, and the complexity (number of planes

Table 1 Mean of gland and
hair density of leaves (1st, 3rd
and 5th) on 3 cotton cultivarsa

Cotton cultivar Gland density of
leaves

Hair density of
leaves

No. of gland/Ø cm
leaf

No. of hair/Ø cm of
leaf

Giza86 <40 (less) >200 (high)

Giza89 40–80 (middle) 50–200 (middle)

Alex4 >80 (high) <50 (less)

aCited from El-Wakeil [47]

Table 2 Mean (±SE)
parasitism rates of T.
pretiosum and T. minutum on
Helicoverpa eggs on different
leaf positions of three
different cotton cultivars in
the greenhousea

Cultivar Leaf position Parasitism rateb

T. pretiosum T. minutum

Giza 89 1 84.3 ± 3.1 ab 82.2 ± 2.3 ab

3 81.0 ± 4.6 abc 79.5 ± 6.4 bc

5 90.6 ± 2.1 a 86.7 ± 1.9 a

Giza 86 1 80.1 ± 2.0 bc 78.1 ± 2.3 bc

3 77.4 ± 3.9 c 75.7 ± 5.6 c

5 87.2 ± 2.3 a 81.7 ± 1.3 abc

Alex 4 1 86.7 ± 3.2 a 84.8 ± 2.8 ab

3 83.1 ± 5.3 ab 81.3 ± 6.5 abc

5 92.8 ± 2.2 a 89.8 ± 2.1 a

aCited from El-Wakeil [47]
aDifferent letters indicate significant differences
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Table 3 Correlation values (r) between parasitism rates and trichome densities and number of
glands on different cotton cultivarsa

Cultivar Leaf position Trichome Glands

T. pretiosum T. minutum T. pretiosum T. minutum

Giza 89 1 −0.41 −0.44 0.39 0.35

3 −0.35 −0.28 0.28 0.24

5 −0.51 −0.48 0.52 0.51

Giza 86 1 −0.63 −0.60 0.36 0.31

3 −0.53 −0.51 0.24 0.19

5 −0.59 −0.62 0.49 0.46

Alex 4 1 −0.43 −0.40 0.46 0.42

3 −0.38 −0.32 0.37 0.35

5 −0.48 −0.43 0.69 0.62

aCited from El-Wakeil [47]

and angles) of the plant and its leaf surfaces [169]. From the chemical perspective,
the plant provides volatile cues that, although not specific or longrange, arrest and
stimulate searching and parasitism in parasitoid [170]. These factors all influence the
rate of release necessary and the resulting expected level of parasitism [160, 171].
Qasim et al. [172] evaluated Trichogramma effectiveness, showing 43% in okra.
While, infestation in the controlled field reached to 63%.

6.3.3 Host Abundance and Location

The abundance and location of the host also influence parasitoid releases. Parasitism
tends to be higher in areas that have more hosts [13, 161], although some releases
have not shown this response [173]. Trichogramma generally demonstrate either
independent on tow functional responses to host density [105], with better parasitism
seen in hosts that lay eggs in clusters rather than singly [174]. Most species use
kairomones to locate hosts from varying distances, sizes and egg shapes on closer
examination. In addition to plant cues, sex pheromones [167], chemicals on the
wing scales of the hosts [11, 163], and chemicals on the surface of the host eggs
[124] all delay flight initiation, suppress positive phototaxis, intensify searching,
increase retention time, and decrease speed of movement. Releasing kairomones
with parasitoid has given positive in cotton [175].

6.3.4 Predation

If emergence of Trichogramma is delayed in the field, then high losses may occur
through predation. Depending on the diversity and location of the crop system, major
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predators include Geocoris, Nabis, Orius, Hippodamia, Coleomegilla, Chrysopa,
ants, spiders, and small vertebrates. Predation of released material can be significant,
with losses up to 50% in corn [123, 151] and 91–98% in cotton [175]. Studies suggest
that anthocorid predators are more likely to accept unparasitized host eggs than those
that contain pupae of Trichogramma, although younger stages of Trichogramma
are equally susceptible. It is difficult to predict which predators will be the most
significant in a system, as this aspect depends extensively on the climate, structure of
the plant community, and cultural practices. Attempts to reduce predation have been
made by using specialized wax capsules for release points. The effect of predation on
Trichogramma efficacy releases merits increased focus, as it significantly influences
cost and success of releases.

6.3.5 Pesticides

Pesticides also have been shown to reduce the effect of Trichogramma significantly
[176]. Many studies have compared the relative toxicity of pesticides, including
insecticides, fungicides, and herbicides, to Trichogramma in screening trials [177–
179]. In general, parasitoids are affected more by insecticides than by the other two
groups, with the greatest mortality of adult Trichogramma seen 5–10 days after the
use of selective pesticides, 15 days after moderately toxic pesticides, and 20–30 days
after toxic pesticides [177].Bacillus thuringiensis does not appear to affect parasitism
when fed to adult wasps but can reduce parasitism when applied to the surface of
host eggs [122, 180, 181].

6.3.6 Parasitoid Quality

Parasitoid quality is the final component that affects releases. Quality (longevity,
fecundity, and searching capacity) can be increased two to ten times by providing
a food source to adult wasps [115, 173, 182]. In the field, this food source may
be obtained from host feeding, nectar and plant fluids of damaged leaves [165].
Although we know little about plants as nurseries or refugee for Trichogrummu,
several countries use plantings of nectariferous plants successfully, either in the
fields or in adjacent areas [31, 115]. If these plants are not widely available, one way
of improving parasitoid quality is to supply a sugar source (e.g. honey or molasses)
with the parasitoids on release [123]. This approach has also been proposed in rearing
facilities, although neither approach has been undertaken commercially.

Since the right food source is very important for the reproduction of egg para-
sitoids, in order to reach a high parasitism efficacy. Nonetheless, adult T. laeviceps
need a sugar-rich food source to increase their parasitation performance; or the farm-
ers should grow flowers as nectar resources for them in fields. Barloggio et al. [183]
found that flowers attracted more parasitoids than in fields without flowers. Also
fecundity and the number of female offspring produced were higher for females kept
on these flowers. It is found that the existence of food resources such as flowering



Egg Parasitoid Production and Their Role in Controlling … 27

plants, can has encouraging effect on search ability and parasitism rate. Diaz et al.
[184] mentioned that presence of flowering plants play a vital role on the longevity
and parasitism rate ofTrichogramma; i.e. red clover (Trifolium pratenseL.) increased
the longevity and parasitism rate of T. atopovirilia in Colombia, suggesting that so
long as food resources to parasitoids should be part of a habitat diversification strat-
egy to control noctuid pests [184]. The flowering plants enhance Trichogramma
efficiency. Géneau et al. [185] conducted experiments to find selective plants which
improve the efficacy and longevity of wasps that attacking the lepidopteran pests in
Switzerland as well as in USA [186].

The selection for increased parasitoid quality, such as fecundity and tolerance to
environmental extremes andpesticide residues, is important to the success of releases.
Lopez andMorrison [141] found that continuous rearing under variable temperatures
and light regimes did not produce more heat-resistant parasitoids; however, selection
studies to improve tolerance to heat of T. pretiosum [111], fecundity in T. brassicae,
and parasitism at 15 °C in T. minutum have all been positive [187].

6.3.7 Disperse of Parasitoid

The dispersal or movement of parasitoid is important to releases from two aspects:
uniformity of parasitism within a crop and reduction caused by dispersal outside the
crop. These tiny wasps actually have two modes of dispersing: either on their own
or through phoresy on adult moths. Greenhouse studies suggest that there may be an
early migratory phase for T. evanescens; on emergence, it responds to light by flying
upward instead of searching for hosts [188].

The ability of Trichogramma to disperse on its own appears to be high within
single plants but low between plants [173], which suggests that the parasitoids avoid
open areas where they lose their ability for directed flight. Most studies show that
parasitism decreases with distance from the release point with distances of 4–50 m
[38, 173]. Upwind dispersal is usually impossible [65]; thus, most studies find signif-
icantly greater parasitism downwind [173]. Although significant losses of 60–75%
by parasitoids dispersing out of fields have been cited [189], this occurrence gener-
ally is not considered a major factor. Vertical movement within the plant usually is
related to the location of host eggs and the release point [60].

7 Role of Egg Parasitoids in Controlling Different Insects

The farmers suffered severe attacks by both native and invasive insect pests as
reported by Zhang et al. [190]. Yang et al. [143] conducted many research projects
on biological control of some insect pests. Mass rearing and release techniques have
been applied and developed ofDastarcus helophoroides. By releasing this parasitoid,
92.6% of Monochamus alternatus were parasitized.
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7.1 Egg Parasitoids in Cotton

In recent times, cultivating cotton (Gossypium barbadense L.) has become a costly
affair due to pest menace. The crop is known to suffer from 162 species of insects
and mites [191]. It is attacked by various pests during the different stages of its
development. The Cotton leaf worm, Spodoptera littoralis and the cotton bollworms,
pink bollworm, Pectinophora gossypiella and spiny bollworm, Earias insulana and
American bollwormHeliothis armigera cause the greatest part of yield losses resulted
from nearly one million feddans cultivated annually [192, 193].

Augmentative release of laboratory-reared Trichogramma sp. egg parasitoids
(Fig. 9) of PBW has shown some promise for early-season control. In large scale
cotton fields, biweekly release of this parasitoid significantly reduced boll infesta-
tions during July in comparison with control plot. Parasitoid released also increased
the yield by 10–13% and reduced seed damage by 22–50%. The parasitoid only
attacked 7–15% of the eggs laid under the calyx later in the season, a level insuffi-
cient for pest control [194]. Egg parasitoid; however, were almost exclusively used
through inundative releases to increase the parasitization rate sufficiently to reduce
crop damage. T. evanescens was mass-reared and released from 0 to 3 times in dif-
ferent treatments of cotton fields. It was very successful in finding and parasitizing
the eggs of host. The overall parasitism was about 24.5% on P. gossypiella eggs,
19.6.6% on E. insulana and 6.2% on S. littoralis [193].

In greenhouse experiments, the vertical and horizontal distribution ofH. armigera
eggswasmanipulated.T.minutum andT. pretiosum differed significantly in searching
behavior as measured by parasitization rates on three cotton cultivars.

Furthermore, parasitization rateswere negatively correlatedwith distancebetween
the releasing site and egg batches on the cotton plants. Morphological traits, i.e.
black glands or trichome densities of the cotton cultivars played a significant role.
The parasitization rates on cultivars with glands and lower trichome density were
higher than with no glands and high trichome density [29, 47].

In India, the key pests of cotton are Earias vittella, Earias insulana, Pectinophora
gossypiella and Helicoverpa armigera. Also, there are a few sporadic pests like
Spodoptera litura and Phycita infusella, which sometime cause damage [195]. The
exotic parasitoid, Trichogramma pretiosum, was introduced in Punjab, Maharashtra,

Fig. 9 Cards used to release Trichogramma wasps in cotton fields (El-Wakeil [29])
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Haryana and Karnataka against bollworms, and their recovery was reported [196].
Out of the six species of native egg parasitoids recorded from the different parts of the
country, only Trichogramma chilonis and T. achaeae were tried in fields. However,
Prasad et al. [197] released T. achaeae and T. pretiosum in cotton fields against
E. insulana, E. vittella and P. gossypiella and reported significant reduction in the
damage to cotton.

The adult parasitoids of Chelonus blackburni Cameron (Braconidae) at the rate
of 3000 adults/ha and T. chilonis at the rate of 200,000 adults/ha were released
immediately after appearance of the eggs ofH. armigera. In October, the parasitoids
were recovered from H. armigera with 32.35 and 6.25%, respectively [198].

In Brazil, Bueno et al. [199] released Trichogramma pretiosum Riley, used to
control Anticarsia gemmatalis Hübner, (Lepidoptera, Noctuidae) and Spodoptera
frugiperda in cotton crops.However, another egg parasitoid,Telenomus remusNixon,
(Hymenoptera: Scelionidae), has been observed parasitizing eggs of five different
species of Spodoptera, even on overlapping layer egg masses [63]. Each female of
T. remus produces 270 eggs during its reproductive lifespan [200].

7.2 Egg Parasitoids in Sugarcane and Maize Crops

Sugarcane Saccharum officinarum is considered an economic crop in the tropical and
subtropical areas. Successful biological control trials have been practiced in Egypt
since 1984 to control the lesser sugarcane borerChilo agamemnon by releasing mass
reared T. evanescens early in the season, during May and June. The sugarcane area
treated with Trichogramma increased gradually from 5 to 500 feddans (200 ha) in
the 1989 season. The obtained results indicated that there were subsequent increases
in the rate of parasitism after the release all over the growing season and up to 60%
reduction in the rate of infestation by the pest at harvest time [45, 58].

The egg parasitoid Telenomus remus Nixon has been released in corn field areas,
as part of IPM programs, in Venezuela, where the parasitism rates reached up to 90%
[201], demonstrating the high potential of this control agent of several species of
Spodoptera.

El-Wakeil and Hussein [133] evaluated egg parasitoid for controlling two corn
borers (C. agamemnon and O. nubilalis) in maize fields. The parasitism percent-
ages by Trichogramma were higher when using 30 cards/acre level compared to 20
cards/acre level. At season’s end, the numbers of C. agamemnon and O. nubilalis
larvae were significantly reduced on the Trichogramma release compared to on the
control (Fig. 10).

Early studies were conducted using egg parasitoid Platytelenomus hylas (Nixon)
(Hym.: Scelionidae) for controlling Sesamia cretica (Led.) eggs in maize fields as
mentioned by Hafez et al. [202]. Ragab et al. [203] studied the parasitism rates by
P. hylas on S. cretica eggs. The percentage of parasitism in eggs increased markedly
and steadily as the season advances in the studied localities in S. cretica eggs.
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Fig. 10 Trichogramma egg
cards are placed on maize
plants. Photograph by
El-Wakeil

7.3 Egg Parasitoids in Rice Crop

The major targets of egg parasitoids occurring in cereal crops include mainly stem
borers (Chilo, Scirpophaga), leaf folders (Cnaphalocrocis), the gall midge and
leaf/plant hopper. Among trichogrammatids commonly occurring in cereal ecosys-
tem are the ‘minutum’ group (T. chilotraeae, T. pretiosum, T. chilonis) and the ‘japon-
icum’ group (T. japonicum, T. pallidiventris). The other families of egg parasitoids
include Scelionidae, Mymaridae, Eulophidae and Platygasteridae. In rice ecosystem,
especially on Scirpophaga incertulas, Trichogramma, Telenomus and Tetrastichus
species appear to complement in natural biocontrol. Trials on inundative release of
T. japonicum and T. chilonis have shown positive impact on yellow stem borer and
leaf folder in rice [204].

Sherif et al. [205] used T. evanescens for controlling rice stem borer,
C.agamemnon. They concluded that the reductions in dead hearts and white heads
averaged 75–80% indicating that Trichogramma release could efficiently control in
rice fields.

7.4 Egg Parasitoids in Vegetable Crops

In vegetable ecosystem, the egg parasitoids are mainly (Trichogramma, Trichogram-
matoidea) on Lepidoptera and scelionids (Telenomus, Trissolcus) on Lepidoptera
and Heteroptera, besides mymarids on leafhopper and thrips. T. chilonis is found
promising as natural and augmentation control agent for several lepidopteran pests.
Inundative releases of T. chilonis, T. brasiliensis and T. pretosium for Helicoverpa
control in tomato and okra have been demonstrated as effective. The scope of mass
rearing of Telenomus remus on Corcyra cephalonica has been demonstrated, while
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Fig. 11 Tomato tunnelsin Egypt (a), Eggs of Tuta absoluta on tomato leaves (b), Trichogramma
card (parasitized eggs) (c), Trichogramma egg cards attached into tomato tunnels (d). Photograph
by Masry

further improvements in their efficiency are required. Utilization of semiochemicals
is helping for improving the field performance of mass-released parasitoids [206].

The tomato leafminer Tuta absoluta (Meyrick) (Lepidoptera: Gelechiidae) has
become an economically important pest in the major tomato-producing countries
in the Mediterranean Basin countries of Europe and North Africa [207, 208]. Egg
parasitoids of T. absoluta have been belonged to the order Hymenoptera. The most
important T. absoluta egg parasitoids are found in the families Trichogrammatidae,
Encyrtidae and Eupelmidae. T. pretiosum, T. exiguum, T. evanescens, T. minutum
and T. cacoeciae are more general parasitoids, by which it’s likely to parasitize a
range of different species [209]. These egg parasitoids wasps have been widely used
to control T. absoluta [207, 210–214]. Moreover, the parasitic wasp Anastatus sp.
was reported on various lepidopteran and hemipterans in different parts of the world
[215, 216]. Also, it was recorded as an egg parasitoid on or used for controlling T.
absoluta [211].

El-Arnaouty et al. [50] compared the efficiency of two Trichogramma species,
the indigenous T. euproctidis and T. achaeae, for controlling T. absoluta in Egypt.
The results show that bothTrichogramma specieswere significantly efficient keeping
downT. absolutamines.Trichogrammawas strongly effective onTuta aswell as to be
used in an IPMprogram asmentioned byAbdel Razek et al. personal communication
(2019) (Fig. 11).

7.5 Egg Parasitoids of Fruit Orchrads

Among the temperate fruit crops, there is a good scope for biocontrol of the codling
moth with repeated release of Trichogramma embryophagumwhile the Indian gypsy
moth is subjected to varying levels of natural parasitisation by Anastatus kashmiren-
sis Mathur. In tropical fruits, against lemon butterfly, both Trichogramma chilonis
and Telenomus incommodus provide varying levels of natural parasitism around the
year, with T. chilonis offering scope for augmentative biocontrol. Eggs of fruit suck-
ing moths are found to be naturally parasitized by Trichogramma, Telenomus and
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Fig. 12 Trichogramma card
attached to grape tree.
Photograph by El-Wakeil

Ooencyrtus. Fruit borer, Meridarchis scyrodes appears to be effectively controlled
by T. chilonis releases [217].

In Egypt, the olive moth, Prays oleae, and the jasmine moth, Palpita unionalis
are serious pests in modern olive plantations, causing significant yield loss by fruit
fall as well as by damage on leaves, flowers and fruits. The egg parasitoid species
Trichogramma bourarachae, T. cordubensis, T. euproctidis and T. evanescens were
released in several applications in an intensively managed olive plantation for bio-
logical control of these pests. The results indicated that larval densities of target pests
were significantly reduced up to 83% on Trichogramma release trees in comparison
to control trees [13, 48, 218].

El-Wakeil et al. [7] evaluated the efficacy of T. evanescens in controlling the
European grape berry moth Lobesia botrana in two vineyards in northern Egypt and
found that the release cards should be distributed in every three grape rows and on
height 130–170 cm to obtain good parasitism rates. T. evanescens could be a potential
candidate for controlling L. botrana (Fig. 12).

7.6 Using Other Egg Parasitoids for Controlling Insect Pests
of Orchard Fruits

In the 1990s, there were lot of efforts for establishing egg parasitoids Quadrastichus
haitiensis [16]. This species is reared on Exopthalmus quadrivitattus, Diaprepes
abbreviatus and Pachnaeus litus eggs (Coleoptera: Curculionidae) from Port-au-
Prince, Haiti [219, 220]. It was also the most abundant egg parasitoid of citrus
weevils found in Guadeloupe [221]. Thus, releases of Q. haitiensis were done into
ornamental and citrus fields in Florida beginning in 2000 [16].

The most important natural enemies of D. abbreviatus are Aprostocetus
vaquitarum, which is recorded in the Caribbean Region. The tetrastichinae A.
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vaquitarum were collected in the Dominican Republic on Diaprepes spp. eggs in
citrus during 2000 and introduced into Florida. Succeeding, Florida University had
mass-reared as well as release this parasitoid and then evaluated it in the citrus
orchards.

Smith et al. [222] recorded Fidiobia citri (Nixon) a parasitoid of the fuller rose
weevil Asynonychus cervinus (Boheman) in Australia. Fidiobia citri parasitized up
to 50% of the fuller rose weevil in California [223] and this parasitoid had been
collected in Florida from eggs of the blue green weevil, Pachnaeus spp. during 1999.
Diaprepes abbreviatus eggs and Pachnaeus eggs were exposed to F. citri [222]. The
genus Fidiobia was released and released against some curculionid pests [224].

Homalodisca vitripennis glassy-winged sharpshooter (GWSS) is known vector of
the plant diseases [225] on grapes. The establishment ofH. coagulata in California in
the 1990s, later in Hawaii (USA) and even more lately in Chile Pilkington et al. [25],
who encouraged interest to conduct studies on proconiine sharpshooter, including
survey of their egg parasitoids in USA [25, 27]. Gonatocerus Nees is one of the
mymarid egg parasitoids ofH. vitripennis [24, 226, 227].Morgan et al. [27] surveyed
the complex of Mymaridae wasps; they mentioned that G. ashmeadi Girault is a
dominate species in their studies. Egg parasitism rate of GWSS eggs in California
was high during the summer months, sometimes reaching almost 100% [228].

8 Integration with Other Biocontrol Agents

Egg parasitoids wasps were integrated worldwide use with other biocontrol agents
such as: other parasitoids, predators, pathogens and nematodes etc.

8.1 Integration with Other Parasitoids

Telenomus podisi, Trissolcus basalis, Trissolcus urichi (Hymenoptera: Scelionidae)
were tested in soybean fields to evaluate the parasitism behavior on eggs of Nezara
viridula, Euschistus heros, Piezodorus guildinii and Acrosternum aseadum (Het-
eroptera: Pentatomidae) in Brazil. For all parasitoid species, the results demon-
strated the existence of a main host species that maximizes the reproductive success.
Exploitative competition was observed for egg batches at the genus level (Teleno-
mus vs. Trissolcus) and interference competition at the species level (T. basalis vs.
T. urichi). Trissolcus urichi was the most aggressive species, interfering with the
parasitism of T. basalis. The selection of parasitoid species for use in augmentative
biological control programs should take into account the diversity of pentatomids
present in soybean in addition to the interactions among the different species of
parasitoids [229].
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8.2 Integration with Predators

El-Wakeil and Vidal [140], in organic cotton farms, studied the combination between
parasitism of Trichogramma species and predation of Chrysoperla carnea (Stephen)
on H. armigera. The results referred that the Predation rates of Chrysoperla on
parasitized Helicoverpa or Sitotroga eggs decreased with aging of parasitized eggs.
The efficiency of T. chilonis combining with C. carnea and neem extract against H.
armigera was investigated in tomato field. The lowest number ofH. armigera larvae
(0.68/plant) recorded in combined treatments, which was significantly lower than
those of other plots [230].

8.3 Integration with Insect Pathogens

In Egypt, El-Mandarawy et al. [136] evaluated the efficiency of biological control
agents against one of the main pests, infesting maize plants, the European corn borer,
Ostrinia nubilalis, using inundative releases of the egg parasitoid, T. evanescens,
alone or integrated with Bacillus thuringiensis (Bt) application. After two releases,
with a total of 96,000parasitoids/feddan, themean rates of parasitism reached77.23%
in the plots treated with the parasitoid alone and 75.56% in the plots treated with T.
evanescens plus Bt, respectively.

Also, Khidr et al. [231] in tomato fields, tested control methods during spring
and summer plantations, 2012 for controlling T. absoluta. Based on reduction per-
centages in the number of larvae, the efficacy of the tested treatments could be
descending arranged as follows Bacillus thuringiensis + Neem, B. thuringiensis
+ Trichogramma evanescens + mass trapping, B. thuringiensis + Trichoderma
harzianum, T. harzianum + Neem, T. harzianum + mass trapping and T. evanescens
+ Neem.

Furthermore, El-Wakeil andHussein [133] evaluated the combination between the
egg parasitoids and entomopathogenic nematodes for controlling three corn borers
(Sesamia cretica,Chilo agamemnon andOstrinia nubilalis) in corn fields. Two ento-
mopathogenic nematodes (EPNs) Heterorhabditis bacteriophora and Steinernema
carpocapsae and an egg parasitoid Trichogramma. At season’s end, the numbers
of C. agamemnon and O. nubilalis larvae were significantly reduced on the Tri-
chogramma release plots compared to on the control plots. The overall reduction in
corn borer larvae on the treated plots using EPNs and later Trichogramma resulted
in an increased yield compared to on the control plots. The results suggest that EPN
and Trichogramma together can play a crucial role to control the corn borers.
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9 Future Prospects

Eggparasitoids are prevalent everywhere, but the species collected fromone cropping
system may not work very well in another cropping system. Therefore, selection
of the strain/ecotype plays a crucial role. For example, In India, six ecotypes of
Trichogramma chilonis Ishii collected from six different parts of were compared
with the laboratory strain of the same species. All the ecotypes were significantly
superior to the laboratory strain in parasitizing the eggs of Corcyra cephalonica
Stainton,Helicoverpa armigeraHübner and Spodoptera litura Fabricius and showed
a distinct preference for H. armigera eggs [232].

Tritrophic interactions should be studied before using the egg parasitoids in a
target cropping system. Parasitoids are attracted to volatile compounds released by
plants in response to herbivore feeding. The release of volatile signals by plants
occurs not only in response to tissue damage but is also specifically initiated by
exposure to herbivore salivary secretions. Although some volatile compounds are
stored in plant tissues and immediately released when damage occurs, others are
induced byherbivore feeding and released not only fromdamaged tissue but also from
undamaged leaves. Additionally being highly detectable and reliable indicators of
herbivore presence, herbivore-induced plant volatiles may convey herbivore-specific
information that allows parasitoids to discriminate closely-related herbivore species
[233].

Egg parasitoids stored for about one week at 8–10 °C in the refrigerator was
successfully and could reach 23 days without adversely affecting their mergence
and parasitization efficiency [234]. Storing of excess of egg parasitoids for some
period will help in regulating the inundative releases when required. T. chilonis
could not survive above 38 °C under field condition, and therefore, it was suggested
to release in tomato for the control of T. absoluta after the onset of monsoons when
the temperature drops below 35 °C [235]. T. chilonis, T. brasiliensis and T. pretiosum
were released for the control ofH. armigera and Plutella xylostella on several crops,
and the greatest reduction in the larval population (92.4%) was observed on tomato
[236]. Therefore, egg parasitoids are a promising biocontrol agent for agriculture
pests mainly from the order Lepidoptera insects.

Biological control using egg parasitoids is one of the most important strategies
which will be the development of extension support to deliver the product to the user
and allow them to get into the field in a form that can have an effect. Information
regarding where, when, and how to release in different grower situations have been
included with these egg parasitoids. This package, which will provide a service
rather than a product alone, could come from the producers, government extension,
or consulting.
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Abstract Potential of larval parasitoids through monitoring the abundance, mass
production and the field application were aimed and reviewed. There are two larval
parasitoid kinds; Endoparasitoids: it develops within the body of their larvae and
Ectoparasitoids grows out of larvae bodies. Chemical communication between hosts
and larval parasitoids is one of most interested aspects of reciprocal communication
between insects. The host scent plays an important role in the attraction for specific
larval parasitoids. In general, there are biocontrol agents in nature (field crops, veg-
etables, fruit orchards and forests), and they have been preventing some species from
insect outbreaks. Mass rearing of biocontrol agents contains the production of thou-
sand/millions of insects (host and bio-agent), objectives to control some insect pests.
One goal in pest control is to developmanaging strategies that kill insect pestswithout
harming the environment or other organisms. An ideal method would be to enhance
larval parasitoids to control some insect pest species. This can be accomplished by
mass releasing the biological control agents for controlling many of agricultural
insect pests. The mass-production and release of beneficial insects are affected by
several factors like as supplemental food, environmental conditions and the host.
There are many practices which could conserve the larval parasitoids under differ-
ent ecological conditions such as plant-provided food, food sprays, semiochemicals,
and induced plant responses. There are landscape factors affect insect populations
and associated natural enemies such as farm scale, crop diversity, pest density, field
size and shape and field margins. Combination among larval parasitoids with other
biocontrol agents seems to be well suited to protecting many crops, vegetables or
fruit orchards from insect infestations. The different biocontrol strategies would use
in the appropriate routines against certain insects in large areas. This could result in
significant and important synergistic effects on pest population suppression.
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1 Introduction

Biological control history may be considered from Egyptian records of 4000 years
ago where domestic cats were depicted as useful in rodent control [1]. Insect para-
sitism was documented in 1602 by the Italian Aldrovandi, who detected the cocoons
of Apanteles glomeratus being attached to larvae of Pieris rapae, which it is known
later larval parasitoids. Most biological control agents, namely parasitoids at work in
the agricultural environments are naturally occurring ones, which provide excellent
regulation of many insect pests with little or no assistance from humans [2–7]. The
natural abundance of some biocontrol agents is one cause that many plant-feeding
insects do not become economic pests. There is a great potential for increasing the
benefits from natural enemies, through the elimination or reduction in the use of
chemical pesticides [8].

The use of insect parasitoids and predators to control insect pests has many advan-
tages over traditional chemical controls. These natural enemies leave no harmful
chemical residues. Natural enemies released in a storage facility continue to repro-
duce as long as hosts are available and environmental conditions are suitable [9].
Unlike chemicals that need to be applied to a wide area, natural enemies can be
released at a single location and they will find and attack pests located deep inside
crevices or within a grain mass [8]. Parasitoids and predators that attack insect pests
are typically very small, and have a short life cycle and a high reproductive capac-
ity. They can easily be removed from bulk grain using normal cleaning procedures
before milling. In many ways the stored-product environment is favorable for bio-
logical control strategies in of frame of IPM [10]. Environmental conditions are
generally favorable for natural enemies, and storage structures prevent these benefi-
cial insects from leaving. Several reviews have been published on the use of insect
parasitoids to control many insect pest species [11, 12].

Parasitoid is an organism that lives and feed on/ in an organism called host and
finally causes death of the host [13]. In many species female parasitoids lay their
eggs on/inside the host that they are attacking. It can be classified according to the
stage used. There are parasitoids of eggs, larvae/nymphs, pupae, and adults. The eggs
hatch and larva begins feeding on its host stage in order to complete its development.
When fully fed the parasitoid, larva spins a cocoon and pupates either externally or
internally and then emerges as an adult to feed, mate and continue the life cycle.
Most of adult parasitoids feed on flower nectar, pollen and honeydew. While there
are some adult parasitoids also feeding on fluids that exude from a host’s puncture
wound, caused by the wasp’s ovipositor [13].

We aimed in this book chapter to discuss potential of larval parasitoids in sus-
tainable agriculture through monitoring the abundance of natural enemies, the mass
production and the field application of these natural enemies as well as combining
larval parasitoids with other biocontrol agents.
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2 Types of Larval Parasitoids

2.1 Ectoparasitoids

The parasitoids which develop externally on its larval host called ectoparasitoids.

A. Bracon spp.: Thebraconidwasp is an important potential biological control agent
of several species of Lepidoptera, mainly pyralid moths and different hosts such
as Sesamia cretica, Ostrinia nubilais Hbn., Eublemma amabilis Sharma, Tuta
absoluta, Pectinophora gossypiella, Corcyra cephalonica Stainton, Sitotroga
cerealella Oliv., Galleria mellonella Linn., Maruca testulalis Geyer, Helicov-
erpa armigera (Hübner) Hardwick, Spodoptera litura Fab and Earias vittella
[14] (Fig. 1a).

B. (Netelia producta): Is Ichneumon medium-sized orange wasps that attacks both
helicoverpa and armyworm caterpillars. The hatched larva of parasitoid develops
externally, hanging on behind the head of the host. The parasitoid doesn’t arrest
the development of their host where they do not complete its larval development
until the host caterpillar has tunnelled into the soil and formed its pupation
chamber. After the host forms its chamber, the parasitoid kills the host and the
Netelia larva spins a black furry cocoon within this chamber (Fig. 1b).

A. female Bracon sp. parasitizing host larvae B. Netelia producta (Orange ectoparasitoid)

C. Adult of Eulophus pennicornis D. Adult Goniozus nephantidis

Fig. 1 Different ecto-larval parasitoids [14–16]
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C. Eulophus pennicornis (Nees) (Hymenoptera: Eulophidae): Is a gregarious
ectoparasitoid. It attacks a range of macrolepidopteran species, including the
tomato moth, Lacanobia oleracea L. (Lepidoptera: Noctuidae) (Fig. 1c) [15].

D. Goniozus nephantidisMuesebeck (Hymenoptera: Bethylidae): It is a gregarious
larval ectoparasitoid. It dominant and responsible for the reduction in the popu-
lation density of Black-headed caterpillar, Opisina arenosella Walker (Fig. 1d)
[16].

2.2 Endoparasitoid

The endoparasitoids develop within the body of their larvae; in the following para-
graphs, some endo-larval parasitoids will be presented.

A. Microplitis demolitor Wilkinson (Hymenoptera: Braconidae): Small waspes,
with black wings and orange upper abdomen and legs. It is The most an impor-
tant solitary parasitoid that parasitizes several species of noctuid larvae as Heli-
coverpa and Heliothis spp. The female deposits a single egg in early-stage host
larvae. The parasitoid larva feeds internally and chews a hole in the side of its
host to emerge and pupate externally. Thewhole lifecycle takes about 10–12 days
(Fig. 2a) [17].

B. Cotesia flavipes Cameron (Hymenoptera: Braconidae): is a gregarious endopar-
asitoid, the main biological control agent to manage stem borers in sugarcane
(Diatraea spp.) [29]. Females of parasitoid oviposit directly into the host haemo-
coel, and the number of deposited eggs depends on the host age [18]. This
parasitoid remains within the host during its whole embryonic and larval devel-
opment, being both dependent on the temperature conditions and development
status of the host. Parasitoids exit from the body cavity of the host to pupate
after producing a characteristic silk cocoon (Fig. 2b) [19].

C. Apanteles taragamae (Hymenoptera: Braconidae): It is a common braconid
endoparasitoid associated with various lepidopterous crop pests. This species
was recorded on Spilosoma obliqua Wlk. (Lepidoptera: Arctiidae), Eucosoma
critica Meyrick (Lepidoptera: Eucosomidae), Mythimna unipunctata Haworth
(Lepidoptera: Noctuidae) and Diaphania indica (Saunders) [20]. A. taragamae
develops in the larvae of the coconut black-headed caterpillar,Opisinaarenosella
Wlk. (Lepidoptera: Xylorictidae) as a solitary parasitoid [21]. It is also major
parasitoid of Diaphania indica and cowpea pod borerMaruca vitrata on Sesba-
nia cannabina (Fig. 2c) [22].

D. Campoletis chlorideaeUchida (Hymenoptera: Ichneumonidae): Is an important
larval endoparasitoid. It parasitizes different insect species of Lepidoptera [23].
Helicoverpa armigera (Hübner) is the most preferred host of C. chlorideae on a
number of crops, such as cotton, groundnut, chickpea, pigeonpea, sorghum and
pearl millet (Fig. 2d) [24].
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A. female Microplitis demolitor B. Adult Cotesia flavipes

C. Apanteles larvae emerging from 
Pieris larva

D. Campoletis chlorideae

F. Sturmiopsis inferensE. Male Meteorus autographae wasp

Fig. 2 Different endo-larval parasitoids [17–28]

E. Meteorus autographae Muesebeck (Hymenoptera: Braconidae): It develop as
endoparasitoids of Coleoptera and Lepidoptera larvae [25], the adult wasp is
tiny does not exceed 6mm orange, with black eyes and antennae. This parasitoid
attacks larval stage of noctuid such as the eastern blackheaded budworm;Agrotis
ipsilon (Hufn.), the armyworm; Pseudoplusia includens (Wlkr.), the soybean
looper; Spodoptera eridania (Cram.), the southern armyworm; S. exigua (Hbn.),
the beet armyworm; S. frugiperda (Sm.), the fall armyworm; S. ornithogalli
(Guen) (Fig. 2e).

F. Sturmiopsis inferens (Diptera: tachinid): Is an important solitary endoparasitoid
of sugarcane shoot borer Chilo infuscatellus Snell. [26]. It also parasitises the
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stalk borer, C. auricilius Ddgn. 1977) [27], and Gurdaspur borer, Acigona ste-
niellus Hampson (Fig. 2f) [28].

3 Impact of Kairomone on the Larval Parasitoid Behaviour

Chemical communication is widespread among many groups of organisms, includ-
ing insects [30]. Pheromones are interspecific semiochemicals which communicate
between individuals of the same species while allelochemicals (i.e., kairomone,
allomone and synomone) communicate between different species and may be classi-
fied according to the benefits they provide to the producer and receiver. Where those
that benefit the receiver but disadvantage the producer are kairomones. Allomones
benefit the producer by modifying the behavior of the receiver although having a
neutral effect on the receiver. Synomones benefit both the producer and the receiver.
Semiochemicals are known to serve amajor role as cues to help parasitoids in locating
and recognizing their hosts [31]. So the use of kairomones for biocontrol of insect
pests has been of interest for several decades due to the fundamental importance
of host-plant selection by phytophagous insects, as well as the potential of natural
enemies to co-opt those processes in ensuring their own survival.

Chemical communication between hosts and ectoparasitoids is one of most inter-
ested aspects of reciprocal communication between insects. The host scent plays an
important role in the attraction for specific ectoparasitoids. The study of the impact of
kairomones on the behaviour of the parasitoid is so rare [32]. The female parasitoid
is able to detect the host location even when surrounded by a very complex odor
background [33].

For example, fifth instar larvae of Ephestia kuehniella produce secretion by
Mandibular glands acts as kairomone for the larval ectoparasitoid Bracton hebetor
[34]. They found that the kairomone from E. cautella is responsible for the sting-
ing behavior of its parasitoid B. hebetor by decreasing the location time, and they
found the hosts early. The behavioral response of the parasitoids to the kairomone
varies with kairomone concentration and distribution. The application of host-extract
(kairomone) to the host larvae (E. kuehniella) led to reduce the time of host location
by the ectoparasitoid B. hebetor. Also, the application of host kairomone boosts the
parasitism by increase the oviposition response of the parasitoid. The cause of these
increase in the oviposition response might due to the stimulation and continuous
enhance of an intensified searching behaviour of the parasitoid [32].

Also some host plants emits or release volatiles scent that have been demonstrated
in many studies, it serve as kairomone, for attracting beneficial entomophagous as
parasitoid and predators to the host plant [35].Microplitis croceipes andCardiochiles
nigriceps larval parasitoids ofHeliothis sp. were substantially more efficient at locat-
ing their hosts on some plants than on others.
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4 Pillars of Biological Control Industry

4.1 Abundance of Natural Enemies

In general, there are biocontrol agents in nature (field crops, vegetables, fruit orchards
and forests), and they have been preventing some species from insect outbreaks. For
example, larval parasitoids, by definition, are those that attack and complete their
life cycle Endo/ Ecto a host larva. They may be either solitary or gregarious, but in
all cases, they prevent the host larvae to complete their life cycles (Fig. 3). These
species being abundant in some inhabiting continents were chosen for commercial
production and field application [1].

The following larval parasitoids Apanteles ruficrus, Bracon hebetor, Tachina lar-
varum, and Microplitis sp. were recorded on corn borers S. cretica, C. agamemnon
andO. nubilalis inmaize fields [36]. El-Heneidy and Sekamatte [37] surveyed the lar-
val parasitoids of the cotton bollworms and recorded twenty one parasitoid species
belonging 7 families. Of the 21 species, 10, 7 and 4 were found on Helicoverpa
armigera, Earias insulana and Pectinophora gossypiella, respectively. The larval
parasitoid Aganaspis daci was retrieved from naturally infested Bactrocera zonata

Fig. 3 Life cycle of Braconid larval parasitoid Cotesia glomerata in cabbage worm https://
www.google.com.eg/imgres?imgurl=https%3A%2F%2Fi.pinimg.com%2Foriginals%2Fbb%
2F76%2F47%2Fbb7647c7c47bc14dbdde44896e92a6fb.jpg&imgrefurl=https%3A%2F%2Fwww.
pinterest.com%2Fpin%2F322288917061264502%2F&docid=KYsMsFLXrbnbVM&tbnid=
oiOgCHkjpSzfJM%3A&vet=10ahUKEwi73cPr0ufkAhVIxoUKHQqZA0EQMwgxKAEwAQ.
.i&w=425&h=254&bih=623&biw=1366&q=Life%20cycle%20of%20Braconid%
20larval%20parasitoid%20Cotesia%20glomerata%20in%20cabbageworm&ved=
0ahUKEwi73cPr0ufkAhVIxoUKHQqZA0EQMwgxKAEwAQ&iact=mrc&uact=8

https://www.google.com.eg/imgres?imgurl=https%3A%2F%2Fi.pinimg.com%2Foriginals%2Fbb%2F76%2F47%2Fbb7647c7c47bc14dbdde44896e92a6fb.jpg&amp;imgrefurl=https%3A%2F%2Fwww.pinterest.com%2Fpin%2F322288917061264502%2F&amp;docid=KYsMsFLXrbnbVM&amp;tbnid=oiOgCHkjpSzfJM%3A&amp;vet=10ahUKEwi73cPr0ufkAhVIxoUKHQqZA0EQMwgxKAEwAQ..i&amp;w=425&amp;h=254&amp;bih=623&amp;biw=1366&amp;q=Life%20cycle%20of%20Braconid%20larval%20parasitoid%20Cotesia%20glomerata%20in%20cabbageworm&amp;ved=0ahUKEwi73cPr0ufkAhVIxoUKHQqZA0EQMwgxKAEwAQ&amp;iact=mrc&amp;uact=8


56 H. Elbehery et al.

or Ceratitis capitata in guava or citrus orchards in Giza, Egypt [5]. Elbehery [38]
found two larval parasitoids Bracon spp. and Apanteles spp. on the potato tuber moth
Phthorimaea operculella, the cotton leafworm Spodoptera littoralis and the black
cut worm Agrotis ipsilon.

4.2 Mass Production of Natural Enemies

Mass rearing of biocontrol agents contains the production of thousand/millions of
insects (host and bio-agent), objectives to control some insect pests. Mass production
started from smaller-scale or research rearing, or intermediate-sized rearing, upon
which basic research about the target (often an agricultural pest) and the larval par-
asitoids are conducted. Therefore, to produce natural enemies, two species have to
be reared, the pest and the natural enemy. The potential for rearing a large number
of natural enemies increased as artificial diets began to be developed since the 1960s
for Lepidoptera, Coleoptera, and Diptera [1].

The full grown larvae Galleria mellonella were used for rearing the Braconid
wasps (Fig. 4). Pairs of female and male Bracon spp. adults—1 to 2 days old were
released in the jar coveredwithmuslin cloth then fittedwith rubber lids for parasitism
and egg lying. Drops of honey were added on jar wall as food source which made
vital effects on efficiency of parasitoid wasps [39]. The parasitoids were transferred
daily, to a new jar prepared with a corrugated paper sheet with fresh host larvae until
the death. The corrugated paper sheet with parasitized larvae was kept until pupation
and adult emergence, which will be prepared to mass release in the target fields.
Kares et al. [40] reared the ecto-larval parasitoid species, Bracon brevicornis on
three different hosts; Ostrinia nubilalis, Sesamia cretica and Agrolis ipsilon. Mean
numbers of parasitoid’s progeny per host larva were 9.6 (on O. nubilalis), 9.3 (on S.
cretica) and 7.3 (on A. ipsilon).

Fig. 4 The full-grown
larvae G. mellonella with
adults Bracon hebetor (cited
from Saleh et al. [1])
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4.3 Field Application of Natural Enemies

One goal in pest control is to developmanaging strategies that kill insect pestswithout
harming the environment or other organisms. An ideal method would be to enhance
larval parasitoids to control some insect pest species. This can be accomplished by
mass releasing the biological control agents for controlling many of agricultural
insect pests [1].

A pilot trial to mass release parasitoid Aganaspis daci against Bactrocera zonata
under field conditions in Egypt were conducted by El-Heneidy et al. [5] and obtained
a significant reduction of insect population. Zaki et al. [41] reported that the highly
significant effect of kairomones was recorded by increasing parasitism rates by Bra-
con brevicornis on S. cretica and O. nubilalis. Zaki et al. [42] released Diaeretielta
rapae in cabbage field to control Brevicoryne brassicae at the rate of 1:50 resulted in
29% parasitism. Releasing Eretmocerus mundus for controlling B. tabaci in cabbage
at the rate of 5 adults/m2 resulted in 32% parasitism.

5 Factors Affecting the Larval Parasitoid Production

The biopesticide industry is undertaking rapid change, reproducing enlarged global
trade in agricultural supplies [43].Currently biopesticides include≈15%of theEgyp-
tian insecticide market. Biopesticide research on the subcontinent is at a relatively
early stage, but evolving rapidly, and focusing on indigenous biocontrol agents. The
mass-production and release of beneficial insects are the fundamentals of augmenta-
tive biological control [44]. However, production of these biological agents requires
the additional step of rearing prey/hosts. The costs of mass-production are balanced
by the economic and environmental benefits of the use of the beneficial biological
agents [45]. The appropriate use, augmentative releases of parasitoids may consider
alternative for the suppression of different pest populations. The percent emergence
of adults is the main indicator of success, which has been achieved due to the fol-
lowing advances.

5.1 Supplemental Food

Adult parasitoids are free-living, and hence they must forage for food resources.
Numerous of these adults are feed on different plant derived food such as pollen
and nectar [46]. That feeding of adult parasitoids with honey or sugar solution has
a positive effect on the longevity of various Diadegma species [47–50]. Therefore,
artificial diets can play important roles as floral nectar resource substitutes in lab-
oratory rearing of parasitoids for experimental studies and/or for field release for
the control of pest species. Diadegma mollipla parasitoid survived for much longer
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than males on both honey and sugar solutions larvae. So artificial diets in the form
of honey and sugar solutions sustain and significantly extend adult lifespan in D.
mollipla, and more in females than in males [51].

Improving artificial diets is considered an important way to make more cost-
effective the mass production of natural enemies. However, when artificial diets are
less nutritious than the natural prey or hosts [52], then their quality as biological
control agents decreases [53]. Recently, many studies were targeted at improving an
artificial diet to the development requirements of entomophagous species [54–56].

5.2 Environmental Conditions

Temperature and moisture are the main factors that affect the optimum development
of mass-production of larval parasitoid. Temperature adjustment aimed to attain-
ment of average useful lifespan for parasitoids, with over 50% of the adult parasitoids
remaining alive.When immature stages are developed at suitable environmental con-
ditions, however, the adults emerge in the required time, facilitating the coordination
of releasing process [57]. For example braconid wasp (Cotesia melitaearum) pupal
cocon develops slowly in a cold climatic condition, whereas its hostMelitaea cinxia
(Lepidoptera; Nymphalidae) larvae searched for open sunny microclimate resulting
in increased body temperature and rapid development [58].

5.3 The Host

Host quality is, therefore, a crucial determinant of parasitoidfitness as it influences the
developmental rate and duration, survival, sex ratio, fecundity, body size and progeny
longevity [59]. In order to high progeny fitness, a female parasitoid will select the
highest quality hosts to lay its eggs [60]. Similarly, female parasitoids will deposit
female eggs in high-quality hosts and male eggs in low-quality ones, thus ensuring
higher immature survival rates and production of more female progeny. Diadegma
mollipla deposited more female eggs in larger than in smaller host [51], also the type
of the host is a crucial factor for achieving powerful development of the parasitoid.
For example, the fecundity of B. hebetor was affected with the host, where daily and
total deposited eggs were significantly higher when reared on G. mellonella, on the
other hand it significantly less on Ephestia kuehniella and C. cephalonica. The hosts
affect the biology of the B. hebetor. G. mellonella is considered more suitable hosts
for the parasitoid than the other hosts [61].
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6 Practices of Larval Parasitoids Preservation

There are many practices which could conserve the larval parasitoids under different
ecological conditions [7].

6.1 Plant-Provided Food

Wäckers et al. [62] stated that adults of parasitoids and gall midges can increase their
longevity, flight activity and oviposition by feeding on nectar. Another approach can
be to select crop varieties with increased levels of plant-provide food resources [63].
Thus, the availability of plant-provided food can be a driving force in biocontrol
success program [64].

6.2 Food Sprays

Artificial or natural food supplements can be sprayed or dusted onto the crop to
support parasitoid wasps in crops, vegetables and fruit orchards, where nectar and
pollen are absent or only present at low densities [65]. The development of inex-
pensive alternative food sources is one of the major opportunities and challenges for
enhancing biological control in different crop [66].

6.3 Applying Semiochemicals

Behaviour of natural enemies is directed by semiochemicals. Attraction of natural
enemies with synthetic compounds, similar to plant volatiles, is being tested in crops
[67, 68]. Natural enemies may also respond to odours that are produced by their
host species, such as sex pheromones (kairomones). Kairomones may be used to
attract released parasitoids in order to help them establish. Applying attractants in
combination with food sprays may promote oviposition of released parasitoids into
the target crop. Hexane extract of corn borer larvae was applied on corn plants to
enhance performance of larval parasitoid Bracon brevicornis adults against the corn
borers Ostrinia nubilalis and Sesamia cretica [41, 69].
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6.4 Planting Suitable Non-crop Plants Near Fields

Many studies recommended that preservation biological control agents may be
improved by planting suitable non-crop plants near fields either to support migra-
tion into the crop or to provide a shelter when field crops are harvested and plants
removed. Field surroundings may also contribute to the migration of parasitoids into
fields [70]. These methods may contribute to early establishment of natural enemies
in new season in the spring [7].

6.5 Induced Plant Responses

Induced plant resistance against insects includes direct traits, such as the production
of toxins and feeding deterrents that reduce survival, host preference, fecundity or
developmental rate of pests, and indirect traits, that attract and/or retain natural
enemies [71]. The latter contains traits such as the plant producing volatiles and
floral nectar [72]. Insect induced plant volatiles help parasitoid wasps to detect their
hosts in a crop [71, 73], whereas floral nectar production is increased in response to
insect attack, guiding these wasps to find their hosts [74]. Preservation such natural
enemies might be enhanced in different crops by breeding varieties that produce
more volatiles and nectar [7, 75].

7 Does Landscape Affect Larval Parasitoid Activity?

There are numerous landscape factors affect insect populations and associated natural
enemies such as farm scale, crop diversity, crop types, pest density, field size and
shape, field margins as well as other direct factors like shelter, alternative hosts and
habitat and semi-natural habitat cover (Fig. 5).

To maximize parasitoid survival in agroecosystems, resources such as alternate
hosts, food for adults (e.g., pollen and nectar), accessibility of overwintering habitats,
constant food supply, and appropriate microclimates must be present [2, 76, 78, 79].
These resources may occur within fields through intercropping [80], or by promoting
the existence of aweedybackground [81, 82].Resources for natural enemiesmay also
occur at a larger, between-field scale, through the presence of hedgerows, woodlots,
and old fields [76, 77] (Fig. 5).

The practice explanation may be due to bottom-up influences of the vegetation
structure of complex landscapes. Extra field-vegetation differed considerably among
the three complex landscapes, which may translate into variations in the abundance
of alternative hosts of M. communis, the parasitoid species that accounts for 72.5%
of total parasitism of P. unipuncta in this study. All alternative hosts ofM. communis,
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Fig. 5 Landscape scale factors affect larval parasitoid activities [76, 77]

except Dargida procincta Grote, which does not occur in Michigan, are exposed to
larvae that feed primarily on trees and shrubs [83–86].

Menalled et al. [87] mentioned that landscape complexity may increase rates of
parasitism and parasitoid diversity. To find differences in rates of parasitism between
a complex and a simple landscape are complicated and not generalizable for a short
term [86]. Menalled et al. [87] identified three possible reasons for the observed
departures from the forecasted model of higher rates of parasitism in complex land-
scapes versus simple ones (Fig. 6). Other causes may affect the parasitoid activity
such as host range, overwinter requirements and their alternate hosts were investi-
gated by Dyer and Landis [78, 79]; Shaw [88]; Corbett and Rosenheim [89].

8 Interaction Between Larval Parasitoids and Other
Bioagents

The interactions between natural enemies can affect the abundance and population
of the host species; i.e. combining egg parasitoids with larval parasitoids could be a
practical integrated biological control program for mainly lepidopteran insects [90].
These effects are of both academic interest to ecology and of applied interest in the
field of biological control. There are much arguing has occurred over whether the
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Fig. 6 Effect of landscape factors on parasitoid wasp activities [86, 87] https://www.
thesolutionsjournal.com/article/landscape-features-improve-pest-control-agriculture/

best strategy for the reduction of pest density is to release a single or multiple natural
enemies. Theoretical models on this topic have given conflicting advice, supporting
both the release of multiple species. Academic models on this point have given
different advice, supporting both the release of multiple species [91, 92] and the
single species release strategy [93, 94]. In practice, biological control workers have
often applied any available natural enemy species, and in some cases have achieved
success with more than one species [95–98].

The ability of larval parasitoid and egg parasitoids to control the new invasive
insectTuta absoluta infestation,makes thempotential candidates formass production
and biological control, adding to the list another example of the adaptation of an
indigenous parasitoid to an exotic pest and highlighting the importance of a rich and
variegated biodiversity [99–102].

https://www.thesolutionsjournal.com/article/landscape-features-improve-pest-control-agriculture/
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Using egg parasitoid Trichogramma deion in combination with larval parasitoid
Habrobracon hebetor for preventing infestations of Plodia interpunctella were con-
ducted by Grieshop et al. [90]. They concluded that H. hebetor had a significant
impact on the number of live P. interpunctella, suppressing populations by ≈71%.
By releasing T. deion significantly increased the level of pest control (87%). By
adding H. hebetor, there was a significant reduction of P. interpunctella reached to
96.7%.Grogshop’s findings [90] suggest that, inmost conditions, a combined release
of both egg parasitoids such as T. deion and larval parasitoid like H. hebetor would
have the best insect management impact.

Another combination strategy is using hymenopteran larval parasitoids with ento-
mopathogenic nematodes, which expect that it may finally benefit the compatibility
of these two groups. Steinernematidae and Heterorhabditidae have a good safety
record especially regarding their effects on predators and parasitoids [103]. Gen-
erally, parasitoids are better at exploiting uninfected hosts because of their search
capabilities, whereas nematodes have limited search capacity and require appropriate
moisture. Hochberg et al. [104] mentioned that complementarity between parasitoid
and pathogens in terms of their extrinsic and intrinsic qualities helped to increase
their efficacy as stated by Lacey et al. [105].

Synchronizing use of parasitoids and entomopathogenic nematodes (EPNs) for
codling moth (CM) control may produce an antagonistic interaction between the two
groups resulting in death of the parasitoid larvae. Lacey et al. [105] evaluated two
ectoparasitic ichneumonid species,Mastrus ridibundus and Liotryphon caudatus for
biological control codlingmoth (CM) larvae combining with Steinernema carpocap-
sae. Exposure ofM. ridibundus and L. caudatus developing larvae to infective juve-
niles (IJs) of S. carpocapsae (10 IJs/cm2; LC80–90 for CM larvae) within CM cocoons
resulted in 70.7 and 85.2%mortality, respectively. On the other hand, diapausing full
grown parasitoid larvae were mainly completely protected from nematode penetra-
tion within their own tightly woven cocoons.M. ridibundus and L. caudatus females
were able to detect and avoid ovipositing on nematode-infected cocooned CM moth
larvae as early as 12 h after treatment of the host with IJs. This ability of these
parasitoids to avoid nematode-treated larvae and to seek out and kill cocooned CM
larvae that survive nematode treatments enhances the complementarily of EPNs and
M. ridibundus and L. caudatus [105].

Other results clearly demonstrate the vulnerability of developing larvae of both
M. ridibundus and L. caudatus to infection by S. carpocapsae. The susceptibility of
parasitic Hymenoptera to entomopathogenic nematodes has been reported by other
researchers for both internal and external hymenopterous parasitoids [106–108].

Premature death of the host with subsequent death of internal parasitoids is the
most frequently reported consequence of host-parasitoid-pathogen interaction rather
than direct infection of the parasitoid [109, 110]. The outcome of antagonism among
parasitoids and pathogens is hardly recognized [104].
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9 Case Study

As an alternative approach, biological control has been actively pursued. Several
natural enemies occurring in its native area have been reported as fully documented
by Desneux et al. [111], and the efficacy of different biocontrol agents has been
evaluated for the implementation of biological control strategies [1, 6, 7, 112]. Nat-
ural enemies have been investigated in many countries with the aim of using them
in biological control programs; in particular, research has been conducted on the
larval parasitoids, such as Apanteles gelechiidivoris Marsh, Pseudapanteles dignus
(Muesebeck), Bracon spp. (Hymenoptera: Braconidae), Dineulophus phthorimaeae
(de Santis) (Hymenoptera: Eulophidae), andDiadegma spp. (Hymenoptera: Ichneu-
monidae) [113–118]. However, none of these beneficial organisms seem to have so
far been decisive in controlling T. absoluta, and the research is ongoing [100].

Honey bee products were used as natural diets for rearing ectoparasitoid Bracon
hebetor under laboratory conditions.B. hebetor was allowed to fed on the tested diets
and lying eggs on host larva Galleria Mellonella. The results showed that, females
of larval parasitoid Bracon hebetor produced a significantly higher number of eggs
than the control (G. mellonella larvae only) when feed on honey bee products Table 1
[39].

Saleh [119] mentioned that the kairomonal effect of hexane extract of Ostrinia
nubilalis larvae and Sesamia cretica on Bracon brevicornis adults was evaluated
through olfactometer tests. Females were attracted to the kairomone of S. cretica
more than to that of O. nubilalis. The kairomone of S. cretica increased the parasiti-
sation from 7.74 to 17.05%, while the kairomones of O. nubilalis and of Spodoptera
littoralis were not significantly effective. Spraying molasses solution (10%) on the

Table 1 Effect of different tested diets for Bracon hebetor females on some biological aspects of
the parasitoid [39]

Diets Total no. of
laid eggs

Ovipositional
period (days)

Incubation
period
(days)

Hatchability
(%)

Pupation (%) Emergence
(%)

Larvae only 142.7 ± 29.2d 12.7 ± 2.3cd 1.5 ± 0.1a 83.90 ± 3.2b 90.39 ± 1.6a 91.40 ± 2.1a

Sugar
solution

147.1 ± 23.5d 8.3 ± 0.7d 1.36±0.1ab 84.94 ± 1.7b 91.60 ± 5.4a 92.27 ± 3.5a

Bee honey 292 ± 69.3 cd 15.4 ± 1.3bcd 1.18±0.1bc 91.25 ± 4.3ab 91.99 ± 4.2a 95.04 ± 2.1a

Royal jelly 527.1 ± 65.5b 22.1 ± 3.2ab 1.22±0.1bc 92.16 ± 4.1ab 98.26 ± 1.7a 93.64 ± 4.1a

Pollen
grains +
bee honey

439.3±439.3bc 17 ± 2.6bc 1.10 ± 0.1c 96.65 ± 1.5a 91.89 ± 4.6a 97.26 ± 1.7a

Royall jelly
+ bee
honey

738.2±107.2a 27.7 ± 4.3a 1.20±0.1bc 97.37 ± 1.3a 94.58 ± 1.9a 98.70 ± 1.3a

F value 12.412** 8.079* 3.307* 3.431* 0.543 NS 1.372 NS

Means followed by the same letter (s) in the column aren’t significantly different at 5% probability
*significant, **highly significant, NS non significant
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corn stalks before releasing B. brevicornis parasitoids increased the rate of para-
sitism from 7.74 to 28.21%. The concentration of 5% gave insignificant increase in
the parasitism rate [32, 41, 119].

10 Conclusion and Future Prospects

Agriculture production has to increase largely by 7% in the near future in order to
face the population increase. This production increase should be achieved through
the sustainable agriculture system as well as using biocontrol agents, i.e., larval par-
asitoids, which preserves the environmental recourses and limits the use of chemical
pesticides. Therefore, field application of biological control agents should be a main
part of sustainable agriculture. Because of the increasing consciousness about the
hazards of traditional chemical pesticides to both human and environment, many
countries have converted to biocontrol as alternatives to chemical control.

In Egypt, combination larval parasitoids with other biocontrol agents seems to be
well suited to protecting many crops, vegetables or fruit orchard trees from insect
infestations; however, sometimes few species will probably be ineffective in some
areas or crop species, then the producers would use the other biocontrol agents. H.
hebetor seems to be well suitable to some stored product insects, for example, it
could use to find P. interpunctella larvae in damaged packages or storages. There-
fore, the combination of releasing both egg parasitoids with larval parasitoids (i.e.,
Trichogramma evanescens and B. hebetor should provide the best control over both
the short and long term. However, it is important to realize that unlike pest mortality
resulting from egg parasitism by T. evanescens and larval mortality caused by H.
hebetor will only prevent future infestation. For adequate suppression of corn bor-
ers to occur, releases both parasitoid wasps should probably be applied, as early as
possible, so that the parasitoids have a better chance of managing pest populations
before they reach economic levels.

In the light of presented satisfactory results, additional studies on other biocontrol
species are required to clarify their potential parasitoid species for combining them
with other active, detect their efficiency on the primary hosts, and evaluate them in
biological control and IPMprograms in commercial tomato plantations. The compat-
ibility of the two biocontrol groups for insect pest control could be easily managed if
mass releases of parasitoids have been applied 48 h or more after for example EPNs
applications.

The different biological control strategies would use in the appropriate routines
and against certain insect pests in large areas, the proposed approach might be highly
effective and environmentally acceptable. Furthermore, if this kind of biological
control could be used in conjunction with other control strategies, such as the cultural
controlmethods or sterile insect technique andbotanical insecticides; this could result
in significant and important synergistic effects on pest population suppression.
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Propagation, Manipulation, Releasing
and Evaluation of Aphid Parasitoids
in Egypt

Ahmed Amin Ahmed Saleh

Abstract Studies were carried out in the Arab Republic of Egypt to study certain
aphid species infestation, their associated parasitoids on Cabbage, Cauliflower, faba
bean, oleander plant (Dafla), cucumber, corn and cowpea plants. Survey and sea-
sonal abundance of the aphid species Brevicoryne brassicae L., Aphis craccivora
(Koch), Aphis nerii Fonsecolombe., Hyalopterus pruni (Geoffroy), Aphis gossypii
Glover, Rhopalosiphum maidis Fitch Rhopalosiphum padi L. and Hypermoyzus lac-
tucae L. and its parasitoids were studied. Obtained results of the study showed
that Diaeretiella rapae (M’Intosh) was the dominant parasitoid on aphid species.
Longevity was affected by temperature and food but the sex ratio was not affect by
host species. The behavior of this parasitoid at varying host densities was also stud-
ied. Result showed a decrease of host-searching and first sting times with increasing
host density but number of sting and number of mummies increased as host den-
sity increases. The obtained results evaluated the role of the parasitoid D. rapae in
controlling B. brassicae and A. craccivora under greenhouses and field conditions.
Results emphasized that the efficiency of this aphid parasitoid had been decreased
with the highly population density of aphids. Itmay be concluded thatwhen this aphid
parasitoid used as biological control agents against B. brassicae and A. craccivora
should be used with low host density.

Keywords Aphid · Parasitoids · Biology · Mass production · Release · Egypt

1 Introduction

Aphids are one of insect groups whose economic importance increases with agricul-
ture development [1]. Natural enemies include predatory arthropods (insects, true
spiders and mites), parasitoids, predators, microbial pathogens, antagonistic fungi.
Yet,most attention has focused on the regulation of arthropod pests by their arthropod
natural enemies, and on habitat management [1–6]. Biological control is a satisfac-
tory tactic in an integrated pest management strategy. Control of insect pests by
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parasitoids is defined as the action of parasitoids that maintains a pest population at a
low population size. Parasitism of aphid is density dependent [3, 7, 8]. The parasitoid
Diaeretiella rapae (Hymenoptera: Aphidiidae) was considered by several authors to
be important in the control of the cabbage aphid, Brevicoryne brassicae [2, 3]. The
aphid species are major insect pests of many plants in several parts of the world. It
is not advisable to use chemical pesticides to control such pests especially on the
edible crops which are consumed as human food [4–7]. The routine application of
these pesticides to control aphids has two adverse effects, firstly they are mostly
non selective and kill aphid natural enemies, which causes further disturbance of the
ecosystem. Secondly, as in other species, resistant strains of aphids may be expected
to develop soon [3, 8, 9]. In order to reduce the environmental pollution by pesticides,
biological control is one of the most important bases of integrated control programs
and pest management. [10–20]. Some aphid parasitoids (Aphidiidae, Hymenoptera)
are well known as active bio-control agents for many aphid species in the world and
Egypt [21–27].

There were many species of indigenous hymenopteran parasitoids effectively
attacking aphids. These parasitoids might have considerable potential in integrated
pest management programmes for aphids infesting vegetables [25]. D. rapae is an
important primary parasitoid of a wide range of aphid species world wide and Egypt
as well, including major aphid pests such as cabbage aphid, Brevicoryne brassicae
(L.), green peach aphid Myzus persicae Sulz, Russian wheat aphid Diuraphis noxia
Mord, wheat aphids Rhopalosiphum padi (L.) and Schizaphis graminum Sulz., cot-
ton aphid Aphis gossypii Glov., faba bean aphid Aphis craccivora Koch, corn leaf
aphid Rhopalosiphum maidis F., reed plants aphid Hyalopterus pruni Geoffroy and
oleander aphid, Aphis nerii Boyer [13–18].

Diaeretiella rapae is well known as a potential bio-agent for many aphid species
in different countries [19, 20, 26–35]. Several hypotheses concerning the apparent
adaptive significance of such effects of parasitoids can be proposed. For example,
a paralyzed host may exhibit reduced defensive capabilities and also reduced tissue
uptake of haemolymph nutrients, thereby providing a greater supply of nutrients for
parasitoid [20, 23].

D. rapae played a significant role in suppressing populations of B. brassicae and
should be taken into consideration in control programs aim at protecting cruciferous
vegetable crops against aphid pests [33–36]. Large-scale production system was
established to rear parasitoids. This consisted of rearing laboratory containing cages,
of potted plants. These plants are infested with aphids and then used to infest larger
cages or houses [15]. The present study aims to focus the light on the parasitoids
of seven aphid species; Brevicoryne brassicae (L.), Aphis craccivora Koch, Aphis
nerii Boyer, Aphis gossypii, Rhopalosiphum maidis, R. padi and Hyalopterus pruni,
Geoffroy.These species are considered themain pests infesting: cabbage, cauliflower,
faba bean, Cowpea, Dafla (oleander plants), cucumber, maize and Hagana (reed
plants) [14–19].
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The study is concerned with the following aspects

1. Survey and Seasonal abundance of certain aphids (B. brassicae, A. craccivora,
A. nerii, R. padi, R. maids and H. pruni) and estimation of the percentages of
parasitism on the population sizes of the aphid species and the parasitoid D.
rapae during four seasons.

2. Estimating the effect of certain weather factors (Temperature and relative humid-
ity) on the population size of the aphid parasitoid population, D. rapae and its
aphid hosts.

3. Host suitability and host stage preference of certain aphid species forDiaeretiella
rapae.

4. Studying the biological aspects, host suitability, physiology of the most aphid
parasitoid, and D. rapae on certain aphid species.

5. Evaluating the role of the parasitoid, D. rapae in controlling the cabbage and
cauliflower aphid under field conditions.

6. Performance of parasitoid D. rapae and the biology on certain aphid species on
both laboratory and field.

7. Mass production and estimating the role of the parasitoid, D. rapae in control-
ling the cabbage and cauliflower aphid species, Brevicoryne brassicae (L.) and
cowpea aphid Aphis craccivora (Koch) in greenhouses and in the field.

2 Seasonal Abundance of Aphid Parasitoids

2.1 Survey and Abundance of Aphid Parasitoids

Brevicoryne brassicae was the dominant aphid species infesting cabbage and
cauliflower crops. Only one parasitoid species namely:Diaeretiella rapaewas found
to emerge from the mummified aphids of B. brassicae. In this respect, B. brassicae
was the aphid species infesting cabbage and cauliflower crops in Egypt [28, 32–
37]. The main parasitoid emerged from the mummified aphid was D. rapae. Aphis
craccivora was the dominant aphid species infesting faba bean crop [14]. Three par-
asitoids were emerged from the mummified aphids. They were D. rapae, Ephedrus
persica and Trioxys sp. (Table 1).

Results agree with [14, 17, 26, 38] in Egypt, they stated that the hymenopterous
parasitoids,D. rapae,L. fabarum,Ephedrus sp. and a hyperparasitoid,Aphidencyrtus
sp. emerged from mummified aphid A. craccivora.

Hyalopterus pruni was the major aphid species infesting Hagna plants (common
weedy graminouses plants). The three parasitoids D. rapae, Aphidius colemani and
Aphelinus sp. emerged from the mummified aphids (Table 1). Aphidius Colemani
and D. rapae are considered among important parasitoid species on the aphid H.
pruni. Aphis nerii was the main aphid species infesting Dafla plants.
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Table 1 Aphid parasitoids surveyed from aphid species on different host plants in Egypt

Host plant Aphid species Parasitoids

Scientific name Status

Cabbage and cauliflower Brevicoryne brassicae
(L.)

Diaeretiella rapae
(M’Intosh)

Primary

Pachyneuron sp.
Alloxysta sp. (Cynipidae)

Secondary

Faba bean Aphis craccivora (Koch) Diaeretiella rapae
(M’Intosh)
Ephedrus persicae
Froggatt

Primary

Pteromalidae Hyper

Dafla (Oleander plants) Aphis nerii (Boyer) Diaeretiella rapae
(M’Intosh)
Aphidius matricariae
Haliday

Primary

Pteromalidae Hyper

Hagna (Reed plants) Hyalopterus pruni
(Geoffroy)

Diaeretiella rapae
(M’Intosh) Aphidius
colemani viereck
Aphelinus sp. (Nees)

Primary

Cucumber plants Aphis gossypii Glover Lysiphlebus fabarum
Marshall
Diaeretiella rapae
(M’Intosh)

Primary

Pachyneuron sp. Hyper

Cowpea Aphis craccivora (Koch) Lysiphlebus fabarum
Marshall
Diaeretiella rapae
(M’Intosh)

Primary

Aphidencyrtus sp. Hyper

Corn Rhopalosiphum maidis Diaeretiella rapae
(M’Intosh)

Primary

Rhopalosiphum padi
Linnaeus

Paron sp. Primary

Nerium oleander [39–42]. The three parasitoids D. rapae, Aphidius matricariae
and Aphelinus sp. emerged from the mummified aphids. On the same host plant, [43]
in Greece showed that the most common parasitoid species attacking the oleander
aphid A. nerii in Greece were A. Colemani, Binodoxys angelicae, D. rapae and P.
volucre. Five primary parasitoids, D. rapae and Aphidius sp.; while Pachyneuron
sp., Alloxysta sp. and Aphidencyrtus sp. were Hyperparasitoids on the aphid A. nerii
[19].

Aphis gossypii was the aphid species infesting cucumber crop. The primary par-
asitoids emerged from the mummified aphid were: Lysiphlebus fabarum, D. rapae,
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Binodoxys angelica. Also, one secondary parasitoids Pachyneuron sp. emerged from
the mummified aphid. The parasitoid, Ephedrus cerasicola, Lysiphlebus testaceipes
and A. colemani emerged from mummified aphid A. gossypii on cucumber. Mean-
while, [44, 45] mentioned that A. matricariae parasitoid on aphid A. gossypii on
cucumber plant in Germany. However, in Egypt, studies on the seasonal fluctua-
tions of A. gossypii and associated predators and parasitoids proved that Chrysopid
species the most abundant predators and Trioxy auctuswas first record on A. gossypii
in Egypt [10]. On the other hand, host acceptance and host suitability of the cotton
aphid A. gossypii for Lysiphlebus japonicas and A. colemani [43–46].

The following is a list of hymenopterous primary and hyper parasitoid species
that emerged from cowpea aphid A. craccivora during the period of study:

Primary parasitoids: Lysiphlebus fabarum Diaeretiella rapae and Trioxys sp.
Hyperparasitoids: Aphidencyrtus sp. [47–51].

However [47, 52, 53] reported that A. craccivora was parasitized by Aphidius
colemani and L. fabarum in Cowpea fields, L. fabarum recorded as a parasitoid on A.
craccivora in Egypt [38]. Moreover, Trioxys angelicae (Hal.) recorded as parasitoid
of A. craccivora [19, 38, 48]. The present results agree with those of [19, 26, 29] who
found that D. rapae, L. fabarum and Ephedrus sp. as parasitoids on A. craccivora in
Egypt. Lysiphlebus fabarum, A. matricariae and Trioxys sp. were found attacking A.
craccivora on faba bean cultivar [18, 54–76].

2.2 Seasonal Abundance of Aphid Parasitoids
and Percentages of Parasitism

2.2.1 Seasonal Abundance of B. brassicae on Cabbage Plants and Its
Parasitoid Species

The parasitoid,D. rapae, showed different numerical responses to increased densities
of aphids [46].Pachyneuron aphidiswas reported as a hyperparasitoid onD. rapae by
[41, 42]. The highest number ofB. brassicaewas (590 individuals/20 inch2) while, in
the 2nd season the highest number of B. brassicae was (656 individuals). Two peaks
of B. brassicae were (530 individuals), and (590 individuals) during 2010 season
[12] were recorded. Several authors attribute lack of control of B. brassicae by D.
rapae to a delay in parasitoid response to aphid population increase [54, 77], while in
the 2nd season, three peaks for B. brassicae were recorded on cabbage plants during
the 2nd and 4th weeks of December, and 4th week of January where (577, 656 and
497) individuals, respectively were recorded [31].

However, the aphid B. brassicae is a major pest on cruciferous plants, in several
parts of the world especially cabbage and cauliflower in Egypt [10, 14, 51, 52]. The
aphid parasitoid D. rapae is a primary parasitoid on B. brassicae infesting cabbage
had three peaks (257), (306) and (224 individuals) in the first season, while four peaks
were recorded in the 2nd season (372), (225), (290) and (226 individuals) [29]. The
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Fig. 1 Occurrence percentages of primary and hyper parasitoid species on cabbage crop with
Brevicoryne brassicae during 2010/2011 and 2011/2012 seasons

maximum number of mummified aphids was (306 individuals) in the first season
and (372 individuals) in the second one [29]. The percentages of parasitism ranged
between 0.49 and 13.37% during the period from the 3rd week of January and the
1st week of April. At the end of the season, it fluctuated between 55 and 100%; in
the last week of April and 1st week of May, 1990 respectively. In the 1991 season it
was between 0.99 and 9.71% in the 1st week of January and the 3rd week of March.
At the end of the season the percentages were 54.67, 97.29 and 100% in the 3rd, 4th
week of April and 1st week of May.

The rate of parasitism of B. brassicae was about four times as that of M. persi-
cae. There were no significant differences in the longevity, development time and
percentage of successful emergence between D. rapae individuals reared on the two
hosts [18, 54–56, 77, 78].

Figure 1 shows the intensity percentage of D. rapae to the total catch of this
parasitoid during two years of study, it was 80.07 and 97.02%. The highest total
parasitism percentage was 83.84% which was recorded in the 4th week of February
in the first season while it was 79.45% in the 3rd week of February in the 2nd
one [27]. Diaeretiella rapae played the major role towards suppressing B. brassicae
populations [29].

2.2.2 Seasonal Abundance of B. brassicae on Cauliflower and Its
Parasitoid Species

The rates of parasitism were usually 0–3%, and rarely exceeded 10%. Rates of
parasitism generally decreased during the phase of rapid increase of aphid numbers
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and showed a marked increase only when aphid populations were in their final sharp
decline phase. Results indicated that the parasitoids did not substantially influence
the aphid populations. Rates of parasitism of the primary parasitoids averaged 50%
(with a maximum of 100%) [57]. Highest population abundance of B. brassicaewas
(643 individuals) in the first season of 2011, but in the second season, it reached 676
individuals [27]. Meanwhile, the lowest number was 376 individuals in 2011 season
[10], while it was (396 individuals) during 2012 [3, 27]. As for parasitoid D. rapae,
the main primary parasitoid of B. brassicae on cauliflower, it had three peaks 79,
230, and 282 individuals in the first season, while four peaks were recorded in the
second one (127, 264, 326 and 278 individuals) [10, 15]. The maximum number of
mummified aphids was (282 individuals) in the first season, and 326 individuals in
2011/2012 season. Parasitoids were made available for the surrounding crops [56].

Later this system became also a source of its specificity for the cabbage aphid;D.
rapae clearly dominated the parasitoids (more than 90% of individuals). Parasitism
was high enough to free cauliflower heads from cabbage aphids [31]. Figure 2 shows
the intensity percentage of the primary parasitoid D. rapae to the total catch of these
parasitoids during two years of study, it occupied 88.26 and 87.13% in the two study
seasons, respectively. The highest total parasitism rate was 56.85% it was recorded
in the 2nd week of February in the first season while it was 65.85% in the 1st week
of March in the 2nd season [10, 29]. However, [33] in Egypt, studied the seasonal
abundance of B. brassicae and its associated parasitoids on cauliflower plants in
Egypt. Also, he found that four to six peaks of abundance were recorded for the
aphids on the leaves during the two seasons of 1990 and 1991 [33, 51–53, 79, 80].
The percentages of parasitism on B. brassicae byD. rapae in Egypt reached the peak
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Fig. 2 Occurrence percentages of primary and hyper parasitoid species on cauliflower crop infested
with Brevicoryne brassicae during 2010/2011 and 2011/2012 seasons
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of 56.85% in the 2nd week of February in 2011 season and 65.8% in the 1st week
of March in 2012 season on cauliflower plants [10, 23].

2.2.3 Seasonal Abundance of A. craccivora on Faba Plants and Its
Parasitoid Species

The highest population abundance of Aphis craccivora was (892 individuals) during
the 1st week of November, 2010 in the 1st season, but in the 2nd season it reached
866 individuals during the 3rd week of October. Meanwhile, the lowest number
(330 individuals) occurred in the 4th week of January in the first season, while in
2011/2012 season, it reached 397 individuals during the 1st week of February. Faba
bean is attacked by several insect pests including the cowpea aphid, A. craccivora
which is considered a key pest of faba bean cultivation in Egypt according to Saleh
[10].

FromFig. 3, it could be noted that themaximumnumber ofmummified aphidswas
recorded in the 2nd week of December (70 individuals) [19], when the temperature
and relative humidity were 15.78 °C and 66.79% R.H. in the first season and (69
individuals) in the 2nd season during the 4th week of January (Fig. 4).

Figure 5 shows the intensity percentages of D. rapae, Ephedrus persica and Tri-
oxys sp. in relation to the total catch of these parasitoids during the two seasons of
study, it was 48.75, 17.35 and 20.34% in the first season and 60.2, 20.05 and 5.18%
in the 2nd season of study [19]. The parasitism percentage increased sharply to reach
its maximum 13.94% which was recorded in the 4th week of January in the first
season at 14.99 °C and 63.93% R.H. (Fig. 3), while it was 13.10% in the 2nd week
of February in the 2nd season at 14.83 °C, 60.57% R.H. (Fig. 4). However, in Egypt
the rate of parasitism on A. craccivora ranged from 15.4 and 22% during March on
this aphid species [38]. The seasonal means of parasitism rates of the parasitoid D.
rapae and Ephedrus sp. on A. craccivora were 8.17 and 6.45% in Egypt during the
two seasons of their study [19, 28].

2.2.4 Seasonal Abundance of Aphis nerii on Dafla Plants and Its
Parasitoid Species

The percentages ofD. rapae, Aphidius matricariae and Aphelinus species in relation
to the total catch of all parasitoids during the two years of study are recorded. They
were 54.07, 24.65 and 10.74% in the first season and 49.12, 24.16 and 12.41% in
2011/2012 season (Fig. 6). Results agree with those of [54] who mentioned that the
total mean parasitism of primary parasitoids D. rapae and Aphidius sp. were 8.74,
12.66, 7.01 and 7.41% in Zagazig and Mansoura during two seasons, respectively
(Fig. 6).

The percentage of parasitism gradually increased to reach the maximum 35.14%
in 2010/2011 season recorded in the 4th week of February [46], while it was 40.78%
in the 2nd week of March in the 2nd season at 18.88 °C, 58.86% R.H. [77, 78, 81].
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Fig. 3 Population density of A. craccivora, number of mummified aphids and percentages of
parasitism on faba bean plants during 2010/2011 season

However, mentioned that the parasitism rates on A. nerii tend to range between 1
and 10% [46]. Although the percentages of parasitism ranged from 30 to 45.69% on
some host plants; Asclepias species and Dafla plants [47, 54].

In Zagazig district:

1. Diaeretiella rapae

In the first season (Fig. 7), the parasitoid disappeared completely by the end of
September and continued to the 1st week of December, D. rapae was found in very
high density resulting in (100% parasitism) during the period extended from the 2nd
week of December to the 1st week of January. During the next period until the 1st
week of March the parasitoid,D. rapae remained in high relative density (85.71–92)
[18]. The mean density of the parasitoid in that season was 88.45% during the 2nd
season (Fig. 7). A similar trend was noticed, where D. rapae was the most dominant
species representing 93.33–100% of the total parasitoids during the period from the
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Fig. 4 Population density of Aphis craccivora, number of mummified aphids and percentages of
parasitism on faba bean plants during 2011/2012 season
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A. nerii during 2004–2005, 2005–2006 and 2006–2007 seasons

2nd week of December to late December. D. rapae remains in high relative density
(90.67–91.67). The means of the parasitoid in whole season was 84.63%. In the
last season (Fig. 7), D. rapae was found in very high density (100%) during late
November and continued to the 3rd week of December. The mean season percentage
of parasitism was 86.95% [18, 28].



84 A. A. A. Saleh

2. Aphidius spp.

Aphidius spp. started to appear on the 2nd week of January, Percentage parasitism
was (14.92%). The high density of the parasitoid (16.42%) was recorded on the 3rd
week of March and the low density of the parasitoid (8.0%) was recorded on the 1st
week of March. The means of the parasitoid density in was 11.55% during the 2nd
season (2005–2006), Aphidius spp. The high density of the parasitoid (22.73%) was
recorded on 3rd week of January and the low density of the parasitoid (6.67%) was
recorded on late December [18, 56]. The mean density of the parasitoid in whole
season was 15.37%. In the last season (2006–2007), Aphidius spp. appeared at the
4th week of December (12.5%). The high density of the parasitoid (16.94%) was
recorded on the 2nd week of March and the low density of the parasitoid (9.41%)
was recorded on late of January [18, 53]. The mean density of the parasitoid in this
season was 13.05% (Fig. 7).

In Mansoura district:

1. Diaeretiella rapae

In the 1st season (Fig. 7), D. rapae was found in high density (100%) during the
period from the 1st week of November to the 2nd week of November, The lowest
density of the parasitoid (57.89%) was recorded on the 3rd week of January [18,
56]. The mean density of the parasitoid in that season was 76.68%. During the 2nd
season (Table 6 and Fig. 7), D. rapae was the most dominant species representing
86.67–100% of the total parasitoids during the period from late November to the
2nd week of December. The lowest density of the parasitoid (69.49%) was recorded
on late January [18]. The mean parasitoid density was 79.11%. In the last season
(Table 7),D. rapaewas found in high density (100%) during the period from the 3rd
week to end of November. The mean density of the parasitoid in the entire season
was 82.68% [46].

2. Aphidius spp.

Aphidius spp. started to appear on the 3rd week of November, the percentage of
parasitism was 18.75%. The high density of the parasitoid (28.57%) was recorded
on the 3rd week of December. The means density of the parasitoid in this season was
23.32% during the 2nd season (2005–2006), Aphidius spp., disappeared completely
at 2nd week of September to 4th of November [18, 56]. The high density of the
parasitoid (30.51%) was recorded on 4th week of January and the low density of
the parasitoid (11.11%) was recorded on 1st week of December. The mean density
of the parasitoid in whole season was 20.89% [18]. In the last season (2006–2007),
Aphidius sp. appeared at 2nd week of December; it was (16.28%). The high density
of the parasitoid (24.44%) was recorded on 2nd week of December [33]. The mean
density of the parasitoid in this season was 17.32% (Fig. 7).

Percentage of parasitism ranged between 1.16 and 34.01% during the period from
the 2nd ofDecember to the 4th of February in the first season (2004–2005). Themean
total percentageof parasitism in that seasonwas9.77%.During the 2nd season (2005–
2006), percentage of parasitism ranged between 2.35 and 28.03% during the period
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from 2nd of December and 4th of March. The mean total percentage of parasitism in
whole season was 8.69%. Percentage of parasitism ranged between 0.58 and 45.69%
during the period from 4th week of November and 3rd week ofMarch [3, 15, 28, 77].
The mean total percentage of parasitism in last season (2006–2007) was 12.66%. In
Zagazig district. In Mansoura district, percentage of parasitism ranged between 1.8
and 10.28% during the period from 1st week of November and 3rd week of February
during (2004–2005). The mean total of parasitism was 3.39% in this season. In the
season of (2005–2006) it was between 3.72 and 22.11% in the 4th of November and
2nd week of February. The mean total of parasitism was 7.32% in 2nd season. In
the last season (2006–2007) it was between 2.39 and 19.18% in the 3rd week of
November and 1st week of February. The mean total of parasitism was 7.34% in last
season.

As in many aphid-parasitoid systems [3, 77, 78], parasitoid did not play a signif-
icant role in regulating population growth of A. nerii on Asclepias species. Aphid
densities continued to grow exponentially up to the end of the growing season [81].
Aphid parasitoids often exploit a small number of available hosts, and parasitism
rates tend to range between 1 and 10% [53]. Although, parasitism rates reached over
30% on some host plants, i.e. Asclepias species [81]; Pachyneuron species achieved
100% and established on the 1st week of December. Then, it declined to the lowest
activity (40%). During late season of 2007, the highest activity with (100%) on the
1st and 2nd week of January [28, 55].

Pachyneuron sp. (100%) was established on 1st week of December. Then, it
declined to the lowest activity (40%). During late season of 2007, the highest activity
with value was (100%) on the 1st and 2nd week of January [28, 55]. The lowest
activity was 36.36% on 1st week of March in Zagazig (Fig. 8).

The highest activity (100%) was established on the last week of January in the
first season 2005. in the 2nd season 2006, the 1st record of Pachyneuron sp. (100%)
was established on 2nd week of January. Then, it was fluctuated to record the lowest
activity with value (40%) in the 4th week of February. During the last season 2007,
the 1st appearance of hyper-parasitoid, P. sp. was (100%) in 1st week of January
[18]. Then, it was the highest activity with value was (33.33%) on the last week of
January inMansoura district (Fig. 8). The recorded hyperparasitoid onD. rapaewere
Pachyneuron sp., Atrichoptilusnea avenues Masi (Pteromalidae), Alloxysta minuta
Horting (Cynepidae) and Pachyneuron aphidis Boch and Alloxysta sp. in Egypt [12,
18, 29–31, 51, 79]. Hyperparasitism has traditionally been viewed in the context of
applied ecology as being harmful and so it is believed to have usually a negative
impact on beneficial primary parasitoids. To obtain hyperparasitoids, mummies (one
or two days after mummification) were exposed to hyperparasitoids for two days
and individually isolated in micro-tubes [18]. There is a contrary speculation as to
hyper parasitoids possible positive role in maintaining a proper balance between the
primary parasitoids and their hosts by preventing an excessive build up of parasitoid
numbers [39, 55].
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Fig. 8 Occurrence percentages of hyperparasitoids on primary parasitoid infested A. nerii during
2004–2005, 2005–2006 and 2006–2007 seasons

2.2.5 Seasonal Abundance of Aphis gossypii and Its Parasitoids
on Cucumber Plants

Lysiphlebus fabarum adults began to appear on 2nd week of April (8 individuals)
then the number of parasitoid in increased gradually to reach the maximum (39
individuals) in the last week of April (Fig. 9), while it had one peak in the 2nd
season 2016. This peaks occurred in the 4th week of April (85 individuals) [58].
The data also cleared that D. rapae a parasitoid for A. gossypii on cucumber had
two peaks in the 1st season 2015. These peaks were 17 and 5 individuals, while the
3rd peak occurred in the 4th week of April (39 individuals). The data also cleared
that Binodoxys angelica a parasitoid for A. gossypii on cucumber had two peaks in
the first season 2015, while it had one peak in the 2nd season 2016 [58]. This peaks
occurred in the 4th week of April (19 individuals) (Fig. 10). The data also cleared
that Pachyneuron sp. a hyper parasitoid had few number of Pachyneuron sp. Adult
was recorded during the two seasons.Pachyneuron spwas recorded during the period
of April–June in the two seasons [58]. The percentages were 53.7, 22.6, 15.1% and
8.6% in the first season, 2015, and 52.2, 27.7, 12.1 and 7.89% in the 2nd season
2016, Fig. 11.

The percentages of parasitism ranged from 3.14 to 21.0% in the first season
2015; while the percentages of parasitism starting by 2.66% in the 2nd week of
April and it increased until reached the peak of 42.66% in the 2nd season 2016 the
development and evaluation of an open rearing system for the control of A. gossypii
by L. testaceipes in greenhouse on sweet pepper plant in Brazil [61]. The parasitism
percentage ofA. house A. gossypii ranged from 5 to 13%. The highest total parasitism
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Fig. 9 Population density of Aphis gossypii aphid and number of parasitoid aphids in cucumber
field during 2015 season

ratio was 21.0% during the 4th week of April in the first season 2015 as shown in
Fig. 9, while it was 42.66% during the 4th week of April in the 2nd season 2016 as
shown in Fig. 10. The parasitism and development of L. testaceipes on A. gossypii
was studied by [57–59] on sweet papper. Percentage of parasitismwas higher, 44.2%
adult emergence 92.6%.However, the development and evaluation of an open rearing
system for the control of A. gossypii by L. testaceipes in greenhouse on sweet pepper
plantswas recorded by [53] inBrazil. The parasitismpercentage ofA. gossypii ranged
from 5 to 13%. On the other hand, [44] recorded that L. testaceipes and Ephedrus
cerasicola parasitized 26–23% of A. gossypii, A. colemani parasitized 72.80% of
aphid while Aphidius matricariae parasitized less than 6% of A. gossypii.

2.2.6 Seasonal Abundance and Estimation of Parasitism in the Cowpea
Field

The primary parasitoid Lysiphlebus fabarum was the most dominant species with
mean relative densities 69.10 and 63.26%during 2016 and 2017 seasons, respectively
[19].WhileTrioxys sp. recorded 19.22 and 20.83%, respectively, the Pteromalidswas
represented by 11.68 and 15.91%, respectively (Tables 2 and 3).
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Fig. 10 Population density of Aphis gossypii aphid and number of parasitoid aphids in cucumber
field during 2015/2016 season at Diarb Nagem district

Table 3 showed that the percentage of parasitism ranged from 1.69 to 19.11%,
on the 3rd week of July and second week of September respectively, during the first
season [19, 56]. In the 2nd season (Table 2), percentage of parasitism ranged between
0.90 and 13.80%, on the 4th week of July and 1st week of October at means 34 °C
and 59% R.H., and 37 °C and 60% R.H. respectively [28]. Total means of parasitism
rates by L. fabarum, Trioxys sp. and Aphidencertus sp, recorded 4.56 and 6.63%
during 2016 and 2017 seasons respectively. The percentage were 69.10, 19.22, and
11.68% in the first seasons 2016 and 63.26, 20.83, and 15.91 in the seasons [39].

2.2.7 Seasonal Abundance of R. maidis on Maize Plants and Its
Parasitoid Species

Infestation started to appear from the beginning of the 1st week of July with (601
individuals/sample) R. maidis and (280 individuals/sample) R. padi (Table 4) while
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Fig. 11 Percentages of different parasitoid species on cucumber plant infested with A. gossypii
during 2015 and 2016 seasons at Diarb Nigem district

it appeared during the 4th June with (592 individual/sample) R. maidis and (256
individual/sample) R. padi, in 2010 season (Table 5). D. rapae was the primary par-
asitoid emerged from R. maidis mummies and Praon sp. was the primary parasitoid
emerged from R. padi mummies. Percentage of parasitism ranged between 0.75 to
3.00% and 0.84 to 3.49% for D. rapae on R. maidis in both seasons 2009 and 2010.
Mean while the percentage parasitism of Praon sp. on R. padi ranged between 0.80
to 3.45% and 0.79 to 2.44% in both seasons respectively. The mean percentage of
parasitism were 1.21 ± 0.47 and 1.71 ± 0.46 (D. rapae) and it were 1.38 ± 0.53
and 1.11 ± 0.35 (Praon sp.) in both seasons, respectively [28, 56]. However, AL
Hag et al. (1996) recorded that D. rapae as an important parasitoid of R. maidis on
wheat and barley fields in Saudi Arabia. Meanwhile [63] concluded that the main
parasitoids of R. padi on maize plant were Aphidius sp., Praon sp., and Aphelius
sp. On the other hand, D. rapae is an important primary parasitoid of a wide range
of aphid species in the world and Egypt, B. brassicae, Myzus persicae, Diuraphis
noxia, A. gossypii, A. craccivora, R. padi, R. maidis and A. nerii [15, 54].
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Table 4 Monthly mean percentages of parasitism R. maidis by D. rapae on maize plants during
two successive seasons of 2009 and 2010

Seasons Sampling dates No. of examined
aphid

No. of parasitized C. Parasitism %

A B Total

2009 July 558 0 0 0 558 0

August 375 2 3 5 370 1.33

September 391 3 6 9 382 2.30

Mean 441.33 ± 41.37 1.66 3 4.66 436.67 1.21 ± 0.47

2010 June 521 0 0 0 521 0

July 482 3 5 8 474 1.66

August 498 5 8 13 485 2.61

September 429 4 7 11 418 2.56

Mean 482.5 ± 14.75 3 5 8 474.5 1.71 ± 0.46

RD = Relative density
A = No. of mummies counted at the date of inspection
B = No. of mummified host appeared during laboratory rearing

Table 5 Monthly mean percentages of parasitism R. padi by Praon sp. on maize plants during two
successive seasons of 2009 and 2010

Seasons Sampling dates No. of examined
aphid

No. of parasitized C. Parasitism %

A B Total

2009 July 274 0 0 0 274 0

August 257 1 3 4 253 1.56

September 231 2 4 6 225 2.59

Mean 254 ± 9.67 1 2.33 3.33 250.66 1.38 ± 0.53

2010 June 252 0 0 0 252 0

July 263 0 2 2 261 0.76

August 283 2 4 6 277 2.12

September 255 2 2 4 251 1.57

Mean 263.25 ± 5.27 1 2.0 3 260.25 1.11 ± 0.35

RD = Relative density
A = No. of mummies counted at the date of inspection
B = No. of mummified host appeared during laboratory rearing
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3 Biological Studies

3.1 Life Cycle of D. rapae Reared on B. brassicae, A.
craccivora and A. nerii

D. rapae is a solitary koinobiont endoparasitoid, i.e. one parasitoid larvae grows
within the aphid body, consuming host internal tissues without stopping host growth
(aphids can still produce some offspring in the first days after parasitism, although
much less than un-parasitized aphids) [64–69]. parasitoids can be classified into
four types of species with differing lifetime reproductive strategies and life history
traits. Type 1 includes pro-ovigenic species, which possess their total egg load at
emergence and do not mature additional eggs during adult life, and Type 2 includes
weakly-synovigenic species which also emerge with an initial load of mature eggs
but can mature additional one [27]. s. Type 3 and Type 4 include species which do
not possess mature eggs at emergence, and mature a substantial part, or all, of their
eggs during adult life. Typically, Type 1 and 2 have high fecundities, short lives
and concentrate ovipositions at the beginning of their life, whereas Type 3 and 4
have low fecundities, long lives, and oviposit all along their life. D. rapae is weakly
synovigenic and lays the majority of its eggs in the first four days of life (Jamont
et al. 2013), and it lives a short time compared to other parasitoid species [69–73].

The period of egg stage in host body differed, significantly in different aphid
species. The incubation period of egg lasted an average 4.29± 0.50 (2–5) days on B.
brassicae. This period averaged 4.04 ± 0.49 (2–5) days on A. craccivora and 4.49
± 0.41 (2–6) days on A. nerii. Therefore, D. rapae oviposition period was extended
from 3 to 4.5 days, which is a period of particularly high fecundity. Indeed,D. rapae
is a synovigenic parasitoid, i.e. it can mature eggs during its adult stage [74] of
mature eggs in ovaries ofD. rapae is at its highest between the 2nd and 4th day after
emergence [82–85].

The larval stage duration lasted an average of 6.11± 0.64with a range of 4–8 days
on B. brassicae, while it was 5.89 ± 0.50 (3–8) days on A. craccivora, opposed to
6.62± 0.39 (4–8) days on A. nerii. The prepupal and pupal periods altogether ranged
from 5 to 7 days, with an average of 6.31± 0.30 days onB. brassicae [56].While, this
period was 4–6 days with an average of 5.18 ± 0.19 days on A. craccivora and 7.27
± 0.41 (5–9) days on A. nerii (Table 6). When larval growth is near to completion
and most host tissue has been consumed, the D. rapae larva pupates inside its host,
which turns brown and round-shaped, forming an aphid ‘mummy’ from which the
adult eventually emerges. As an adult, D. rapae does not feed on host tissue (unlike
some parasitoid species), but it can feed on carbohydrate-rich fluids, such as floral
and extrafloral nectar, honeydew, or synthetic sucrose solutions. After emergence, it
can live 6–14 days when fed on nectar, which is about 2–5 times longer than if it has
access to water only and no food [74, 82, 83].

The mean of total developmental period from deposition of egg to adult’s emer-
gence ranged from 11 to 20 days with an average 16.97 ± 0.14 days on B. brassicae,
opposed to 14.65 ± 0.15 (9–19) days on A. craccivora and 18.38 ± 0.91 (11–23)
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Table 6 Effect of aphid host species on the developmental periods of the parasitoid D. rapae
immature stages at 19.5 °C and 63.63% R.H.

Host plant Host aphid Egg stage Larval stage Pupal stage Total devel-
opmental
period/days

Cabbage B. brassicae 4.29 ± 0.50a

(2–5)
6.11 ± 0.64a

(4–8)
6.31 ± 0.30a

(5–7)
16.97 ± 0.14a

(11–20)

Faba bean A. craccivora 4.04 ± 0.49a

(2–5)
5.89 ± 0.50a

(3–8)
5.18 ± 0.19b

(4–6)
14.65 ± 0.15b

(9–19)

Dafla A. nerii 4.49 ± 0.41a

(2–6)
6.62 ± 0.39a

(4–8)
7.27 ± 0.41a

(5–9)
18.38 ± 0.91a

(11–23)

LSD0.05 0.49947 0.79915 0.9989 1.9978

Mean under each variety having different letters in the same raw denote a significant different
(p≤0.05)
Data expressed as Mean ± S. D
*p≤0.05; **p≤0.01

days on A. nerii (Table 6). The parasitoid D. rapae completed its life-cycle in a
period ranged from 8 to 18 days at 26 ± 1 °C [64]. The biology of T. agnelicae on A.
craccivora and found that the parasitoid completed its developmental cycle within
15.4 days at 21.7 °C and R.H. 61.34% [48].

The parasitoid D. rapae completed its life-cycle in B. brassicae throughout mean
periods of 17.2, 12.6 and 10.3 days at 20, 25 and 30 °C, respectively [65]. D. rapae
completed its life-cycle in a period of 12–18 days at 19.5 °C on B. brassicae and
11–15 days on A. craccivora [26]. On the other hand, the total development period
of the parasitoid D. rapae lasted 16–24 days, with an average of 19.87, 24.39, 16.34
and 18.55 days in B. brassicae, A. nerii, A. craccivora and H. purni, respectively
[27].

3.2 Effect of Temperature and Food Supply on the Longevity
of Parasitoid D. rapae

Considering that parasitoids are known to visit and feed on flowers, feeding on nec-
tar benefits parasitoid longevity, fecundity and searching performance, andmonocul-
tures are generally devoid of sugar resources, floral subsidies are intuitively expected
to augment parasitism rates and pest control [66]. The presence of honeydew might
mitigate potential exploitative competition for nectar, by providing a sugar source
when nectar is intensely consumed by other insects such as pollinators [67]. From
data presented in Tables 7, 8 and 9, it could be, generally, observed that adult females
lived for a longer period than males, irrespective of host aphid species from which
the adults emerged, the nutritive solution on which the adults were supplied, and also
the temperature at which the adults were kept. It could be, also observed that keeping
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Table 7 Effect of temperature and food supply on longevity of D. rapae adult emerged from B.
brassicae mummies

Group Treatment Temp. (°C) Adult longevity (days)

Female Male

Range Mean ± SE Range Mean ± SE

A − 16.9 4–8 6.05 ± 0.4d 3–5 3.9 ± 0.2d

B + 16.9 6–9 8.22 ± 0.36c 5–7 6.89 ± 0.29c

C − 9 16–23 19.35 ± 0.80b 7–10 9.20 ± 0.30b

D + 9 36–46 39.58 ± 1.03a 23–37 28.78 ± 1.12a

LSD0.05 1.8828 1.8828

− Starved; + supplied with droplets of bee honey
Mean under each variety having different letters in the same raw denote a significant different
(p≤0.05)
Data expressed as Mean ± S. D
*p≤0.05; **p≤0.01

Table 8 Effect of temperature and food supply on longevity of D. rapae adult emerged from A.
craccivora mummies

Group Treatment Temp. (°C) Adult longevity (days)

Female Male

Range Mean ± SE Range Mean ± SE

A − 17.5 3–5 4.90 ± 0.18d 2–4 3.64 ± 0.13d

B + 17.5 5–8 7.54 ± 0.29c 5–7 6.32 ± 0.26c

C − 9 12–16 14.94 ± 0.40b 6–9 7.74 ± 0.30b

D + 9 29–36 33.84 ± 0.78a 19–27 24.36 ± 0.89a

LSD0.05 0.94142 0.94142

− Starved; + supplied with droplets of bee honey
Mean under each variety having different letters in the same raw denote a significant different
(p≤0.05)
Data expressed as Mean ± S. D
*p≤0.05; **p≤0.01

the emerged adults at low temperature (9 °C) led the D. rapae adults to survive for
3–4 times or more longer than longevities recorded for adults kept at 16.9 °C. From
data in the same Tables 7, 8 and 9, it could be also observed that longevities of D.
rapae adults emerged from B. brassicaemummies were the longest (3.9–28.78 days
for males and 6.05–39.58 days for females) compared to those emerged from A.
craccivora mummies (3.64–24.36 and 4.9–33.48 days, respectively). Two recent
studies provide such diet comparison in aphid parasitoids, however their results are
contradictory; Lysiphlebus testaceipes lived as long on buckwheat nectar as on host
(Aphis gossypii) honeydew diets [76], but the longevity of D. rapae was 3.5 times
shorter when fed B. brassicae L. honeydew than Vicia faba L. extra-floral nectar
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Table 9 Effect of temperature and food supply on longevity of D. rapae adult emerged from A.
nerii mummies

Group Treatment Temp. (°C) Adult longevity (days)

Female Male

Range Mean ± SE Range Mean ± SE

A − 18.2 3–5 4.23 ± 0.24d 2–3 3.10 ± 0.11d

B + 18.2 5–8 6.73 ± 0.34c 4–6 5.49 ± 0.34c

C − 9 10–16 13.38 ± 0.63b 5–8 6.85 ± 0.31b

D + 9 27.36 31.74 ± 0.93a 17–25 21.6 ± 0.91a

LSD0.05 0.4707 0.4707

− Starved; + supplied with droplets of bee honey
Means followed by the same letters in a column are not significantly different at 1% level of
probability (Duncan’s Multiple Range test)

[74]. In that case, D. rapae longevity on honeydew was not significantly different
from control wasps given access to water only, suggesting that B. brassicae honey-
dew has no nutritional value to this parasitoid. While those emerged from A. nerii
mummies showed the shortest longevities (3.1–21.6 and 4.23–31.74 days for males
and females, respectively) (Table 9).

Parasitoidsmay exploit sugar present in honeydew; e.g., in citrus orchards, the par-
asitoid Aphytis melinus, whose host does not produce honeydew, feeds on honeydew
of various phloem-feeding insects [68]. It is necessary to know and list these sources,
because if they provide enough, accessible and constantly-available carbohydrates,
floral subsidies may not be visited by parasitoids.

Increased reproductive output of D. rapae implies that more eggs are matured,
but also that more hosts are found, i.e. nutrition also affects the behaviour of female
parasitoids. Few studies documented how nectar feeding can affect the activities
performed by some parasitoids, and the available knowledge on D. rapae behaviour
does not cover the effect of metabolic state. To fully understand how nectar affects
D. rapae fitness, behavioural observations of wasps fed with buckwheat nectar or
water only, and then exposed to hosts [69].

As for the effect of supplying honey droplets for feeding D. rapae compared to
the starved adults, data in Table 7 show that among adults emerged from B. brassicae
mummies fedmales lived at 16.9 °C for 6.89 days and at 9 °C for 28.78 days, opposed
to 3.9 and 9.2 days, respectively for the starved adults. Correspondent longevities for
females were 8.22 and 39.58 days for fed adults and 6.05 and 19.35 for starved adults
[15]. Those emerged from A. craccivora lived for 6.32 days at 17.5 °C and 24.36 at
9 °C in case of fed males and 3.64 and 7.47 days for starved males. These values
were 7.54 and 33.84 (fed) and 4.9 and 14.94 days for starved females (Table 8).
Feeding also altered the suite of actions performed by parasitoids. For example, the
aphid parasitoid A. ervi allocated more time to walking (explorative behaviour) and
attacking hosts when fed nectar than when starved, in which case it stayed stationary
[70].
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Values recorded for those emerged fromA. neriimummieswere 5.49 and 21.6 (fed
males); 3.1 and 6.85 days (starved males), opposed to 6.73 and 31.74 (fed females)
and 4.23 and 13.38 days for starved females at 18.2 and 9 °C, respectively (Table 9).
However, the adult life span of adult parasitoids is affected by many factors such as
temperature, humidity, food, presence or absence of hosts, etc. [39]. On the other
hand, the longevity was affected by temperature and food supply of the parasitoid
D. rapae [26, 27, 48].

3.3 Effect of Host Aphid Species on D. rapae and Adults’
Emergence

The sex-ratio and percentage of adults’ emergence ofD. rapae in the field and of two
laboratory generations on three aphid species;B. brassicae,A. craccivora andA. nerii
are assessed. On B. brassicae, in the field the percentage of parasitoid emergence
was 84.88% with the sex-ratio 2.25 females: 1 male. While, in the laboratory, the
percentage of adults’ emergence in the first generation was 76.97%with the sex-ratio
1.29 female: 1 male, while in the 2nd generation, 69.04% emergence occurred from
host mummies with the sex-ratio 1.02 female: 1 male (Table 10).

Meanwhile, on A. craccivora in the field, the percentage of D. rapae emergence
from host mummies was 78.96% with the sex-ratio 1.81 female: 1 male. While, in
the laboratory the percentage of adults’ emergence and sex-ratio were 71.67% and
1.19:1, respectively opposed to 67.93% and 1.04 female: 1 male, respectively in the
2nd generation [71]. As for the third species of aphids (A. nerii), the percentages of
parasitoid emergence from host mummies were 71.31, 65.46 and 57.63%, respec-
tively with sex-ratios (female: male) 1.42:1, 1.1:1 and 1.06:1 for adults emerged from
mummies collected in the field and the two laboratory reared generations, respec-
tively (Table 10).

Statistical analysis confirmed significant differences between percentages of D.
rapae emergence from B. brassicae, A. craccivora and A. nerii, and also between
those frommummies from the field and each of the two successive generations. High-
est percentage of emergence was that from field collected B. brassicae mummies.
Among the emerged adults, the sex-ratio was almost 1:1 except for those emerged
from field collected B. brassicae mummies among which the sex-ratio was in favor
to females, being 2.25:1. In this respect, [71] reported that sex-ratio of the parasitoid
D. rapae (females: males) was 1.7:1 by rearing the parasitoid for five successive gen-
erations, sex-ratio was almost 1:1 in the first three generations, but males dominated
in the 4th and 5th generations.
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Table 10 Effect of host aphid species on D. rapae and adults’ emergence

Host
aphid

Source
parasitoid

Total no
of
mummies

Total no.
of adults
emerged

Percentage
of adults’
emer-
gence

Females Males Sex ratio
male:
female

B.
brassicae

In the
field

979 831 84.88 a 575 256 1:2.25

1st gener-
ation

534 419 76.97 c 236 183 1:1.29

2nd gen-
eration

407 281 69.04 e 142 139 1:1.02

A.
cracivora

In the
field

385 304 78.96 b 196 108 1:1.81

1st gener-
ation

293 210 71.67 d 114 96 1:1.19

2nd gen-
eration

237 161 67.93 e 82 79 1:1.04

A. nerii In the
field

251 179 71.31 d 105 74 1:1.42

1st gener-
ation

194 127 65.46 f 65 62 1:1.105

2nd gen-
eration

118 68 57.63 g 33 35 1:1.06

LSD0.05 1.7454**

Mean under each variety having different letters in the same raw denote a significant different
(p≤0.05)
Data expressed as Mean ± S. D
*p≤0.05; **p≤0.01

3.4 Behaviour of the Parasitoid D. rapae on Different Host
Densities

Feeding increased the time allocated to searching, and greatly decreased time spent
immobile. Searching, defined as rapid walking, was almost absent in unfed para-
sitoids [27]. Results may suggest that, in 30 min, fed parasitoids could explore an
area that is 40 times larger than unfed parasitoids, and according to model stud-
ies, a 40-fold increase in search rate over a parasitoid’s lifetime would divide pest
equilibrium population by the similar rate of 40, which would represent a very sig-
nificant improvement of biocontrol [72]. However, as ingested sugars are consumed
via metabolic activity [73]. D. rapae may maintain an intense searching behaviour
if they feed frequently on nectar, which would also increase their longevity [74, 83].
After alighting on a Brussels sprout plant, female D. rapae tended to walk up the
stem, stopping at leaf-nodes and walking up petioles to explore leaves, and even-
tually reached the top of the plant which was checked intensively for hosts, before
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the parasitoid flew off [75]. Because nectar-fed D. rapae spent more time in rapid
walk than did starved individuals, they might be faster in their journey from leaf to
leaf [69, 75]. As reported by [18] the leaf-reaching is a measure of the attractive-
ness potency of the semiochemicals emitted by the food plants and the host insects.
Data in Table 11 indicate that the leaf-arrival time decreased with increasing the host
population density. While, the number of oviposition (No. of stings) and number of
resultant aphid mummies increased with increasing the host density. The maximum
leaf-arrival time was 8.41 ± 0.25 min when the host density was 20 and it started to
decrease as the host density increased which became the minimum 0.86 ± 0.17 min
at host density of 80 individuals (Fig. 12). The time of the first sting increased as
the host population increased. It was minimum 8.92 ± 0.53 min at host density of
20 individuals, while its maximum value was 21.13 ± 0.30 min at host density of
80 individuals (Fig. 13). The number of stings (oviposition) increased as the host
population increase. The lowest value was 6.6 ± 0.5 at population of 20 individu-
als and reached the maximum value 65.8 ± 2.86 when the host population became

Table 11 Behavior of the parasitoid D. rapae on cabbage at different B. brassicae densities

Host density Leaf-arrival time
(min)

First sting time
(min)

No. of stings
(oviposition)

No. of mummies

20 8.41 ± 0.25 a 8.92 ± 0.53 c 6.6 ± 0.5 d 3.4 ± 0.39 d

40 5.88 ± 0.23 b 14.57 ± 0.37 b 28.2 ± 2.07 c 8.2 ± 0.73 c

60 1.83 ± 0.23 c 15.88 ± 0.51 b 49.5 ± 0.81 b 13.2 ± 1.01 b

80 0.86 ± 0.17 d 21.13 ± 0.30 a 65.8 ± 2.86 a 19.00 ± 0.54 a

LSD0.05 0.6765** 1.3286** 5.5076** 2.1409**

Means followed by the same letter in a column are not significantly different at 0.05% level
*p≤0.05; **p≤0.01
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Fig. 12 Graphical representation of leaf arrival time (min) (mean ± SD) by D. rapae against B.
brassicae
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Fig. 13 Graphical representation of first sting (min) (mean ± SD) by D. rapae against various
densities of B. brassicae

80 individuals (Fig. 14). Also, the number of the formed mummies increased by
increasing the population density. Its minimum value was 3.4 ± 0.39 at host popula-
tion of 20 individuals and increased gradually to become maximum (19.00 ± 0.54)
when the host population became 80 individuals (Fig. 15). The increased number
of antennal encounters, oviposition and number of mummies with increase of host
density might be due to increased concentration of the kairomones excreted by the
host aphids. These kairomones enhance the activity of the parasitoid, thus increasing
its potentiality to locate more host individuals [27, 71, 86].

0

10

20

30

40

50

60

70

20 40 60 80
Host density

N
o.

of
 st

in
g 

(o
vi

po
st

iti
on

)  

Fig. 14 Graphical representation of number of stings (oviposition) (mean ± SD) by D. rapae
against B. brassicae
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Fig. 15 Graphical representation ofNo. ofmummies (mean±SD) byD. rapae againstB. brassicae

3.5 Conservation of the Parasitoid D. rapae

Storage and release of the adult parasitoids is also important when males are lacking.
In this case, it is possible to hold virgin females after they have deposited male
eggs and subsequently, mate with their own male progeny [7, 87]. The maximum
percentages of emergence (91.43 and 57.14%) were obtained from mummies of B.
brassicae and A. nerii, respectively, when the mummies were kept at (9 ± 0.4 °C)
for 5 h before storage for one week at (5 ± 0.4 °C). While, the maxima percentages
of mortality (65.71 and 88.67%) occurred when the mummies were kept in the
refrigerator at (9 ± 0.4 °C) for 15 h before storage for 4 weeks at (5 ± 0.4 °C)
in B. brassicae and A. nerii mummies, respectively. The total number of mummies
were kept at different periods before storage (5, 10 and 15 h) and then stored for
one week recorded the mean percentages of 84.76, and 51.43% emergence from the
120 mummies of B. brassicae and A. nerii, respectively, while the correspondent
mean mortality percentages were 15.24 and 48.57% [15]. Mummies kept for the
same pre-storage periods and then stored for two weeks recorded 71.43 and 39.05%
emergence from the total mummies 28.57 and 60.95% mortality in B. brassicae and
A. nerii, respectively. The highest total percentage of emergence after three and four
weeks storage periods were (54.29 and 39.05%) in case of B. brassicae mummies,
and (28.57 and 15.24%) in the mummies of A. nerii. Meanwhile, the mean mortality
percentages after storage for the same periods were (45.71 and 60.95%) and (71.43
and 84.76%) in the mummies of B. brassicae and A. nerii, respectively.

The mummies of aphidiids had a higher rate of emergence if kept when newly
formed at low temperature, therefore the age in which the parasitoids had been stored
seemed to be the best [88, 89]. Similar conclusion was reported by [5] in Egypt who
stored freshly formed mummies of A. uzbekistanicus, for one month at 3 °C after
being kept in the refrigerator at 8 ± 0.5 °C for periods of 6, 12 and 15 h, different
results about Aphidius matricariae Hal. storage for two weeks in southern France
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and Also for two and four weeks had been tested [90, 91]. These results are in general
agreement with the work of [92] in France and [9, 15] in Egypt who stored D. rapae
in freshly formed mummies of B. brassicae, for more than two months at 5 °C after
being kept in the refrigerator at 8 ± 0.4 °C for 9, 12 and 15 h.

4 Biochemical Assessment

Determination of total soluble protein colorimetric
Determination of total soluble protein in homogenated aphids was carried out at

as described by [92].

– Determination of total lipids: Total lipids were estimated by the method of [93].
– Free amino acids determination: Total amino acids were calorimetrically assayed
by ninhydrin reagent according to the methods described by Lee [94].

– Total carbohydrates: Total carbohydrates were estimated in acid extract of aphids
by the phenol-sulphuric acid reaction of [95]. Total carbohydrates were extracted
and prepared for assay according to [96].

Several hypotheses concerning the apparent adaptive significance of such effects
of parasitoids can be proposed. For example, a paralyzed host may exhibit reduced
defensive capabilities and also reduced tissue uptake of haemolymph nutrients,
thereby providing a greater supply of nutrients for parasitoid [97].

Data presented in Table 12 show the level of total protein in the supernatant of the
homogenated aphid speciesHypermoyzus lactucae andH. pruni recorded the highest
significant level; (34.733± 1.22 and 34.533± 1.23 mg/g. t. wt., respectively). While
B. brassicae gave the lowest significant one (12.89± 0.560mg/g. t. wt.), P= 0.0000.

Table 12 Nutrient compounds of different aphid species

Species Total protein
(mg/g. b. wt.)

Total
carbohydrates
(mg/g. b. wt.)

Total lipids
(mg/g. b. wt.)

Free amino acids
(mg/g. b. wt.)

B. brassicae 12.896 ± 0.56 c 10.49 ± 0.33 c 4.616 ± 0.27 a 1.65 ± 0.09 b

H. pruni 34.533 ± 1.23 a 23.10 ± 0.95 a 1.573 ± 0.09 b 0.596 ± 0.06 c

A. craccivora 30.00 ± 1.04 b 10.42 ± 0.40 c 1.21 ± 0.006 bc 4.266 ± 0.15 a

A. nerii 32.033 ± 0.98 10.73 ± 0.45 c 0.88 ± 0.04 c 0.726 ± 0.01 c

H. lactucae 34.733 ± 1.2 a 12.903 ± 0.64 b 1.143 ± 0.04 c 0.556 ± 0.04 c

LSD0.05 3.260 1.884 0.419 0.298

P 0.0000*** 0.0000*** 0.0000*** 0.0000***

Mean under each variety having different letters in the same raw denote a significant different
(p≤0.05)
Data expressed as Mean ± S.D.
*p≤0.05; **-***p≤0.01
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Results also indicate significant increase in the total carbohydrate was regarded in
the case of H. pruni (23.10 ± 0.95 mg/g. t. wt). Reversely, A. nerii, B. brassicae and
A. craccivora recorded the lowest significant reduction (10.73 ± 0.45, 10.49 ± 0.33
and 10.42 ± 0.40 mg/g. t. wt.), respectively P = 0.0000, Table 12.

As for total lipids, B. brassicae manifested the highest significant level of total
lipids (4.616 ± 0.27 mg. g. t. wt.) followed by H. pruni 1.573 ± 0.09, A. craccivora
1.21 ± 0.006, Hypermoyzus lactucae 1.143 ± 0.04 and A. nerii 0.88 ± 0.04 mg/g.
t. wt., P = 0.0000. A. craccivora and B. brassicae produced the highest significant
increase in free amino acids (4.266± 0.15 and 1.65± 0.09mg/g. b. wt.), respectively,
Table 12. On the other hand, Hypermoyzus lactucae recorded the least significant
decrease (0.556 ± 0.04 mg/g. t. wt., P = 0.0000) [56]. Available informations indi-
cated that, there are few researches about the relation between parasitism percentages
and nutrition components of different species of aphids. The parasitoid aphid con-
tinues to feed, grow and develop. The host represents an open resource system in the
future, as opposed to current resources [56]. Parasitoid larvae grew at different rates
in different aphids of similar size, which suggest that quality is a specific attribute to
each host species [98]. The host species may influence the rate of development and
the survival of a parasitoid. A host may be unsuitable due to the lack of some neces-
sary nutritional or hormonal resource [99, 100]. Our data on D. rapae showed that
host aphid species, B. brassicae, A. nerii and A. craccivora were nutritionally and
physiologically suitable for parasitoid development but B. brassicae was considered
the best host among the species tested, adult emergence and higher parasitization.
That is probably attributed to its higher nutrient composition of total lipids and
free amino acids. These amino acids rapidly incorporate to produce large amounts
of proteins that necessary for the developing parasitoid. Lipids can convert to pro-
teins to substitute the reduction in protein content or produce supplementary energy
used for growth and development. In addition, they include important hormones and
pheromones [101, 102].

5 Mass Production and Field Application of Aphid
Parasitoids

5.1 Cabbage Insect Pests

5.1.1 Laboratory Experiments

Biological control is satisfactory program in an integrated pest management. Control
of insect pests by parasitoids is defined as the action of parasitoids that maintains
a pest population at a low level. Parasitism of aphid has been shown to be density
dependent [3]. Most cases of biological control release have concentrated only on
the agent and its prey/host and have ignored the fact that the released agent may
become part of a food web comprising species native to the region of introduction
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Table 13 Effect of parasitoid density on percentage of parasitism in Petri dishes under laboratory
conditions (16.0 ± 1 °C and 75.0 ± 2% R.H.)

Parasitoid
density

Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD

No. of aphid
parasitised

No. of adults
emerged

No. of adults
non emerged

Percentage
of adult
emergence

Percentage
of parasitism

1~ 25.2 E ±
0.72

20.6 E ±
4.16

4.6 D ± 2.07 82.20 A ±
4.57

12.7 E ±
2.71

2~ 41.6 D ±
4.98

33.6 D ±
4.28

8.0 D ± 1.58 80.74 A ±
3.27

20.8 D ±
2.49

4~ 59.4 C ±
9.13

45.8 C ±
5.12

13.6 C ±
4.51

77.53 B ±
4.26

29.7 C ±
4.56

8~ 72.6 B ±
8.41

55.8 B ±
7.33

16.8 C ±
1.92

76.77 B ±
2.41

36.1 B ±
3.81

12~ 79.0 B ±
4.18

59.8 B ±
3.96

18.8 B ±
4.55

75.66 C ±
1.69

40.5 B ±
2.85

16~ 95.6 A ±
6.91

70.8 A ±
4.82

24.8 A ±
4.54

74.16 C ±
3.77

47.8 A ±
3.46

F value 71.66 65.38 29.45 3.89 72.96

Means followed by the same letter in a column are not significantly different at 5% level

and others which had been previously introduced [69]. The maximum percentage
of adult emergence of the parasitoids from mummies was 82.2 for D. rapae at one
parasitoid per cage, while the minimum of 74.16 was recorded at 16 parasitoids per
cage. With the increase of parasitoid density, the percentage of parasitism was 47.8
for D. rapae at 16 parasitoids per cage with a minimum 12.7 at one parasitoid per
cage. There were significant differences in the percentage of parasitism and number
of parasitized aphid among one, two, four and eight parasitoid per cage and 16
parasitoids/cage (Table 13). The maximum number of aphid parasitized was 95.6 for
D. rapae at 16 parasitoids per cage with a minimum of 25.2 was at one parasitoid
per cage.

Bionomics of Diaeretiella rapae at Varying Densities in the Pots

D. rapae played a significant role in suppressing populations of B. brassicae and
should be taken into consideration in any control programs aimed at protecting Bras-
sica crop against aphid pests Bahana and Karuhize [36].

The maximum percentage of parasitism was 82.32 for D. rapae at one parasitoid
per cage and a minimum of 73.48 at 16 parasitoids per cage. There were significant
differences between the percentage of adult emergence among one parasitoid per
cage and two, four, eight and 16 parasitoids per cage but no such difference occurred
between two parasitoids per cage and four, eight and 12 and 16 parasitoids per cage.
With the increase of parasitoid density the rate of parasitism and the number of
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Table 14 Effect of parasitoid number on percentage of parasitism in the pots under the laboratory
conditions (16.0 ± 1 °C and 75.0 ± 2% R.H.)

Parasitoid
density

Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD

No. of aphid
parasitised

No. of adults
emerged

No. of adults
non emerged

Adult
emergence %

Parasitism %

1~ 29.0 F ±
6.32

24.0 E ±
5.87

4.8 E ± 0.84 82.32 A ±
3.5

14.5 F ±
3.16

2~ 54.0 E ±
7.11

42.6 D ±
3.29

11.4 D ±
4.34

79.4 A ±
5.65

27.0 E ±
3.55

4~ 71.2 D ±
8.61

55.2 C ±
9.31

16.0 C ±
2.45

77.19 A ±
4.99

35.6 D ±
4.31

8~ 86.8 C ±
6.72

65.8 B ±
8.14

21.0 B ±
1.87

75.59 B ±
3.86

43.4 C ±
3.36

12~ 104.2 B ±
4.82

77.8 A ±
6.26

26.4 A ±
3.97

74.33 B ±
3.97

52.3 B ±
2.39

16~ 114.8 A ±
7.92

84.2 A ±
3.19

30.6 A ±
4.83

73.48 B ±
2.52

57.4 A ±
3.96

F value 104.07 61.55 40.47 3.14 104.66

Mean under each variety having different letters in the same raw denote a significant different
(p≤0.05)
Data expressed as Mean ± S. D
*p≤0.05; **p≤0.01

parasitized aphids increased [15]. The maximum percentage of parasitism was 57.4
for D. rapae at 16 parasitoids per cage and a minimum of 14.5 was recorded at one
parasitoid per cage. The maximum number of aphid parasitized forD. rapae (114.8)
was recorded at 16 parasitoids per cage and a minimum of 29.0 was recorded at one
parasitoid per cage (Table 14).

Bionomics of Diaeretiella rapae at Varying Densities in the Field

The maximum percentage emergence was 83.71 for D. rapae at one parasitoid per
cage and the minimum was 72.45 at 16 parasitoids per cage. There were significant
differences in the percentages of adult emergence among parasitoid density of one
parasitoid per cage, eight parasitoids per cage and 16 parasitoids per cage but no such
differences occurred between one, two and eight parasitoids per cage and between
12 parasitoids and 16 parasitoids per cage. The maximum percentage of parasitism
was 93.4 for D. rapae at 16 parasitoids per cage and the minimum was 43.9 at one
parasitoid per cage [15]. The maximum number of parasitized aphid was 186.8 for
D. rapae at 16 parasitoids per cage and the minimum was 87.8 at one parasitoid per
cage. There were significant differences in the total numbers of parasitized aphid and
the total percentage of parasitism at all densities (Table 15). The total percentage of
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Table 15 Effect of parasitoid densities on percentage of parasitism in the field under 18.0 ± 1 °C
and 73.0 ± 2% R.H.

Parasitoid
density

Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD

No. of aphid
parasitised

No. of adults
emerged

No. of adults
non emerged

Percentage
of adult
emergence

Percentage
of parasitism

1~ 87.8 F ±
11.82

73.6 C ±
10.78

14.2 D ±
1.30

83.71 A ±
1.39

43.9 F ±
5.91

2~ 101.6 E ±
9.84

81.6 C ±
7.70

20.0 C ±
2.55

80.33 A ±
1.15

50.8 E ±
4.92

4~ 115.4 D ±
8.32

82.6 C ±
20.37

25.6 C ±
1.82

81.39 A ±
8.94

57.7 D ±
4.16

8~ 114.0 C ±
12.86

108.0 B ±
6.04

38.2 B ±
5.54

75.19 B ±
2.97

72.4 C ±
6.01

12~ 169.0 B ±
7.04

125.0 A ±
5.96

44.0 B ±
3.53

73.96 C ±
1.76

84.5 B ±
3.52

16~ 186.8 A ±
5.40

135.4 A ±
11.59

51.4 A ±
9.50

72.45 C ±
5.15

93.4 A ±
2.70

F value 76.79 35.40 26.25 3.61 44.78

Means followed by the same letter in a column are not significantly different at 5% level of proba-
bility

parasitism increase in the field and decreased in the laboratory, which was probably
due to some weather factors [103–108].

5.1.2 Evaluation of D. rapae in Controlling B. brassicae Under Field
Conditions

The maximum total percentage of adult emergence was 80.85 for D. rapae at 1:10
ratio/cage and the minimum (75.53) was recorded at 1:50 ratio/cage. There were no
significant differences in percentage of adult emergence at all tested ratios [109]. The
maximum total of percentage parasitism was 54.4 for D. rapae at 1:10 ratio/cage
and the minimum 22.31 was recorded at 1:50 ratio/cage. There were significant
differences in total percentage parasitism at all ratios. The maximum total of number
of aphid parasitized was 330.8 for D. rapae at 1:50 ratio/cage and the minimum
163.20 was recorded at 1:10 ratio/cage [15]. There were significant differences in
the total number of aphid parasitized among 1:10 ratio, 1:20 ratio, 1:30 ratio and
1:40 ratio but no significant between 1:40 and 1:50 ratios (Table 16).
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Table 16 Effect of different parasitoid densities (D. rapae) as mummies/host (B. brassicae) ratios
on percentage of parasitism under field conditions

Parasitoid
density

Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD

No. of aphid
parasitized

No. of adults
emerged

No. of adults
non emerged

Percentage
of adult
emergence

Percentage
of parasitism

1:10 163.2 D ±
1.73

123.2 D ±
4.31

40.0 B ±
13.04

80.85 A ±
1.93

54.40 A ±
3.91

1:20 215.0 C ±
14.65

168.0 C ±
6.32

47.0 B ±
17.76

79.72 A ±
3.67

35.83 B ±
2.44

1:30 264.6 B ±
15.04

209.0 B ±
3.27

55.6 A ±
12.18

78.43 A ±
3.64

29.62 C ±
1.64

1:40 316.4 A ±
16.92

252.4 A ±
6.92

64.0 A ±
12.45

78.47 A ±
6.66

26.37 D ±
1.41

1:50 330.8 A ±
13.95

267.4 A ±
2.09

63.4 A ±
7.44

75.53 A ±
7.24

22.31 E ±
1.15

Means followed by the same letter in a column are not significantly different at 5% level

5.2 Inundative Release for D. rapae in Green Houses
and in the Field

5.2.1 In the Green House

The parasitoids were released in the field and glass houses using cabbage leaves
infested with colonies of parasitized aphids. Four density levels of 1:5, 1:10, 1:15
and 1:20 were planned in four green houses for the parasitoid and its host (B. bras-
sicae) combination [15]. The initial numbers of the parasitoid mummies and aphid
nymphs used for each treatment were 5880:29,400, 4015:40,150, 2881:43,215 and
3762:75,240 individuals, respectively, in 2003 season and4046:20,230, 3245:32,450,
2640:39,600 and 3488:69,760 individuals, in 2003–2004 respectively [109].

Inundative Release for D. rapae in Green Houses and in the Field (1:5)

Two peaks of B. brassicaewere recorded on cabbage plants. These peaks occurred in
the 3rdweek of January (625 individuals) and 4thweek of February (855 individuals),
respectively [109]. Three peaks for B. brassicae in the 2nd season were recorded
on cabbage plants [42]. These peaks occurred in the 4th week of December (875
individuals), 1st week of January (860 individuals) and the 4th week of January (860
individuals) (Fig. 16). The aphid parasitoidD. rapae, as parasitoid of B. brassicae on
cabbage plants had two peaks in the 1st season, while three peaks in the 2nd season
were recorded [15]. The maximum number of mummified aphids was recorded in
the 4th week of January (705 individuals) [109].
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Fig. 16 Population density of B. brassicae and percentage of parasitism in cabbage field under
green house at the parasitoid/host ratio 1:5 during 2003–2004 season

Population Size of Brevicoryne brassicae and Its Parasitoid

Three peaks of B. brassicae on cabbage plants occurred in the 2nd week of January
(600 individuals), the 3rd week of January (1230 individuals) and the 2nd week of
February (800 individuals) (Fig. 17). Three peaks also occurred in the 2nd season
under almost similar conditions of temperature and relative humidity [109]; the par-
asitoid D. rapae occurred also one peak in the 1st season; while other two peaks
occurred in the 2nd season. The highest total parasitism rate (100%) was recorded
in the 3rd week of February in the 1st season [42], while it reached the same percent
(100%) in the 1st week of February in the 2nd season (Fig. 18).

Population Size of B. brassicae and Its Parasitoid D. rapae (Ratio 1:15)

There were many species of indigenous hymenopteran parasitoids effectively attack-
ing aphids. These parasitoids might have considerable potential in integrated pest
management programmes for aphids infesting vegetables [25]. Four peaks of B.
brassicae on cabbage plants, these peaks occurred in the 2nd week of January (600
individuals), 3rd week of January, 1st week of February (650 individuals) and 3rd
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Fig. 17 Population density of B. brassicae and percentage of parasitism in cabbage field under
green house conditions at the parasitoid/host ratio 1:10 during 2003 season

week of February (460 individuals) [15]. Three peaks also occurred in the 2nd sea-
son under almost similar conditions of temperature and relative humidity [109]. The
parasitoidD. rapae also had three peaks in the first season, while four peaks occurred
in the second one [15] The highest total parasitism ratios of 100% was recorded in
the 4th week of February in the first season at 14.62 °C and 69.8% R.H. (Fig. 19),
while it reached to 100% in the 2nd week of January in the 2nd season (Fig. 20).

Population Size of B. brassicae and Its Parasitoid D. rapae (Ratio 1:20)

Three peaks of B. brassicae were recorded in the 2nd week of January (900 indi-
viduals), 4th week of January (910 individuals), and 2nd week of February (600
individuals), respectively in the first season (Fig. 21). Five peaks were recorded for
B. brassicae in the second season in the 3rd week of December (850 individuals),
4th week of December (1000 individuals), 2nd week of January (800 individuals),
3rd week of January (1055 individuals) and 2nd week of February (650 individuals)
[15]. The aphid parasitoidD. rapae showed three peaks in the first season, while five
peaks occurred in the 2nd season [109]. The highest parasitism ratio of 100% was
obtained in the 4th week of February in the 1st season (Fig. 21), while it reached the
same ratio in the 2nd week in the 2nd season (Fig. 22).



112 A. A. A. Saleh

0
200
400
600
800

1000
1200
1400
1600
1800

20
/12

/20
03

25
/12

/20
03

30
/12

/20
03

04
/01

/20
04

09
/01

/20
04

14
/01

/20
04

19
/01

/20
04

24
/01

/20
04

29
/01

/20
04

03
/02

/20
04

Sampling date

N
o.

 o
f a

ph
id

s/
 S

am
pl

e

0

20

40

60

80

100

120

140

%
 P

ar
as

iti
sm

No .of Mummified aphids No.of Examinedaphid %Parasitism

0

20

40

60

80

100

R
.H

0
5

10
15
20
25
30
35

Te
m

pe
ra

tu
re

R-H c  (heat)

Fig. 18 Population density of B. brassicae and percentage of parasitism in cabbage field under
green house at the parasitoid/host ratio 1:10 during 2003–2004 season
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Fig. 19 Population size of B. brassicae on percentage of parasitism in cabbage of field under green
house at the parasitoid/host ratio 1:15 during 2003 season
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Fig. 20 Population density ofB. brassicae on percentage of parasitism in cabbage field under green
house at the parasitoid/host ratio 1:15 during 2003–2004 season

5.2.2 In the Field

However, natural enemies do not always drive the size of their hosts and preys down,
because in some cases hosts can reproduce faster than, or ahead of, their parasitoids
[110]. However, in the field, the lack of synchrony betweenD. rapae andB. brassicae
lessen or reduces the impact of the parasitoid on its host [111].

The initial average numbers of the mummies and aphid nymphs was found
465:4215 in m2 (1:9.28) to reach (1:5) it must add 398 mummies per m2. The total
number was 9950 mummies’ [109]. In the second plot the initial numbers of the
mummies and aphid nymph was found 378:5720 in m2 must add in 25 m2 (1:15.13)
to reached (1:10) it must add 194 mummies per m [109, 112]. The same sampling
techniques were taken in second cabbage field to compare the percentage of para-
sitism with release parasitoid and without release in the same time and in the same
date [15].

Population Size of B. brassicae and Its Common Parasitoid D. rapae at Ratio
1:5

Three peaks of B. brassicae were recorded in the 1st week of February (650 individ-
uals), 1st week of March (978 individuals) and 3rd week of March (575 individuals).
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Fig. 21 Population density of B. brassicae and percentage of parasitism in cabbage field under
green house at the parasitoid/host ratio 1:20 during 2003 season

The parasitoid D. rapae also showed three peaks [15]. It can be noted in Fig. 23 that
the maximum number of mummified aphids was recorded in the 1st week of March
(666 individuals) [109]. The percentage of parasitism increase until it reached 100%
in the 3rd week of March 55 days after releasing (Fig. 24).

Population Size of B. brassicae and Its Parasitoid D. rapae at (Ratio 1:10)

Four peaks of B. brassicae were recorded on cabbage plants. These peaks occurred
in the 1st week of January (900 individuals), 3rd week of January (735 individuals),
2nd week of February (850 individuals) and 4th week of February (640 individuals).
The parasitoid D. rapae had four peaks occurred [15]. The maximum number of
mummified aphids was recorded in the 2nd week of February (615 individuals)
[109]. The percentage of parasitism increased until it reached 100% in the 1st week
of March 65 days after from releasing in this time (Fig. 25).
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Fig. 22 Population density ofB. brassicae on percentage of parasitism in cabbage field under green
house at the parasitoid/host ratio 1:20 during 2003–2004 season
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parasitoid/host ratio1:5 in the field during 2004 season
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Fig. 24 Population density of B. brassicae percentage of parasitism on cabbage plants at the
parasitoid/host ratio1:10 in the field during 2004 season
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Fig. 25 Population density ofBrevicoryne brassicae, number of mummified aphids and percentage
of parasitism in cabbage fields during 2004 season

Population Size of B. brassicae and Its Parasitoid D. rapae in Cabbage Field
(Control)

Four peaks ofB. brassicaewere recorded on cabbage plants. These peaks occurred in
the 1st week of January (700 individuals), 2nd week of January (1000 individuals),
4th week of January (700 individuals) and 1st week of March (1000 individuals)
[48]. The aphid parasitoid D. rapae also had seven peaks. The maximum number of
mummified aphids in the 1st week ofMarch was (488 individuals) [109]. The highest
total parasitism ratio was 55.45% and recorded in the 1st week of March (Fig. 26).
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Fig. 26 Number of mummified aphids and percent of parasitism of the aphid B. brassicae by
Diaeretiella rapae at the parasitoid aphid ratio of 1:5 in the field in the year 2004

Release of Cabbage Leaves with Mummies in the Field

In the field, aphids are distributed in patches, or colonies, which parasitoids search
for and exploit. The optimal foraging theory predicts that parasitoids optimise the
time spent in each patch to maximise their reproductive output [103]. This the-
ory is supported by studies showing that patch residence time can be affected by
various parameters such as the perception of other patches, host density, number
of hosts attacked, and various environmental conditions [103, 104], and also para-
sitoid’s energy reserves, however this last parameter has only rarely been included
in empirical studies [103].

The initial average numbers of the mummies and aphid nymphs was 465:4215
in 1 m2 (1:9.28). In order ratio to reach (1:5), we must add 398 mummies per m2.
The total number was 9950 mummies’. In the 2nd plot the initial numbers of the
mummies and aphid nymph was 378:5720 in 1 m2 must add in 25 m2 (1:15.13) to
reach (1:10) it must add 194 mummies per m2.

The mummified aphids increased until they reached 666 individuals on March
1st in the treated plot. The number of mummified aphids was significantly higher
than that in the control plot (309 individuals) (F test, p = 0.0381). On March 16, the
number of mummified aphid rise again [15]. The percentage of parasitism reached
100% in the treated plot, while it was about 55.45% in the control plot and decreased
after that (Fig. 26). The number of mummified aphids and percentage of parasitism
at the parasitoid aphid ratio of 1:10. It may be seen that the mummified aphid reached
299 individuals on January 21. The number did not exceed 443 individuals in the
treated plots [109]. The number of mummified aphid in treated plot was significantly
higher than that in the control plot (Fig. 27). The percentage of parasitism reached
100% in the treated plot while, it was only 55.45% in the control one [109, 113].
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Fig. 27 Percent of parasitism of the aphid B. brassicae by D. rapae at the parasitoid aphid ratio of
1:10 in the field in the year 2004

5.3 Cauliflower

5.3.1 Bionomics of D. rapae at Varying Densities Under Cages
in the Laboratory

The parasitoid density influenced the percentage of parasitism; giving maximum
percentage was 87.75c/o for D. rapae kept at rate of 15 parasitoid females per cage
and the minimum was 48.60c/o at three parasitoids/cage [109]. There were signif-
icant differences in the total numbers of parasitized aphid and the total percentage
of parasitism at all densities [15]. The maximum number of parasitized aphids by
D. rapae (175.5) was recorded at 15 parasitoids per cage and a minimum of 97.2
was recorded at three parasitoids/cage (Table 17). The highest percentage of adult’s
emergence was 82.41% for D. rapae at three parasitoids/cage. These findings agree
with that of [102, 105, 106, 109].
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Table 17 Effect of parasitoid density on parasitism rates and adult emergence percentages in the
field under 19 ± 10 °C and 74 ± 3% R.H.

Parasitoid
density

Mean ± SD

No. of
emerged
adults

No. of non
emerged
adults

No. of
parasitized
aphid
(mummies)

Percentage
of parasitism

Percentages
of adult
emergence

3~ 80.1 E ±
4.89

17.1 D ±
2.12

97.2 E ±
6.25

48.6 E ±
2.96

82.41 A ±
3.11

6~ 95 D ± 3.96 28.5 C ±
1.27

123.5 D ±
5.21

61.75 D ±
2.53

80.13 B ±
2.39

9~ 112 C ± 2.71 32.5 C ±
1.41

144.5 C ±
4.03

72.25 C ±
2.25

76.18 C ±
2.02

12~ 120 B ± 5.21 39.0 B ±
3.22

159 B ± 7.01 79.5 B ±
3.03

73.35 E ±
1.68

15~ 132.1 A ±
8.71

43.4 A ±
6.31

175.5 A ±
5.09

87.75 A ±
2.60

75.27 D ±
4.09

LSD0.05 1.68407 4.125106 5.179249 0.729223 0.0197474

Means followed by the same letter in a column are not significantly different at 5% level of proba-
bility

5.3.2 In the Green House

Aphid parasitoids have considerable potential as biological control agents but their
efficiency is dependent upon their presence in the right place at the right time and right
host: parasitoid ratio [114]. Understanding parasitoid behavior, together with identi-
fication of physical and chemical cues regulating the behavior, is providing exciting
opportunities for manipulation of parasitoids in the field, as populations introduced
through inundative releases [15]. The initial numbers of the parasitoid mummies and
aphid nymphs used for each treatment were 5730:22,920, 3894:31,152, 3436:41,232
and 2872:45,952 individuals, respectively [109]. Four density levels of 1:4, 1:8, 1:12
and 1:16 were planned in four green houses. The percentages of parasitism were
calculated according to [30]. The lowest total parasitism ratios reached 32.37, 19.91,
11.80 and 9.18 with the parasitoid host ratios 1:4, 1:8, 1:12, and 1:16 respectively
after eight days from releasing [112].

After that the total parasitism ratios increased until reached 100, 78.70, 73.57 and
36.62% at the last same parasitoid ratios respectively after 28 days from released.
The average parasitism ratios in green houses were 73.94, 60.74, 54.29 and 39.98 at
the parasitoid host ratios 1:4, 1:8, 1:12 and 1:16 respectively (Table 18).
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Table 18 Percentages of parasitism on B. brassicae after release of D. rapae at parasitoid: host
ratios under green houses on cauliflower plants during 2010/2011

Sampling
dates

Dates after
release

Parasitoid: host ratio

1:4 1:8 1:12 1:16

16-12-2010 4 0 0 0 0

20-12 8 32.37 19.91 11.89 9.18

24-12 12 49.67 25.71 18.19 12.29

28-12 16 68.09 36.62 23.79 15.90

1-1-2011 20 73.48 48.2 41.58 20.13

5-1 24 89.74 65.74 54.49 28.75

9-1 28 100 78.70 73.57 36.62

13-1 32 100 93.28 81.75 58.25

17-1 36 100 100 92.03 78.93

21-1 40 100 100 100 86.6

25-1 44 100 100 100 93.08

Average 73.94 ±
10.19

60.74 ±
11.01

54.29 ±
11.17

39.98 ±
10.11

5.3.3 In the Field

Two density levels of 1:8, 1:12 were planned for the parasitoid and its host (B.
brassicae) combination on cauliflower. The initial average numbers of the mummies
and aphid nymphs was found 498:5984 in m2 (1:12.02) to reached (1:8) it must add
250 mummies per m2. The total number was 8750 mummies. In the second plot the
initial numbers of the mummies and aphid nymph was found 397:5986 in m2 must
add in 35 m2 (1:15.08) to reached (1:12) it must add 101 mummies per m2. The total
number 35 m2 was 3535 mummies [112].

The lowest total parasitism ratios reached 13.32 and 9.69 with the parasitoid host
ratios 1:8 and 1:12 while in the farmer was 8.44% after four days from released. On
the other hand the total parasitism ratios increased until reached 98.57 and 84.73
with the same parasitoid host ratios 1:8 and 1:12 while in the farmer was 52.74%
after 40 days [109]. Meanwhile, the average parasitism ratios in the field were 58.39,
50.01 and 32.49% at the parasitoid host ratios 1:8, 1:12 and in the farmer during
the period of release [109]. Finally the parasitoid D. rapae can be used as biological
control agent’s B. brassicae in cauliflower plantation under green houses and under
field conditions at the parasitoid host ratios of 1:8 and 1:12 on cauliflower (Table 19).
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Table 19 Percentages of parasitism on B. brassicae after release ofD. rapae at different parasitoid:
host ratios in the field on cauliflower plants during 2011/2012

Sampling dates Dates after release Parasitoid: host ratio In the farm

1:8 1:12

15-12-2011 4 13.32 9.69 8.44

19-12 8 17.67 14.22 10.81

31-12 12 20.62 16.67 14.13

27-12 16 33.88 21.68 16.44

31-12 20 41.89 32.47 22.00

4-1-2012 24 51.47 40.61 27.7

8-1 28 62.68 53.07 39.22

12-1 32 74.25 62.75 48.67

16-1 36 86.28 70.98 45.12

20-1 40 98.57 84.73 52.47

24-1 44 100 93.92 48.17

28-1 48 100 100 56.46

Average 58.39 50.01 32.49

5.4 Evaluation of Parasitoid D. rapae in Controlling A.
craccivora Under Field Conditions

It is concluded that the parasitoid D. rapae could have the potential to be suitable
biological control agent against B. brassicae, A. craccivora and A. nerii. [112]. The
percentages of parasitism were gradually increased as the time increased from 5 to
40days after treatment. The highest rate of parasitism (75%)which a significant effect
was recorded after 40 days at a parasitoid/host ratio 1:2 followed by 56.18, 48.32
and 32.48% at the parasitoid/host ratios of 1:4, 1:6 and 1:8, respectively. The effect
of time on percentages of parasitism was significant only after 40 day, while it was
non significant at all periods tested with the ratio of 1:2 [112]. The mean percentages
of parasitism during the different periods after treatment revealed that the average
total effect of the ratio 1:2 was superior to other ratios tested. The percentages of
parasitism were increased at lower host densities, as the parasitoid was unable to
attack a greater proportion of its host at increased densities [113]. The effect of
different population sizes of T. indicus, T. angelicae and its host A. craccivora on
searching efficiency and rates of parasitism are investigated [102, 105, 113, 115].
They found that the percentages of parasitism increased at lower host densities. The
mummified aphids increased until they reached 666 individuals on March 1st in the
treated plot. The number of mummified aphids was significantly higher than that
in the control plot (309 individuals) (F test, p= 0.0381). On March 16, the number
of mummified aphid rise again [15]. The percentage of parasitism reached 100% in
the treated plot, while it was about 55.45 % in the control plot and decreased after
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that (Fig. 26). The number of mummified aphids and percentage of parasitism at the
parasitoid aphid ratio of 1:10. It may be seen that the mummified aphid reached 299
individuals on January 21. The number did not exceed 443 individuals in the treated
plots [109]. The number of mummified aphid in treated plot was significantly higher
than that in the control plot (Fig. 27). The percentage of parasitism reached 100% in
the treated plot while, it was only 55.45 % in the control one [109, 113].

5.5 Relation of Parasitoid Densities on Parasitization Rate

5.5.1 In the Laboratory

The use of D. rapae in the laboratory resulted in 58% reduction in the level of
aphid infestation, while the combination of both biological control agents led to a
66% reduction [107]. D. rapae different densities had influence on the percentage
of emergence of adult parasitoids, giving maximum percentage i.e. 80.93, 75.54 and
63.85% at one parasitoid per jar and a minimum ones i.e. 69.33, 49.03 and 43.99%
at 11 parasitoids per jar on B. brassicae, A. craccivora and A. nerii, respectively.
There were significant differences between the percentage of parasitism among one
parasitoid per jar and each of 3, 5, 7 and 11 parasitoids per jar. The increase of
parasitoid density increased the rate of parasitism and the number of parasitized
aphids. The maximum percentage of parasitism were 35.7, 29.7 and 25.2% for D.
rapae at 11 parasitoid per jar and a minimum of 11.30, 7.30 and 5.9% were recorded
at one parasitoid per jar on B. brassicae, A. craccivora and A. nerii, respectively
[116]. The increase of the number of parasitoid increased the percentages of the
parasitism increased, while the percentage emergence of adult parasitoids decreased
on the same aphid species, respectively (Figs. 28, 29 and 30).

The maximum numbers of mummies in laboratory were 71.4, 59.4 and 50.40 for
D. rapae at 11 parasitoids per jar and minimum of 22.6, 14.6 and 11.8 mummies
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Fig. 28 Fecundity of the parasitoid of D. rapae as number of mummies formed from B. brassicae
under laboratory conditions
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Fig. 29 Fecundity of the parasitoid ofD. rapae as number of mummies formed from A. craccivora
under laboratory conditions
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Fig. 30 Fecundity of the parasitoid ofD. rapae as number of mummies formed from A. nerii under
laboratory condition

at one parasitoid per jar. Also, the maximum numbers of emerged adults were 49.4,
29.2 and 22.2 for D. rapae at 11 parasitoids per jar and minimum of 18.2, 11.0, 7.6
at one parasitoid per jar on B. brassicae, A. craccivora and A. nerii, respectively
(Figs. 28, 29 and 30).

In general, differences in the density of host aphids and the respective parasitoids
influence the behavioral characteristics. A higher density of parasitoid may increase
[114]. The proportion of male progeny, because male need less food resources than
females [115]. Preference of certain host species has been demonstrated in laboratory
studies where parasitoids more often oviposit in some species than in other, when
both the host species are offered separately or simultaneously [117, 118].
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Leaf epicuticular wax plays an important role on themovement, foraging behavior
and attack efficiency of D. rapae [119]. Aphid parasitoids have considerable poten-
tial as biological control agents but their efficiency is dependent upon their presence
in the right place at the right time and right host: parasitoid ratio [114]. Under-
standing parasitoid behavior, together with identification of physical and chemical
cues regulating the behavior, is providing exciting opportunities for manipulation of
parasitoids in the field, as populations introduced through inundative releases. The
parasitoids having selectively bred to attack specific hosts and then primed to appro-
priate plant volatiles as foraging cues before release, could be used in inundative
releases [109].

5.5.2 In the Semi-field

The functional response of the parasitoid to different host densities was that of type
II. A significant relationship was recorded between wasp density and per capita
searching efficiency [108].

The maximum numbers of mummies in the semi-field experiments were 185.60,
166.4 and 158.6 for D. rapae at 20 parasitoids per cage and minimum of 124.60,
97.40 and 83.0 mummies at density of five adults. The maximum number of emerged
parasitoids per cage 136.40, 88.8 and 63.40 for D. rapae at 20 parasitoids per cage
and minimum of 96.20, 71.60 and 47.8 at five parasitoid per cage on B. brassicae,
A. craccivora and A. nerii, respectively.

The parasitoid density had influenced the percentage of parasitism where the
increase of parasitoid density the rate of parasitism and the number of parasitized
aphid increased.Themaximumpercentages of parasitismwere92.20, 83.2 and79.3%
for D. rapae at 20 parasitoids/cage and a minimum of 61.80, 48.70 and 41.5% was
recorded at five parasitoids per cage on B. brassicae, A. craccivora and A. nerii,
respectively. Also, the highest percentages for emergence of adult parasitoids were
77.80, 73.56 and 57.9% recorded at five parasitoids per cage on B. brassicae, A.
craccivora and A. nerii, respectively (Figs. 31, 32 and 33).Diaeretiella rapae played
the major role towards suppressing B. brassicae population. With the increase of
parasitoid density the fecundity of the parasitoids D. rapae as number of mummies
and emerged adults increased [51]. The previous results indicated that the percentage
of parasitism were increased at lower host densities as the parasitoid was enable to
attack high number of its host at increased densities [113, 118].

Parasitoid density in relation to host density had influenced percentage of para-
sitism.Highest percentage reached 91.40%at 16D. rapae female parasitoids per cage
while the minimum was 55.6% at one female per cage. The percentage of parasitism
increased with increase of numbers of parasitoid [106]. The functional response and
rate of parasitism byD. rapae on different densities ofDiuraphis noxia (Mordvilho).
The increases in host density lead to a decrease in the proportion of hosts para-
sitized by the parasitoid, there was intra-specific competition among individuals of
the female parasitoids in high density [117, 119].
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Fig. 31 Fecundity of the parasitoid of D. rapae as number of mummies formed from B. brassicae
under semi-field conditions
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Fig. 32 Fecundity of the parasitoid ofD. rapae as number of mummies formed from A. craccivora
under semi-field conditions

6 Conclusions

From results explained in this study, the following may be concluded:

1. Diaeretiella rapae is an important primary parasitoid of a wide range of aphid
species and is considered a promising biological control agent against aphid
species especially cabbage aphid in cabbage and cauliflower fields.

2. It recommended to be an item of Integrated PestManagement Programs in Egyp-
tians fields designed to control B. brassicae.
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Fig. 33 Fecundity of the parasitoid ofD. rapae as number of mummies formed from A. nerii under
semi-field conditions

3. The Data revealed that D. rapae accepted all stages of B. brassicae, no adults
were emerged from 1st and 2nd instar only adult emerged from 3rd and 4th
instars.

4. Data showed successful conservation freshly formed mummies of D. rapae, for
more than two months at 5 °C in colld storage in a refrigerator.

5. The efficiency of D. rapae and L. fabarum against the cabbage, faba bean and
cowpea aphid, B. brassicae and A. craccivora increased as the parasitoid: host
ratio was increased. This meant that in order to reach satisfactory biological
control of this pest, D. rapae has to be released when the aphid’s population
density is low.

6. The obtained results revealed that the two parasitoids L. fabarum and D. rapae
could be recommended as biological control candidates against this aphid species
under Egyptian conditions.

7 Recommendations

This chapter highlights the following recommendations for future considerations by
researchers, farmers and interested stakeholders:

1. The obtained results revealed that successful storage of freshly formedmummies
of D. rapae, at 5 °C in the refrigerator for more than two months.

2. Diaeretiella rapae was the most common on all host aphids concerned in
this study (Brevicoryne brassicae, Aphis craccivora, A. nerii, Aphis gossypii,
Rhopalosiphum maidis and Hyalopterus pruni).

3. The obtained results revealed that the parasitoidsD. rapae could be recommended
as biological control agents against aphid species under Egyptian conditions.
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4. It could be generally concluded that D. rapae is a promising biological control
agent, against the cabbage aphid in cabbage and cauliflower fields.

5. Finally, it is to be recommended to consider the releasing time of this parasitoid
under Egyptian field conditions in IPM program designed for the control of
B. brassicae to decrease the environmental pollution by using the traditional
insecticides.
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Predacious Insects and Their Efficiency
in Suppressing Insect Pests

Nabil El-Wakeil and Nawal Gaafar

Abstract Using beneficial organisms, insect predators should help to decline the
population density of pest organisms (insects or mites). Understanding the natural
enemy capability to manage different insect pests may lead to sager insect control,
comprising pesticide reduction and keeping the environment clean. The abundance
of predators could help controlling and reducing the pest populations and thus pre-
venting insect pest outbreaks. Interactions between multiple predator species should
modify the strength of prey suppression. These interactions had been distinguished
by different predation levels. There are various mechanismsmay provide the greatest
benefit for biocontrol agents. A suggested strategy for more efficient conservation
biological control is containing collection natural enemies, preservation them and
releasing the preserved biocontrol agents on target crops. Some of predators have a
restricted tolerance to the prey feeding and abiotic factors; therefore, mass rearing
and field application of insect predators are considered one of the main aspects in
succeeding the biological control programs. In a case study, efficacy of insect preda-
tors against some aphid species in different crops was shown that insect predators
played a significant role in controlling these aphid species. We tried to present the
status and potential of insect predators throughout researching the abundance, the
mass production and the field application of them.

Keywords Insect predators · Predacious activity · Biological control · Sustainable
agriculture

1 Introduction

Crop production has to rise by 7% by 2050 to confront the human increase [1]. This
production increase should be accomplished by conserving the environment and
limits the use of insecticides and undesirable chemicals. Using selective pesticides
at optimal concentrations and time will protect the population of insect predators
[2]. Biological control is a natural practice that shows a vital role in pest suppressing
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pests [3–5]. Predation is a vital arranging force in natural populations (generally, the
term “predator” is used equivalently to “biological control agent”). Mass application
of predators could be effective in organic and conventional agriculture [6]. It is
approved that integrated biological control is the preferred approach for realizing the
supportable agriculture, especially in the sustainable agriculture programs [7].

Mass production and application of insect predator industry in a certain coun-
try be governed by some factors namely the qualified researchers or farmers, the
infrastructure and the market. Abundance of the significant predators in the nature,
possibility ofmass producing these insect predators and field application for applying
the biological control programs [8–11].

The history of predaceous animals generally may be considered from Egyptian
records that catswere showed as useful in rat’smanagement.With the development of
stylish cultivation, the Chinese growers placed nests of predaceous ants in citrus trees
where the ants fed on infested insects. Most famous predators work in all agricultural
environments are naturally occurring ones, which offer a brilliant regulation of many
insects with little or no support from humans [5, 12, 13, 14], this is due to eliminate or
reduce of usage of pesticides [15] and promote the sustainable and organic agriculture
to be more distributed [16].

There are many factors may be affected the insect predation; these factors could
be divided into five key groups (a) prey density, (b) predator density, (c) ecological
characteristics, (d) prey traits (defense performances), and (e) predator character-
istics (attack practices) [17, 18]. Two of these factors, prey and predator density,
are unavoidable features of every predator-prey interaction, so that the basic mech-
anisms of predation will arise from these universal parameters. However, the other
factors are constant, so that the minor works will be shown by the effects of the lesser
variables: characteristics of environment, prey and predator characteristics [19].

Mass rearing of natural enemies generally comprises producing of millions of
insects (host and natural enemy) for controlling the target insect pests. Insect pro-
duction that could be achieved at a suitable cost/benefit ratio to mass produce a
relatively large supply of insects for field application may help to obtain an accept-
able insect management. Normally, mass rearing is begonnen from research scale or
intermediate-sized rearing, upon which basic research about the target (often an agri-
cultural pest) and the predators are conducted. Therefore, to produce two predator
species have to be reared, the pest (host/prey) and the natural enemy. The potential
for rearing a large number of predaceous insects increased as artificial diets began
to be developed since the 1960s [20, 21].

One of the vital goals for entomologists is developing methods which suppress
insect species without harming the environment or other organisms. An ideal method
would be to augment insect to control insects. Augmentative releases of lacewings
are released into profitable crops with aphid infestations [22, 23]. Nevertheless,
the results are obtained by a combination of what is released, and the higher level
of naturally occurring predaceous insects in different fields. In Egypt, there is a
combined biocontrol program of Helicoverpa armigera by using parasitoids and
predators [24]. We recommended such control type which deserves more attention
as an achievable approach in IPMs.



Predacious Insects and Their Efficiency in Suppressing Insect … 135

There are many predaceous insects in nature, which help to avoid some insect
pests from population outbreaks. These predators certainly eat/prey their preys. We
aimed in this chapter to discuss potential of using insect predators to sustain their
population throughmass production and the field application of these natural enemies
for managing different insect pests in the numerous target crops, vegetables and fruit
orchards. In the end of this chapter, there is one of our case studies, which aimed
to study efficacy of insect predator species against many aphid species in different
crops.

2 Multiple Predator Species Interaction

Every host/prey species regularly faces various predator species, the influences of
each may be non-additive [25–27]. Along with being interesting in their own right,
these predator effects have received heightened interest with respect to the different
biological control program for someof insect pests [28, 29].Multiple predator species
may interactwith others and thus either support or decline their potency and generally
prey parameters. Effects of multiple predators is depending on combining ways of
these predators at different relative densities as mentioned by Griffin et al. [30], who
suggested that these effects of multiple predators are not always sensitive to species
relative abundance, but given that changes in predator comparative abundance are
recurrently detected in nature.

Predator traits play a vital role for suppressing or reducing prey population [26].
According to Soluk [31] a major deficiency of studies which concentrate on the
combined predator effects is that they are implemented at single prey densities.
Prey accessibility could determine the outcome of interactions, for example when
gratifiedpredators become less aggressive, so reducingpredation risk [32]. Therefore,
a wide range of prey densities are required to explore the nature of interactions.
Furthermore, such experimental data may contribute to disentanglement difficulties
in hypothesis by other studies and eventually encourage understanding the effect of
multiple predators on prey population [33, 34].

Interactions between multiple predator species should modify the strength of
prey suppression. These interactions had been distinguished by different predation
levels of such predators [25, 35, 36]. Positive effects are assumed to result from
mechanisms such as interspecific resource-use complementarity [37], and conflicted
escape behavior of prey [38]. Negative effects are attributed to intraguild predation
(IGP) [39, 40] or interspecific interference competition [41].

For explaining the nature of effect of multiple predators, it is significant to deter-
mine the ecosystemmodels and community parameters [25, 42], and effects of preda-
tor species population could be predicted on reductions and losses on ecosystem
functioning [43]. Many of researcher’s work has inspected the multiple effects with
respect to interactions between predator pairs [25], and gradually,mixtures of three or
more predator species [30, 44]. For understanding this mechanism, multiple effects
differ obviously with the relative richness, which lead to stronger effects, where
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populations of predator species are most even, making a positive relationship in a
two-predator system comparing to the relative abundance of one species. This inter-
pretation may result in a speedily saturating relationship between relative abundance
[26, 45].

The qualified abundances of predator species fluctuate constantly in place and
time in response to local ecological conditions and location relative to the center of
species’ respective biogeographic ranges. Researchers are exploring the effects of
predator species’ relative abundances on the functioning of predator guilds [36, 46],
who mentioned that they affect prey suppression in crop fields.

From a predator’s nutritional ways and the expected relationships among prey
species, a general closed-form multi-species functional response for describing
predators changing between multiple prey species [33]. Who mentioned that func-
tional response could be divided into five main types, thus providing a natural expla-
nation for the known complications of investigating prey switching in the fields?

Interactions among predators behavior on the same prey have been understood to
play a vital role in determining their population structure. These studies with mul-
tiple predators have revealed that the effectiveness of such interactions may not be
expected and is dependent mostly on individual active-behavioral characteristics and
density [34]. Although consumption of predators and their forage are recorded, there
has been practically research on effects of multiple predators; as well as their impor-
tance in environmental systems and population dynamics, expected more attention
with respect to biocontrol of insects [47]. Principally, conservation of biocontrol
agents aims to increase the efficiency of diverse natural enemies [48–50]. Approach-
ability of prey could regulate the outcome of interactions among predators and their
prey [32].

3 Does Intraguild Predation Interrupt the Biocontrol
Agents Activities?

There are two categories of biocontrol agents: generalists and specialist. Specialists
attack or infect one or as a maximum few hosts or prey. Generalist agents are likely to
feed on various host species, as well as they could be reproduced on alternative food
sources, hosts or prey. Conversely, these generalist predators may attack another bio-
logical control agent, when they feed on the same insect hosts (Intraguild Predation)
[51, 52].

Intraguild predation (IGP) is known as a predator is preying on another natural
enemy either predator or parasitoid when both biocontrol agents share the same host
species. Thismeans that intraguild predation candecline the resource competition and
individual fitness of the competitor might be directly improved for similar resources
[53, 54]. Generally, a lot of predators are generalists that mean they prey a wide
range of t host types, which could rise IGP chance. There are many IGP examples
associated with biocontrol agents either used in insectary, greenhouse or field. For
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example, adults of Orius majusculus feed on Bemisia tabaci nymphs parasitized
by Encarsia formosa, while pupae were preyed upon less than the nymphs [55].
It has been advised that parasitized whiteflies have a tendency to tremendous and
become muddy, which makes the parasitized whitefly nymphs more noticeable to
the searching predators, then it has been directly preyed.

3.1 Types of Intraguild Predation

Intraguild predation has two types; unidirectional or bidirectional. Unidirectional
IGP happens in case of one of the interacting biocontrol agents is considered the
intraguild predator and another natural enemy is the intraguild prey. For example,
Orius laevigatus has been presented to feed on both Neoseiulus cucumeris and Iphi-
seius degenerans, but neither of the predatory mites feeds on O. laevigatus. While
another type known as a bidirectional IGP occurred when both of predators are capa-
ble of feeding on each other. For example, IGP is a common existence when the
predatory mites, Neoseiulus cucumeris and Amblyseius swirskii both inhabit simi-
lar zones in the crop-plant parts [56]. This kind of IGPs is of interest to biocontrol
applicators because use of both predator species must be evaded, if IGP decreases
the insect control levels due to mutual exclusion of predators comparing to releasing
one predator only, even if each predator share to pest management [40].

3.2 Some Examples

Rosenheim et al. [51] studied lacewing survivorship in the existence of another
predator; their results showed that IGP was a main source of predator mortality. In
spite of the fact that the trophic web was too complicated to delineate distinct trophic
levels within the predatory arthropod community. Perdikis et al. [57] mentioned
that two predators were found on different places on the plants, with Nesidiocoris
tenuis manipulating mostly the upper part, whereas Macrolophus pygmaeus were
habitually saw on the 5th to 7th leaf. A high proportion of the dead nymphs found
with their body liquids totally sucked indicating that they had been preyed by N.
tenuis. However, large 4th instar M. pygmaeus nymphs were much less susceptible
to N. tenuis than younger. The behavior of N. tenuis was influenced byM. pygmaeus
incidence, but at a rate similar to that when 2 individuals of N. tenuis were together
surrounded.
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3.3 Intraguild Impact on Biological Control

It has been suggested that IGP can negatively influence or interrupt biocontrol pro-
grams and could be an effective factor in determining the abundance and distribu-
tion of biocontrol agents [51, 58, 59]. Though, there is a discussion on whether IGP
between natural enemies affect a positive or negative or no effect that could be accom-
panyingwith the natural enemies types involved. Lucas and Rosenheim [60] reported
that one of the key aspects affecting the extent of IGP is the density of extraguild
prey. Most laboratory and field mesocosm studies have reported a decrease in IGP
intensity as extraguild prey density increases. Nevertheless, a rising of extraguild
prey population leads to a growth in the intraguild predator density [61].

4 Climate Change Effects on Predator–Prey Interactions

In Egypt, there are different weather conditions according to the four seasons. These
weather conditions play a significant role on insect pest population as well as the
related activities of associated natural enemies [62]. The effects of climate change
on environmental systems have more attention which affect the species composition
and functions of different predator populations [63–66]. The climate change affected
the food webs to become rewired or entirely disassemble because of the disability
of heat sensitive species to bear or familiarize for climate change [67].

Schmitz and Barton [68] mentioned that predacious activity of some insect preda-
tors is either becomemore active or become disrupted according to changing climate.
They also discusses climate change effects on predator–prey interactions and reported
that these effects depended on the of predator and prey tolerances to changing abiotic
conditions [63].

The global climate change played a prospective role to interrupt the prevailing
programs of conservation biological control [68]. Climate change could modify abi-
otic conditions such as temperature, rainfall, humidity and wind that in sequence
may alter the life-cycles of some insect predatory and their prey species which affect
on the behavior and power of interactions [65, 66].

5 Pillars of Biological Control Industry

There aremain pillars of biocontrol industry; abundance, mass production and finally
field application. These three main objects will be presented as the followings.
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5.1 Abundance of Natural Enemies

Insect predators belong to several orders (Heteroptera, Neuroptera, Diptera and
Coleoptera) and found in most of the ecological fields over the world. Larvae and/or
adults are the insatiable predators of exposed eggs, small larvae of beetle and lepi-
dopterous pests. It also preys on slow-moving, soft-bodied arthropods such as thrips,
whitefly, scales, aphids, jassids, mealy bugs, and mites.

Orius albidipennis, O. laevigatus, Chrysoperla carnea, Coccinella undcimpunc-
tata,Mantis religiosa, Labidura riparia, Scymnus interruptus, Stethorus punctillum
and Paederus alferii associating with corn borers S. cretica, C. agamemnon and O.
nubilalis in maize fields were recorded in Egypt [69–71]. EL-Heneidy et al. [72]
surveyed the predator population frequently in clover then in cotton fields, they men-
tioned that the predators began to increase in the fields of clover during March–May
until be got their peaks of abundance during late April and May. In June, the preda-
tors wander to the cotton fields and achieve the maximum abundance in the latter
fields during June and July. In cotton fields, El-Heneidy et al. [73]; Abou-Elhagag
[74] recorded these predators in Egypt C. undcimpunctata, Scymnus sp. Paederus
alferii,Orius spp.,Chrysopa carnea and true spider. The dignified predators reached
their peaks during July and Early of August. Orius species was the main predator
followed by spider. El-Heneidy et al. [75] calculated directly the predatory species
accompanying cotton pests in Uganda. They recorded immature and adults stages of
several predators; syrphidae, coccinellids, anthocoris, staphylinidae, ants, labidurida,
and true spiders. El-Heneidy et al. [76] found that predators associated cotton insect
pests were more dominant in early cultivation than those in the late one, as well as
in the mid of season than the end of the season.

The famous aphidophagous predatory species such asC. undecempunctata, Scym-
nus interruptus, Paederus alferii, Orius spp., Chrysopa carnea and true spider were
documented preying Rhopalosiphum padi, R. maidis, Schizaphis graminum in wheat
fields [77]. Nesidiocoris tenuis is considered a wide distributed predator in the
Mediterranean region, was recorded for the first time in Egypt associated with T.
absoluta in aubergine and tomato cultivations in Giza, Qaluobia, and Fayoum Gov-
ernorates [78]. Sayed [79] recorded C. septempunctata, Andrallus spinidens, Rhyno-
coris fuscipes, Componotus sp., andMantis religiosa on Pigeonpea plants and stated
that these active predators played a pivotal role in reducing the population of insect
pests. An assortment of survey attempts of some predaceous insects was shown in
Table 1.

5.2 Mass Production of Some Insect Predators

The mass production of biocontrol agents depends on the capability of insectaries
to produce and commercially market a highly reliable and objectively convenient
supply of natural enemies. Accomplishing our purposes needs effective, identical
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Table 1 Abundance of predaceous insects in Egypt (cited from Saleh et al. [7])

Crop Natural enemy Pest Reference

Maize Mantis religiosa,
Labidura riparia,
Orius albidipennis,
O. laevigatus, C.
carnea, C.
undcimpunctata,
Scymnus interruptus,
Paederus alferii

Sesamia cretica,
Chilo Agamemnon,
Ostrinia nubilalis

Fayad et al. [69],
Ragab et al. [69, 70]

Wheat C. undcimpunctata,
Scymnus sp.
Paederus alferii,
Orius spp., C. carnea

Rhopalosiphum padi,
R. maidis, Schizaphis
graminum, Sitobion
avenae

EL-Heneidy and
Abdel-Samad [77]

Cotton fields C. undcimpunctata,
Scymnus sp.,
Paederus alferii,
Orius albidipennis,
O. laevigatus, C.
carnea, Stethorus
punctillum

Pectinophora
gossypiella

El-Heneidy et al.
[73], Abou-Elhagag
[74]

Mulberry trees Orius spp., Coranus
sp., C.
undecimpunctata,
Cydonia sp., Mantis
religiosa

Brevipalpus sp.,
Panonychus ulmi,
Icerya aegyptiaca, I.
purchase,
Ceroplastes rusci,
Saissetia oleae

Hendawy et al. [80]

Pigeonpea (Cajanus
cajan)

C. septempunctata,
Andrallus spinidens,
Rhynocoris fuscipes,
Componotus sp.,
Mantis religiosa

Aphis fabae,
Oxyrachis tarandus,
Melanoplus
bivittatus, S. indica

Sayed [79]

Tomatoes Nesidiocoris tenuis T. absoluta El-Arnaouty and
Kortam [78]

mass-rearing processes: (1) using of promising, nutritive media, (2) automatic and
space effectual raring programs, (3) consistent storage techniques, and (4) assess-
ment of quality of biocontrol agents [81]. In every step of these steps, generally it
depends on the environmental, physiological and behavioral aspects. In Chrysoperla
production which has contributed to the reasonable and applied improvements in
mass production. Though, the active market of biocontrol agents and the right way
for applying is being serious problems in need of more considerations [82].

Mass rearing of natural enemies especially the insect predator plays a significant
role in rising the greenhouse industry over the world as well as in achieving a high
quality agricultural production [83]. Sattar and Abro [84] mass reared Chrysoperla
carnea adults for Integrated Pest Management Programs of some target insect pests.
Rearing procedures forC. carnea have been developed to have its mass production in
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insectary for mass rearing in order to use in the fields. In this technique, for avoiding
the cannibalistic predator, the rearing larvae were kept separately in hard gelatin
capsules (500 mg) instead of using the anesthesia or vacuum sucker. After 10 days
of development the larvae, then being collecting the molded pupae, which placing
these pupae into cages for adult emergence and egg laying. The collected eggs will
be used for field application [20, 21, 85].

Rearing of larvae classifies the most economically phase in mass rearing of
Chrysopesrla principally because all three larval instars are predaceous. Many of
mass rearing companies have produced lacewing and other insect predators using
factitious hosts i.e. lepidopteran eggs: Sitotroga or Corcyra, which is comparatively
propitious versus artificial diets [86, 87] (Fig. 1a, b). The recent work has intensive on
rising the quantity and quality of mass produced predators by establishing abundance
of prey needed and augmenting prey with artificial diet [88] in case of needed.

Nutritional necessities of adult predators face many practical problems for mass-
production and selling of these predators. Chrysoperla adults need native hosts to
sustain their egg production; these characteristics obscure mass production rearing
procedures. Conversely, adult of Chrysoperla has an advantage comparing to other
predators because they feed on honeydew and nectar [89]. From early experiment
results, it could be concluded that nutrition of lacewings yielded quietly low-priced
and effective artificial media that maintain the greatest rates of oviposition [88, 90,
91]. This effective diet affords a satisfactory illustration for mass rearing of some
insect predators. Lacewing was mass reared as shown in Table 2.

Fig. 1 a Strategy for distributing mass-produced Chrysoperla carnea (cited from Tauber et al.
[87]). bMass production of Chrysoperla carnea in cylinder
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Table 2 Mass production of lacewings

Natural enemy Host Crop Strategy and
technique

References

Chrysoperla
carnea

Aphids, new
larvae, artificial
diets

Wheat, cotton,
maize

The
cannibalistic
larvae are kept
separately in
gelatin capsules
to avoid using
anesthesia or
vacuum sucker

Ashfaq et al.
[20, 21], Sattar
and Abro [84]

5.2.1 Long-Term Storage

Storing of different insect predator species for a long time is a vital factor in the cost-
effective mass production and marketing of biocontrol agents [92]. Storage abilities
provide insectaries the opportunity to supply of more biological control agents for
usage during high season periods. Furthermore, an effective preservation or storage
strategies may provide alternative procedures for supply the natural enemies for a
long-term with convenient, price [86, 87, 88, 93, 94].

Significant new developments inmass production of insect predators, mechanized
production systems, long-term storage, and high quality agents could decrease the
cost and easy for field application. Additionally, these procedures should be more
effective and motiving for more mass releasing under field conditions [95].

5.2.2 Quality Control

The identical mass rearing of high quality biocontrol agents is essential for biological
control application and farmers’ awareness of biocontrol as the responsible pest
management approaches [96]. Quality control of produced natural enemies might be
different commercially, because there is no fixed quality control tactics applied in
our regions [88, 97].

5.3 Field Application

In general, many biological control agents have been released in different devel-
opmental stages according to the natural enemy type in some target crops and fruit
orchards; for example the lacewingChrysoperla carnae had been released either egg
or larval stages. While as the coccinellids is released as larvae or adults; however
the nymph or adult stages of the anthocoris predatory bug are released in order to
manage different insect eggs or new hatching larvae. Different insect predators were
mass released as shown in Table 3.
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Table 3 Examples of field application of insect predators in different crops

Crop Natural enemy Pest Findings Reference

Cotton C.
undcimpunctata,
Scymnus sp.
Paederus alferii,
Orius sp., C.
carnea, S.
punctillum

H.armigera, E.
insulana, P.
gossypiella

Significant
effects

El-Heneidy
et al. [73, 75,
76]

Faba bean C. carnea, C.
undecimpunc-
tata

Aphis gossypii,
Aphis fabae

100% reduction
in Aphis
gossypii

Zaki et al. [98]

Harmonia
axyridis

A. craccivora Significant
reduction

El-Arnaouty
et al. [99]

Green pepper Chrysoperla
carnea

Myzus persicae Successful
control of
aphids

El-Arnaouty
et al. [100]

Ornamental
plant

Cryptolaemus
montrouzieri

Ferrisia virgata Reduction %
reached to 99.99

Attia and
El-Arnaouty
[101]

Ornamental
shrubs

C. montrouzieri Planococcus
citri

Reduction rates
reached to 100%

Afifi et al. [102]

In Egypt, there are many researchers have inspected several species of insect
predators in cotton fields such as Scymnus interruptus,C. undcimpunctata, Paederus
alferii, Orius albidipennis, O. laevigatus, C. carnea [73, 75, 76]. Those predators
have played a significant role in reducing population of many cotton insect pests
in different cotton fields in northern and southern Egypt. El-Arnaouty and Sewify
[103] controlling some aphid species such as Aphids gossypii by releasing the eggs
and larvae of lacewings C. carnae in cotton fields. They mentioned that C. carnae
succeeded to achieve a major declining of A. gossypii population.

Zaki et al. [98] carried out several experiments by releasing ladybeetleCoccinella
undecimpunctata and lacewings Chrysoperla carnea against different aphid species
such as Aphis gossypii and A. fabae under greenhouse conditions. They stated that
100% reduction in population of A. gossypii were achieved by twice releases of
C. carnea post twelve days; while as an individual release of C. undecimpunctata
caused 99.97% decreasing in aphid population.

Applying Harmonia axyridis for managing Aphis craccivora population was
released on faba bean plants in faba fields. Results presented that predator like H.
axyridis is able tomanage aphids and provided a pivotal reduction in aphid population
[99]. Releasing eggs or the 2nd larval instar of Chrysoperla carnea on pepper plants
caused reducing Myzus persicae population [100]; who mentioned that a positive
control of aphids could be achieved in the greenhouses where applied the predator
in order to reduce the aphid infestation.
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For controlling the striped mealybug Ferrisia virgata on the ornamental plant
Acalypha macrophylla, the coccinellid predator Cryptolaemus montrouzieri was
released by Attia and El-Arnaouty [101] in Egypt. This predator were distributed
once in Fall October and the researchers have recorded that the reduction percent
of F. virgata reached to 90% for, 75% and 68% for crawlers, nymphs and adults,
respectively; while as these percents increased in the 11th week post release to
reach 100%, 89% and 95% for the same developmental stages. Afifi et al. [102]
applied the C. montrouzieri for managing the citrus mealybug, Planococcus citri on
some ornamental shrubs such as Codiaeum variegatum. After one month post field
application, numbers of egg masses, nymphs and adults of P. citri reduced to reach
41.5, 42.3 and 57.5%, respectively. While after 2 months, the corresponding rates
were 80.6, 86.5 and 91.5%. The reduction rates reached to 100% for all stages of this
pest after 3 months of releasing the predator, https://www.ncbi.nlm.nih.gov/pubmed/
20464943.

6 Insect Predator Preservation

Crop fields (plant structure) differ greatly in insect pest populations during the dif-
ferent year seasons compared with fruit orchards (permanent crops). Paradoxically,
the orchards have naturally the higher natural enemy diversity [50, 104, 105], and
preserving high natural enemy population in the field crops might be very difficult.
Therefore, there are various mechanisms may provide the greatest benefit for bio-
logical control agents. In many natural environments, separating the biodiversity
effects from the ecological influences that produce it may be a key task to suppress
the important insect pests for ecosystem services [106]. A larger sympathetic of the
interactions among diversity components as well as effects of mechanisms funda-
mental biodiversity may improve efforts to support biological control in different
agroecosystems [107]. Introducing predators for classical biological control pro-
gram, in case of low diversity of natural enemies may provide solutions to an applied
problem [108, 109]. A suggested strategy for more efficient conservation biological
control is containing collection natural enemies, preservation them and releasing the
preserved natural enemies on target crops [50].

Conservation strategies should be prolonged over bigger zones to be effective
playing an essential role for suppressing the insect pests [45, 110]. Fiedler et al.
[111] stated that habitat management isn’t considered as a stand-alone practice and
should be viewed holistically for the several ecosystem facilities.

https://www.ncbi.nlm.nih.gov/pubmed/20464943
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6.1 Nectar Resources

Most predators necessitate sugar sources. Nectar nurturing could increase predator
survival to 20-fold [112], enhance fecundity, increasing general reproductive fitness
by providing also floral supplements for natural enemies [113, 114].

6.2 Pollen Sources

Vandekerkhove and De Clercq [115] mentioned that nymphs of mirid predator
Macrolophus pygmaeus which fed on plan pollen survived to 80%; this method
is considered a preventative release strategy similar to the one suggested by De
Cocuzza et al. [116] for Orius species.

6.3 Shelter

For protecting the predators in abnormal conditions, shelter provides a suitable con-
dition for overwintering and aestivation or any disturbances in fields or orchards
[117].

6.4 Weed as Shelter and Food

Generally, in the interval time between the agricultural seasons (main crops), the
biocontrol agents escape to the field borders (where areweeds) searching for food and
safe place. Researchers acknowledge role of weed introduction and their effects on
communities of biological control agents [118–120]. Effects of differentweed groups
on biological control agents in many agricultural systems were investigated [121].
In organic farming, it generally harbors 3 times more abundant seed densities and
1.5 times more weed species compared with conventional farms [122]. Herbicides
used in intensive agroecosystems leads to reduce the weed abundance, which it is
considered the microhabitat of insects as well as the associated natural enemies,
especially in case of absent the main crops [120].

7 Case Study: Aphids and Their Associated Predators

There are many aphid species infest various crops, vegetables and fruit orchards
over the world. For example cotton aphid, Aphis gossypii, is one of the principal
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insect pests of commercially in cotton fields especially in the summer months (June–
October) [123]. Cereal aphids, Rhopalosiphum padi, R. maidis andMetopolophium
dirhodum infest wheat plants during the winter and maize and sorghum during the
summer season [70, 71, 124, 125, 126]. Faba aphids Aphis craccivora and A. fabae
infest faba beans [99, 100, 127], potato/artichoke aphid Myzus persicae infests arti-
choke as confirmed by El-Wakeil and Saleh [128] which caused a serious damage
for these crops [129].

The case study demonstrated that the aphid species and their associated preda-
tor species were highly varied among the most important crops. Efficacy of insect
predator species against many aphid species in different crops i.e., wheat, faba bean,
corn and potato/artichoke was shown that insect predators played a significant role
in controlling many aphid species. Among the observed predators were coccinellid,
syrphid, anthorid and chrysopid species. Coccinella septempunctata, C. undecim-
punctata, Harmonia axyridis, Episyrphus balteatus, Orius spp. and Chyrsoperla
carnea. The density of the most abundant species (thirteen species) varied across
the four crops. C. septempunctata was the most abundant species in faba bean and
potato/artichoke crops. In contrast, three species dominated the predator guild in
wheat crops; namely, E. balteatus, C. septempunctata, and C. carnea. H. axyridis
had higher densities in bean and in potato/artichoke than the other crops. Coccinella
septempunctata was the most abundant predator in many crops.

This population variation might be due to the inherent traits of these crops includ-
ing leaf and steam constructions, volatile components and sap conformation [130].
Aphid abundance was regulated by several aspects such as abiotic ecological condi-
tions (micro-climate), plant volatiles, plant structure, and multiplicity of host plants
[131, 132]. Results obtained during this study show that C. septempunctata and H.
axyridis was more abundant in potato/artichoke and in faba bean than in wheat and
corn, these results are similar which obtained by Vandereycken et al. [133]. The corn
plants being higher than the other cultures the water is dropped between maize plants
affected negatively the predator communities; such result was confirmed by Hodek
et al. [134].

Aphid populations might suffer periods of rapid growth regardless of the develop-
ment of generalist predator populations such as lacewings and lady beetle. The most
important predators are lacewing and lady beetle species, which played a significant
role with other predator species in reducing the aphid densities. Either larvae or/and
adults are known to be the effective predators of aphids; there aremany of natural ene-
mies which affected by habitat features at different landscape scales [135]. Coccinel-
lids and Lacewing are reared by insectaries commercially and then releasedwidely in
different biological control programs against many of aphid species (Table 4). There
are other predators which play a very important role in managing numerous aphid
species; predatory true bugs (Hemiptera)Orius spp. as well as Lygus bugs [45, 136].
Finally, the lady beetle species are considered the efficient predators for controlling
aphids on a range of field crops (Fig. 2a, b, c), vegetables and fruit trees [99, 125,
133, 134, 137, 138].
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Table 4 Aphid species and associated predator species obtained in wheat, maize, faba bean, and
potato/artichoke crops

Crop Aphid species Predator Family

Wheat Rhopalosiphum padi Coccinella septempunctata
Coccinella undecimpunctata
Harmonia axyridis
Hippodamia undecimnotata
Propylea
quatuordecimpunctata
Scymnus interruptus

Coccinellids

Sitobion avenae

Metopolophium dirhodum

Maize Rhopalosiphum maidis Chrysoperla carnea Chrysopids

Faba bean Aphis fabae Syrphus ribesii
Episyrphus balteatus
Metasyrphus corollae

Syrphids

Aphis craccivora

Potato/artichoke Myzus persicae Orius albidipennis
Orius insidiosus
Orius laevigatus

Anthorids

Aphis nasturtii

Fig. 2 Coccinellid larvae prey potato aphids (a); coccinellid adults prey wheat aphids (b); bean
aphids (c)

Understanding the natural enemy capability to manage different insect pests may
lead to sager insect control, comprising pesticide reduction and keeping the envi-
ronment clean. The abundance of generalist predators could help controlling and
reducing the pest populations and thus preventing insect pest outbreaks [109, 126,
132, 139]. Some of predators have a restricted tolerance to the prey feeding and abi-
otic factors; lacewing larval food consumption affected the fecundity of Chrysopid
adults [140–142]. Therefore, mass rearing and field application of insect predators
are considered one of themain aspects in succeeding the biological control programs.
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8 Conclusions and Recommendation

Agriculture provides of 13% of the Egyptian gross domestic product (GDP) and
more than 30% of occupation chances. To face the population increase, agricultural
production should be increased by 7%; which should be accomplished throughout
the sustainable agriculture system which conserves the ecological alternatives and
confines the use of insecticides in the different programs for insect pest management.
Consequently, using insect predators in programs of biological control might be a
foremost part of sustainable agriculture. About 20 species of insect predators listed
in this book chapter have been considered by Egyptian biocontrol researchers (see
Table 5). These predators prey most all the economic agricultural insect pests of

Table 5 Alphabetical list of insect predators listed in this chapter

1. Andrallus spinidens

2. Chrysoperla carnea

3. Coccinella septempunctata

4. Coccinella undcimpunctata

5. Componotus montrouzieri

6. Componotus sp.

7. Coranus sp.

8. Cryptolaemus montrouzieri

9. Cryptolaemus sp.

10. Cydonia sp.

11. Episyrphus balteatus

12. Harmonia axyridis

13. Hippodamia undecimnotata

14. Labidura riparia

15. Macrolophus pygmaeus

16. Mantis religiosa

17. Metasyrphus corollae

18. Nesidiocoris tenuis

19. Orius albidipennis

20. Orius insidiosus

21. Orius laevigatus

22. Paederus alferii

23. Propylea quatuordecimpunctata

24. Rhynocoris fuscipes

25. Scymnus interruptus

26. Syrphus ribesii

27. Stethorus punctillum
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field crops, vegetables, fruit orchards, ornamentals and greenhouse crops. It has
been focused in this chapter on richness of predators in our environment and the
challenges of mass rearing and field application of the most significant predators.

As declared in this chapter the biocontrol production is influencedbymany factors,
such as infrastructure, personnel, tools, transportation and market, beside presence
of the mentioned predators in the local environment and tries of mass rearing and
releasing. InEgypt, almost of these elements are found,what is still need is the support
of decision makers in private and public sectors for having the infrastructure as well
as some equipment. There is an increasing consciousness to the risks of agricultural
chemicals and the need to the biocontrol for preserving the environment in Egypt.
Egypt has a greatmarket of biological products representedmostly by the agricultural
private sector which distribute these bio- or organic products of vegetables and fruit
to Arab and European countries. The following is an alphabetical list of the existed
insect predators and recorded throughout this chapter (Table 5).
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Mass Production of Predatory Mites
and Their Efficacy for Controlling Pests

Faten Momen, Shimaa Fahim and Marwa Barghout

Abstract Biological control has long been recognized as an effective and an envi-
ronmentally safe pest management method. Several species of Mesostigmata and
Prostigmata predatory mites are effective biological control agents against several
phytophagous mites and insects also nematodes. Based on predator feeding habits,
biological characteristics of it can be affected by nutritional value of the prey. Acari
predators aremass reared on awide scale of natural food sources likemites belonging
to families Eriophyidae, Tetranychidae, Tarsonemidae, Tenuipalpidae and Tydeidae,
also insects like whiteflies, mealybugs and thrips, or on factitious food like storage
mites and insect eggs. Hence, a cost for predator’s mass production is a fundamental
precondition; this chapter discussed the rearing method on various diets referring to
the advantages, the cost and benefit as well as the abundance of these predators and
the possibility of their application and success, especially in Egypt.

Keywords Predacious mites · Phytophagous mites · Eriophyidae · Tetranychidae ·
Tarsonemidae · Tenuipalpidae and Tydeidae · Life table parameters

1 Introduction

Mites are common in abundant places and found in different habitats as in soil,
stored product, ornamentals and field crops. Some of them are phytophagous give
rise to direct injury to plant by feeding or indirectly by transmitting disease agents.
Members of most species are highly host specific, and many form extremely dense
populations causing characteristic injury both locally and generally on host through
their feeding activities.

Mites of the family Tetranychidae are strictly phytophagous and are represented
in all region of Egypt. Spider mites can undoubtedly cause severe crop loss [1, 2].
Mites of the family Eriophyidae including the rust, gall and bud mites constitute
a large and strictly phytophagous group represented throughout Egypt on a wide
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variety of hosts [3, 4]. Also some eriophyids are vectors of severely deleterious plant
viruses [5].

Acaricides have been most common method of mites control in Egypt, leading
to many problems such as environmental pollution, development of resistant mite
strains, rising costs and disturbing the natural enemies [6, 7]. In order to save the high
costs of importingAcaricides and to replace those rendered unable bymite resistance,
the attention has been focused to use biological control. According to [8], Acari are
the second biggest group (after Hymenoptera) of natural enemies used commercially
in the biological control of the arthropod pests. The previous author also listed the
predatory mites (30 species) that represented about 13.1% of all arthropod natural
enemies used in pest control worldwide. However, Acari predators is characterized
by some characteristics such as the easily mass rearing of them, they may capable
of control various pest species, the ability of their releasing by a mechanical ways;
they are comparatively small in size and do not spread over a wide area. However,
the successful biological control of spider, tarsonemid and eriophyid mites implies
the evaluation of mass-reared predator effectiveness which depends not only on
geographical origin, but also on food experienced in the mass rearing [9] and some
other phenomena associated with predators. Predatory mites of the Mesostigmata
and Prostigmata groups are playing an important role in biological control.

The Mesostigmata predators are encountered in soil and litter, on aerial parts of
plants, nests or galleries of insects, mammals, and birds, where they feed on small
insects, nematodes, collembola or on phytophagous and mycophagous mites [10–
12]. However, many are also able to feed on fungi, while others have evolved to feed
on pollen and nectar [13]. Prostigmata predators are also found in diverse habitats,
including soils and overlaying litter layers as well as aerial parts of plants. Predators
of the genus Agistemuswere play an important role in biological control of economic
pests [14, 15].

The objective of this chapter is to give a highlight about the most dominant preda-
tory mites associated with vegetable crops and fruit trees recorded in Egypt. A high-
light is concentrated also on selected predatory species from various groups of mites
for augmentation release for rapid biological control. Themass production of various
predatory mites and their potential of biological control in Egypt are also included.
Studied mass production includes (a) Predatory mites of some mesostigmatic group,
(b) Predatory mites of some prostigmatic group, and (c) Role of these mites in attack-
ing various pests by natural and factitious prey.

2 Abundance of Predatory Mites

There are many predatory mites in the environment, and they can reduce some
insect/mite pests from population outbreaks. Predatory mites inhabiting soil or veg-
etation certainly consume their prey. Many of the predatoryMesostigmata have been
studied because of their potential to be used as biological control agents of agricul-
tural pests or of parasites. Few studies have been conducted to validate the potential
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of laelapid species (Family Laelapidae) in field experiments. Most of these studies
refer to the use ofGaeolaelaps aculeifer. They are widespread in soil, litter, manure,
decaying woods and galleries of bark beetles [16, 17].

Predatory mites of the family Phytoseiidae are successfully used as bio-control
agents in controlling of phytophagous mites, thrips and whitefly [18]. Several
researches had been studied the biology of these predators and concluded that there
were many food types of the phytoseiids including small arthropods, nematodes,
fungi and pollen [13]. Another family, namely Ascidae has many predators like:
Gamasellodes adrianae, Gamasellodes bicolor, and Gamasellodes claudiae were
confirmed experimentally under laboratory conditions to predate on nematodes [19,
20]. Species of the genus Proctolaelaps (Family Melicharidae) seem to be quite
variable in relation to feeding habits. Five species of that genus were recorded from
Egypt. The dominant Proctolaelaps species have been shown to develop and repro-
duce on nematodes. Agistemus exsertus is one of the most important species of the
family Stigmaeidae (Acari: Prostigmata) in Egypt, since it was associated with many
economic pests and able to attack tetranychoid and eriophyoid mites as well as scale
insects and white fly in field crops and orchards.

3 Mass Production of Predatory Mites

Successful biological controlmostly implies production of billions of predatorymites
and evaluation for their efficiency [21], taking into consideration a cost-effective
method. For Example traditional phytoseiid mites rearing systems are tritrophic
(plant materials, natural prey and the predator) that has several disadvantages, labo-
rious and expensive [22]. So, turning mass rearing system viable by strategy requires
not only finding an effective and abundant species, but also finding economic method
to produce them with inexpensive cost and this strategy basically depending on
understanding feeding habits of the predatory mites in general and its behavior. [23].
Based on feeding habits, phytoseiid mites were classified as specialized predators
on Tetranychus/eriophyid/tydeid species, selective predators of tetranychid mites,
generalist predators and generalist but pollen feeders [13].

Generalist predators can be mass cultured on different prey species like phy-
tophagous mites, various insect species including mealybugs, whiteflies and scale
crawlers and also can feed on pollen. Some of these predators have been commer-
cially produced around theworld and used as biological control agents in greenhouses
like, Amblyseius swirskii,A. andersoni,Neoseiulus barkeri,N. cucumeris andN. cal-
ifornicus [24, 25]. Extensive attention goes to Neoseiulus californicus; although it
was having a feeding habit as selective predators of tetranychid mites; however it
can also consume other mite species, small insects or pollen when the primary prey
is unavailable. In an effort to allow the production of predators at low cost, factitious
food items have been evaluated. Ex: alternative food sources that they would not
normally found in their natural habitat but can develop and reproduce. In addition,
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such different items of food can be useful as food supplements to support preda-
tor populations after release in the crop [26]. Predatory mites inhabiting soil like
Rhodacaridae, Laelapidae, Ascidae and Melicharidae were mass cultured on some
natural and factitious foods such as the onion thrips Thrips tabaci and insect eggs
[27].

4 Field Application of Predatory Mites

The predatory phytoseiid mites are success as biological control agents for vari-
ous mite pests. Additionally, the success of some phytoseiids, such as Phytoseiulus
persimilis against spider mites, is due to the great population growth rate of P. per-
similis comparative to the spider mites [28]. However, there were other predators
that have a parallel or somewhat lower population growth rate compared to their
prey, an example of that is N. cucumeris that used in controlling of thrips [29]. In
this case, N. cucumeris persevere in field is a result of its feeding on another food
such as pollen [30]. Moreover that the reproduction of some phytoseiid mites can
be enhanced when consumed the pollen [31]. In such cases, the pollen consumption
supports the persistence of predatory immature that has difficulties with large prey
stages [32].

4.1 Examples Successful Usage of Phytoseiids
as Bio-Control Agents Against Pests

There were several cases of the efficacious usage of the predatory phytoseiids as
bio-control agents of several destructive pests. Two examples were summarized as
followed:

4.1.1 Tetranychus urticae

The two-spotted spider mite, T. urticae, is extremely polyphagous mite pest and
cosmopolitan tetranychid species. This mite pest is one of the greatest severe pest
species infestedmany fruit tree, cotton, vegetables and a variety of greenhouse crops.
The feeding of T. urticae cause a small spots on leaves as a results of chlorophyll
reduction, webbing, dry leaf-fall, up to necrosis in young leaves and stems, or even
the plant death in a severemite-infestation [33]. Additionally, themite feeding causes
a reduction of photosynthesis, carbon dioxide absorption and transpiration as a result
of the leaf tissue injure. Such effectswere observed inmany plants such as strawberry,
apple, peach, tomato and cotton [34–36] lead to reduction in the crop yields such as
that detected in cotton [37], soybean [38, 39] and others. In other cases, T. urticae
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can feed directly on tomato fruit causing discoloration of the tomato, which may
have a bad effect on the marketability of the tomato [40].

Mainly at high temperatures, T. urticae has rapid development. At 30–32 °C,
the total life cycle only takes 8–12 days. The female can oviposition about 90–110
eggs during a lifetime of about 30 days; therefore the mite populations can be raised
quickly during the summer, or under greenhouse conditions [18, 41]. However, the
females can deposit unfertilized eggs that become males [42].

Biological control: Oneof themost successful biological control examples is the use
of P. persimilis in controlling of T. urticae. This predator is used in the management
of T. urticae on various crops, since 1960s [43], till now.

Neoseiulus californicus has used effectively in the management of T. urticae [44,
45]. Moreover,N. californicuswas providing efficacious control of other tetranychid
mites such as Panonychus ulmi and Oligonychus perseae in several countries [i.e.
46–48]. In the USA, [49] stated that there were other phytoseiid predators such as
Neoseiulus fallacies which proved to be an effective bio-control agent against T.
urticae on strawberries and on apple in Oregon [50]. Also, Euseius victoriensis [51]
and Neoseiulus womersleyi in Australia [52] showed efficiency in the control of T.
urticae.

4.1.2 Polyphagotarsonemus latus

The broad mite, P. latus, is a serious tarsonemid mite pest in tropical and subtropical
regions and has been collected from about 60 different plant families [53]. It has a
large host range including cotton, potato, tomato, eggplant, peppers, apple, pear, can-
taloupe, mango, guava, avocado, citrus, coffee, tea and others [54]. In addition, broad
mites infest many ornamentals such as African violet, lantana, begonia, marigold,
azalea, dahlia, zinnia, impatiens, jasmine, verbena, gerbera and chrysanthemums
[55]. This destructive mite pest attacks newest leaves and plant buds. It’s feeding
making the terminal leaves and flower buds malformed. The toxic saliva of the mite
leads to hardened and twisted of the leaf edges [55].

The mite infestation cause flowers deformation, fruits blistering and finally yield
reduction. In a young pepper plant, 10mites are able to cause a considerable reduction
in the plant height and leaf surface [56]. On fruit trees, the shaded parts of the
fruits are generally damaged as a result of mite feeding and become discolored. In
heavy infestations, premature fruit may fall. Additionally, the damaged fruit is not
acceptable in the markets [54]. Adult females deposit several eggs ranged from 30
to 76 eggs in a period from 8 to 13 days. The unmated females laid eggs that become
males. Generally, the mated females lay 4 female eggs for every male egg [54].

Biological control: A number of predatory mites have been reported to be effective
in the controlling of P. latus. Neoseiulus californicus successfully control P. latus
on pepper [25, 57] in addition to the tarsonemid mite pest Phytonemus pallidus on
strawberry [24]. Neoseiulus barkeri has been found to be an important biological
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control agent for the management of P. latus in protected crops [58]. Also, N. cuc-
umeris [59] and E. victoriensis [51] have been mentioned as noticeable predators
effectively used in the biological control of P. latus. Amblyseius swirskii [60, 61]
were reported to control the broad mite successfully in greenhouses. Recently, [62]
indicated that A. largoensis is an effective control agent for the broad mite.

5 Pillars of Biological Control Industry

5.1 Abundance of Predatory Aerial Mites

5.1.1 Family Phytoseiidae

Phytoseiid species have been recorded from all continents except Antarctica. Phyto-
seiids are primarily plant-inhabitingmites,withmore than 2077 species (representing
about 85% of species) described from diverse plant species. The phytoseiids have a
typical Gamasina life history, usually with five life stages: egg, larva, protonymph,
deutonymph and adult. Females must mate in order to produce progeny. Multiple-
mated females produce more eggs [63–65].

Some phenomena associated with phytoseiid species provide additional food to
the predators when the preferred prey are low like cannibalism and intraguild preda-
tion (predator–predator dynamics) and it is important to be understood to increase
their overall fitness [66, 67]. These studies have centered mainly on the ability and
frequency of predation of immatures by adults of its own (cannibalism) or of different
(intraguild predation) species [68].

Collection of some predatory mites, including family Phytoseiidae were surveyed
in Egypt and presented in Table 1. Twenty five phytoseiid species were recorded
during a survey conducted in some governorates in Egypt; this survey included some
crops, fruit trees and weeds.

According to [13] predators belonging to the genus Phytoseiulus are specialist
predators on Tetraychus sp. (ex: P. persimilis–P. macropilis–P. longipis) (specialist
predators Type 1a). Also other phytoseiid mites were recorded to be specific predator
on tydeid mites (Paraseiulus talbi–Proprioseiopsis cabonus).

Life table parameters of the specialist phytoseiid predatorPhytoseiulusmacropilis
cultured on various stages of Tetranychus urticae in Egypt had been shown in Table 2.

Life table parameters of the specialist phytoseiid predators Paraseiulus talbi and
Proprioseiopsis cabonus cultured on various tydeid mites in Egypt and Italy were
presented in Table 3.

Yet other group of specialist phytoseiid predators on eriophyoid mites was
recorded from Egypt. This group included Proprioseiopsis lindquisti, P. badryi,
Amblyseiella denmarki and Typhlodromus transvaalansis. All species were recorded
to feed on various Eriophyoid mites. These pests included: Aceria olive, Aculops
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Table 1 Incidence of some phytoseiid species in Egypt

Species Crop/weed Locality

Neoseiulus barkeri Solanym lycopersicum–Solanym
melongena

Fayoum–Tamai–Tobhar

Proprioseiopsis kadii Mangifera indica–P. persica Ismailia–Al-Tal Al-Kber

Neoseiulus californicus Cucumis sativus Fayoum–Sennours

Cydnoseius negevi S. lycopersicum–S. melongena Ismailia–Abou–Souer–Fayed

Proprioseiopsis badryi S. lycopersicum–M. indica Fayoum–Tobhar–Tamai

Typhlodromips swirskii S. lycopersicum Fayoum–Sennours

Amblyseius largoensis S. lycopersicum Ismailia–Abou-Souer

Proprioseiopsis lindquisti Musca paradisiacal Fayoum–Atsa

Typhlodromus transvaalens S. lycopersicum Ismailia–Fayed

Proprioseiopsis cabonus S. melongena–M. indica Fayoum–Atsa

Typhlodromus balanites Pluchea dioscoridis Fayoum–Sennours

Typhlodromus rhenanus S. lycopersicum–S. melongena Fayoum–Atsa

Neoseiulus arundonaxi Arondo donax Fayoum

Typhlodromus mangifera M. indica Giza

Amblyseius denmarki M. paradisiacal Fayoum–Sennours

Euseius finlandicus Piper nigrum Fayoum–Tobhar

Euseius scutalis P. nigrum Fayoum–Tobhar

Phytoseiulus persimilis L. sculentum Fayoum–Demo

Phytoseius finitimus Eichhornia crassipes Kewesna

Euseius yousefi A. donax Tokh

Amblyseius zaheri E. crassipes Manfalout

Paraseiulus talbi M. indica Manfalout

Typhlodromus athiasae Ceratophyllum demersum Mostorud

Amblyseius deleoni Conyze dioscoridis Farscor

Amblyseius zaheri E. crassipes Kewesna

lycopersici, Aculus fockeui and Cisaberoptus kenyae. The main hosts of these erio-
phyoid mites are mango, tomato, pear and olive leaves.

Life table parameters of specialist phytoseiid predators on eriophyoid mites cul-
tured on various these pests in Egypt have been shown in Table 4.

In their classification [13] divided family Phytoseiidae to 4 groups, the 3rd group
is the generalist predatory mites which can able to feed and sustain oviposition on
various kind of foods included the factitious prey. Many phytoseiids in this group
was reared and mass cultured on natural, alternative and factitious prey. Natural prey
included T. urticae, B. tabaci, Thrips tabaci, eriophyid mites and pollen grains, while
factitious prey included various insect eggs and acarid mites. Type IV of generalist
phytoseiid mites included also predators preferred pollen grains to other foods, but
sometimes eriophyid mites could be the best and this group included predatory mites
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of the genus Euseius. Two species were recorded from Egypt: E. scutalis and E.
yousefi.

Life table parameters of some generalist phytoseiid predators cultured on natural
prey in Egypt were shown in Table 5. These species included: Neoseiulus bark-
eri, Cydnoseius negevi, Typhlodromus mangifera, Amblyseius zaheri, Amblyseius
deleoni. Life table parameters of some generalist phytoseiid predators cultured on
factitious foods had been presented in Table 6. Factitious foods proved to be an excel-
lent alternative prey for certain generalist phytoseiid mites. Factitious food used in
this text included: Aleuroglyphus ovatus,Carpoglyphus lactis, Suidasia medanensis,
Tyrophagous putrescentiae, E. kueniella, Artemia franciscana and pollen grains.

5.1.2 Family Stigmaeidae

Most of Stigmaeidae members are free-living predators on plant leaves and branches
and are belonging to two genera, Agistemus and Zetzellia. Stigmaeid mites have
five life stages as the members of the family Phytoseiidae. There are also three
quiescent periods after larval, protonymphal and deutonymphal stages. Unmated
females produce only male egg (arrhenotokous) [100].

Collection of some areal predatory mites including family Stigmaeidae was sur-
veyed in Egypt and presented in Table 7. Three stigmaeid species were recorded
during a survey conducted at some governorate in Egypt. Survey included some
crops, fruit trees and weeds.

Life table parameters of some generalist stigmaeid predators which have been cul-
tured on natural and factitious foods shown in Table 8. Predatory mites of the family
Stigmaeidae are classified to 2 categories, specialist and generalist. A specialist stig-
maeid mite like Agistemus olive can be mass cultured on various eriophoid mites’
infested olive, mango and pear leaves. Generalist stigmaeidmites weremass cultured
on natural and factitious food. Natural foods included tetranychid, eriophyid, scale
insects and small arthropods, while factitious food included E. kuehniella, Galleria
mellonella.

It is well known that Agistemus exsertus is an egg predator since the species prefer
to feed on egg stage to active stages.

5.2 Abundance of Predatory Soil Mites

5.2.1 Family Laelapidae

For the control of pests that spend part of their life in the soil, four predatory mites
of the family Laelapidae have also been used, namely Androlaelaps casalis, Gaeo-
laelaps aculeifer, Stratiolaelaps miles and Stratiolaelaps scimitus.

Laelapidae have five developmental stages: egg, larva, protonymph, deutonymph
and adults. The reproduction in this family can be by haplodiploidy, arrhenotoky
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Table 7 Incidence of stigmaeid species in Egypt

Species Crop/weed Locality

Agistemus exsertus C. dioscoridis–M. indica Fayoum–Tobhar

Agistemus olivi C. dioscoridis–S. lycopersicum Ismailia–Fayed

Agistemus vulgaris C. sativus–S. lycopersicum Fayoum–Tobhar–Tamai

or thelytoky [110]. Experimental releases of G. aculeifer and S. miles have shown
reduction of respectively 80.5 and 61% of the Frankliniella occidentalis populations
in bean crops [111]; who reported to provide better thrips control combining with N.
cucumeris than when released in isolation [112].

Collection of some predatory mites in Egypt, including family Laelapidae, six
laelapid species was recorded during a survey in some governorates. Survey included
crops and weeds (Table 9).

In Egypt, many genera of the family Laelapidae were recorded from different
habitat, includesHypoaspis,Laelaspis,Cosmolaelaps,Ololaelaps,Androlaelaps and
Geolaelaps.

The life history and life table parameters of some predatory laelapidmites cultured
on natural and factitious foods in Egypt were presented in Table 10. Members of the
family Laelapidae can play an important role in biological control. Thrips tabaci
and nematodes are the major pests and can be consumed by various laelapid species.
Natural foods includes free living nematodes likeMeloidogyne javanica,Tylenchulus
semipenetrans and Rhabditella muscicola as well as T. tabaci and Phthorimaea
operculella while factitious food were included Entomobrya musatica, acarid mites
ex: Caloglyphus Rodriguez, Rhizoglyphus robini and T. putrescentiae, Drosophila
melanogaster and Musca domestica.

5.2.2 Family Ascidae

Species of the ascid mites have been described from a wide range of habitats. Most
of the species were described from soil, grasses, mosses, or dead organic matter on
soil surface. Themost important genera are includedAntennoseius,Arctoseius,Asca,
Gamasellodes, Protogamasellus.

Arctoseius cetratus has reported to prey on eggs and first instar larvae of
Drosophila melanogaster (Drosophilidae) and of Lycoriella auripila (Sciaridae)
[117].

Gamasellodes adriannaewas reported as a voracious predator of nematodes [118].
Walter and Lindquist [119] indicated that Protogamasellus micawas able to develop
to adulthood on the nematode Acrobeloides sp., while Protogamasellus minutus and
Protogamasellus primitivus similis were reported to develop and reproduce on the
nematodes Acrobeloides sp. and Rhabditis sp. [120]. Protogamasellus minutus was
also reported by [121] to develop and reproduce on the collembolan Lepidocyrtinus
incertus as well as on the Rhizoglyphus robini (Acaridae) and T. putrescentiae.
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Table 9 Incidence of soil predatory laelapid mites in Egypt

Species Host/habitat Locality

Hypoaspis reticulatus E. crassipes (roots)–C. dioscoridis
(roots)–A. donax (roots)–S. marianum
(roots)

Tokh
Kewesna
El-Bagoor

Ololaelaps chanti S. marianum (roots)
C. demersum (roots)

Bosh–El-Wasta
El-Badary

Cosmolaelaps keni L. sculentum (soil and roots) Fayoum–Tamai

Geolaelaps aculeifer L. sculentum (soil and roots) Fayoum–Abshawi

Androlaelaps aegypticus S. lycopersicum (roots) Ismailia–Fayed

Laelaspis astronomicus S. marianum (roots) Bosh–El-Wasta

Collection of survey some predatory mites, including family Ascidae, Ten Ascid
species were recorded during a survey conducted in some governorates in Egypt
(Table 11). Survey included some crops, orchards and weeds.

In Egypt, Predatory ascid mites were able to feed and sustain oviposition on
various kinds of foods. Foods included fungi ex: Fusarium solani, Aspergillus niger,
A. flavus and F. oxysporum acarid mites, Collembola and free-living nematode were
used to culture various ascid species. The life history of some predatory ascid mites
cultured on natural and factitious foods in Egypt (Table 12).

5.2.3 Family Rhodacarida

Three genera of the family Rhodacaridae were reported by various authors, included
Rhodacarellus, Multidentorhodacarus, Protogamasellopsis sp. Nematodes have
been reported many times to be preyed by rhodacarids [129, 130]. Thelytoky seems
common in rhodacarids [20, 131]. Only one species was recorded fromEgypt namely
Protogamasellopsis denticus. This species was able to feed on insect and mite foods.
Insects prey included: Bactrocera zonata, Phothorimaea operculella, Agrotis ipsilon
and Agrotis ipsilonwhile mites prey included: Rhizoglyphus robini and T. putrescen-
tiae.

The life history and life table parameters of Protogamasellopsis denticus cultured
on natural and factitious foods in Egypt (Table 13).

5.2.4 Family Melicharidae

Proctolaelaps is the most important genus in family Melicharidae, and can play an
important role in biological control. Proctolaelaps bickleyi, P. bickleyi, P. deleoni
were developed and reproduced on various kinds of food such as Nematodes, mites,
pollen and fungi ex: Botrytis fabae, Rhizoctonia solani, Aceria guerreronis, Tyroph-
agus putrescentiae, Rhizopus aff. stolonifer, Steneotarsonemus furcatus, T. urticae
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Table 11 Incidence of soil
predatory Ascid mites in
Egypt

Species Host/habitat Locality

Lasioseius
africanus

S. lycopersicum
(Debris and soil)

Fayoum–Abshway

Lasioseius
aegypticus

S. melongena
(Debris and soil)

Ismailia–Al-
Kassasen

Lasioseius zahri Prunus persica
(Debris)

Ismailia–Abou-
Souer

Lasioseius
athiasae

M. indica (Debris) Ismailia–Al-Tal
Al-Kber

Blattisocius
tarsalis

M. indica (Debris
and soil)

Fayoum–Atsa

Cheiroseius
egypticus

Prunus persica
(Debris)

Ismailia–Al-Tal
Al-Kber

Lasioseius
lindquisti

A. donax (leaves) Tokh

Cheiroseius
egypticus

Eichhornia
crassipes (roots)

El-Badary–Bosh

Cheiroseius
nepalensis

C. dioscoridis
(leaves)

Sheben El-Kom

Cheiroseiulus
crassipes

M. indica (Debris
and soil)

Mostorud

and coconut pollen [133, 134]. Proctolaelaps cyinchuanensis was observed to feed
on Suidasia pontifi [135]. Most Proctolaelaps species studied are able to develop
and reproduce on several food items, indicating the polyphagous habit of members
of this genus.

Collection of some predatory mites, including family Melicharidae in Egypt was
surveyed. Five species were recorded during a survey at some governorate in Egypt.
Survey included some crops, orchards and weeds (Table 14).

The life history and fecundity of various species of the genus Proctolaelaps cul-
tured on natural and factitious foods in Egypt have been presented in Table 15.

5.3 Mass Production Predatory Mites

5.3.1 Mass Production of Aerial Predatory Mites—Family Phytoseiidae

Since its introduction approximately 40 years ago, phytoseiids have gained recog-
nition for their importance as natural enemies of thrips, whiteflies and spider mites
[140]. Zhang [141] recorded that phytoseiid mites (as a minimum 20 species) were
obtainable at a commercial scale and have been mainly used on greenhouse crops.

Worldwide, the farmers use P. persimilis in the management of T. urticae and
other tetranychid mite pests both in greenhouses and on field crops [8]. However,
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Table 13 Protogamasellopsis denticus a predatory mite of the family Rhodacaridae used in bio-
logical control and mass cultured on natural and factitious foods in Egypt

Diets Female Fecundity
(eggs/female)

Temp. °C Source

Life
cycle
(days)

Oviposition
period
(days)

Longevity
(days)

Bactrocera
zonata

10.22 39.61 49.44 93.27 30 Mahmoud
[132]

Phothorimaea
operculella

17.94 61.27 72.05 84.24 30

Agrotis ipsilon 13.05 103.83 114.11 68.76 30

Sitotroga
cerealella

11.83 34.05 39.94 41.44 30

Rhizoglyphus
robini

7.00 36.38 43.61 113.68 30

Tyrophagus
putrescentiae

9.00 27.61 31.64 71.69 30

Table 14 Incidence of soil
predatory Melicharid mites in
Egypt

Species Host/habitat Locality

Proctolaelaps
bickleyi

M. indica (Debris) Banha–Tokh

Proctolaelaps
pygmaeus

S. lycopersicum
(Debris and soil)

Kaluob–Mostorud

Proctolaelaps
orientalis

Prunus persica
(Debris)

El-Badary

Proctolaelaps
naggarii

Pluchea
dioscoridis
(Leaves)

Sheben El-Kom

Proctolaelaps
aegyptiaca

P. persica (Debris) Sheben El-Kom

procedures of themass production of phytoseiids such asP. persimilis/N. californicus
based on bean plants growing in greenhouse for the production of spider mite while,
the predatory mite was introduces latterly. A clean spider mite culture, without any
predators, is required for phytoseiids mass rearing. Infested bean leaves from the
spider mite culture are used to infest bean plants growing in greenhouse to offer con-
tinuous source of spider mite as prey. Latterly, predators are introduced to bean plants
that are heavily infested with the prey. The plants are collected when it reached to
the highest predator density [142]. The introduction of predatory mite (P. persimilis)
into the infested bean leaves needed ideal timing to obtain the highest production
of spider mite without causing plant damage as a result of mite infestation [143].
Predator harvesting usually exposes the predators to food shortage stress and a lot
of them are lost due to unsuitable collection techniques.
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Any rearing systems should offered more environmental conditions regulation
and better controls that keep predatory mites save from the severe losses. Numerous
enclosed systems have been suggested to rear the predatory mite (P. persimilis) on
its prey (T. urticae) using different types of enclosure [144, 145]. A rearing system
consists of a plastic foam piece or sponge placed in the center of a tray full of water
was designated by [144] for the mass production of a number of species of predatory
mite for example, P. persimilis, P. macropilis, Typhlodromus pyri, N. fallacis and N.
cucumeris. A fence is made by surrounding the foam piece with wet tissue paper. In
order to keep a continuous saturation, one side of the wet tissue paper needs to touch
the water.

However, modifications that required developing those rearing systems with the
aim of get high predator production have proven difficult. Ramakers and Van Lieburg
[146] described an enclosed system used for the production of predatory mites and
consist of a cube rearing cage occupying approximately ½ m2. These rearing cages
have two doors; upper door on the upper part of the cage and another lower door on
the cage bottom. In addition, collection cupswere placed at the cage top for collecting
the predatory mites. In this method bean plants were grown in trays and infested with
T. urticae. Lately, the bean plants are cut from the soil base and introduced into the
rearing cages where the predacious mites are introduced latterly. Fresh infested bean
plants are introduced through the upper door. After being exposed to the predacious
mites for a week, the plants are taken away through the lower door.

The gravid females of the predatory mites tend to stay close to spider mites, while
young adult predators have a tendency to move to the upper parts of the rearing cage.
Therefore, the predatory mites accumulated in the collection cup are daily collected.
This small rearing cage was able to a continuous production of more than14.000
predatory mites each week.

Providing easily produced frozen, live, lyophilized insects and mites as primary
food sources (factitious food) instead of natural prey that support the development and
reproduction of predators may make the Cost-effective rearing system economical.
For example astigmatid mites and eggs of many lepidopterans have been considered
useful for mass rearing predatory mites. Some mites of Astigmatina have been con-
sidered suitable factitious food for several Mesostigmata species for many years, and
it can be economically produced in large numbers in relatively small containers on
flour, bran or similar substrates [147]. This usually renders the rearing process less
expensive than those using phytophagous mites/thrips/nematoda as natural foods,
due to reduced requirements for space, labor and maintenance costs [100].

It was found thatN. cucumeris andN. barkeri had been successfully developed and
reproduced on Tyrophagus casei (Acari: Acaridae) as factitious food by [147]. Also
[148] verified that the storage mites, Carpoglyphus lactis (Acari: Carpoglyphidae)
was an excellent factitious food for A. swirskii and N. cucumeris for development
and reproduction. Xia et al. [99] proved that N. barkeri developed and reproduced
well on A. ovatus especially at high temperature. Midthassel et al. [90] verified that
A. swirskii consumed and strongly attack eggs and active stages of astigmatid mite
Suidasia medanensis (Acari: Suidasiidae). Barbosa and de Moraes [149] found that
N. barkeri was mass reared successfully on Thyreophagus sp. and it was the most
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suitable astigmatid mite for development and reproduction of the predator. Massaro
et al. [150] noted that Amblyseius tamatavensis, which distributed in Brazil and used
in controlling the whitefly, Bemisia tabaci, a serious pest of various crops in many
countries and was successfully mass-reared on some astigmatine species.

5.3.2 Mass Production of Soil Predatory Mites

Predatory soilmites can be easily reared on insect eggs or acaridmites. Stock colonies
of astigmatids and predators were always reared in plastic containers similarly to
those described beyond [98–151], consisting of plastic pots (12 cmhigh, 7.5 cmdiam-
eter), each containing holes for ventilation (2 cm diameter) closed with a polyester
screen of 0.2 mm mesh. The diet of astigmatid mite was consisted of a mixture of
30–50% of brewer’s yeast and 70% of wheat bran. The diet was refreshed every
week. This method doesn’t require a host plant, which causes more time and space
restraints.

Several studies have shown that eggs of the Mediterranean flour moth Ephestia
kuehniella Zeller constitute a nutritionally superior food for various insect predators
[152], predatory phytoseiid and laelapid mites [91, 92, 153]. Conversely, the con-
tinuous use of E. kuehniella eggs as a factitious prey in mass rearing system has
disadvantage, is their high cost (EUR 500 for 1 kg) in the Egyptian market. This has
begun in a search for cheaper alternative prey, like another insect eggs or astigmatid
mites. Eggs of the peach fruit fly Bactrocera zonata (Saunders) (Diptera: Tephri-
tidae) have been proposed as a potential source of factitious prey for N. barkeri,
Amblyseius largoensis (Muma) and Proprioseiopsis kadii (El-Halawany and Abdel-
Samad), whereas experiments were tested only for the 1st generation [154]. Eggs
of B. zonata are produced by the billion in mass-rearing facilities for rearing preda-
tory insect purposes; market prices of their eggs are competitive with those of E.
kuehniella since the cost needed for producing 285.000 eggs is approximately 0.25
USD [154].

6 Using Predatory Mites Against Different Agricultural
Pests

Mites of the family Phytoseiidae are predators generally related to the phytophagous
mite and/or insect pests in the field. Therefore, field applications were conducted to
evaluate the efficacy of these predators as successful biological control agents against
several agricultural pests infested many crops growing in the greenhouses/field. Phy-
toseiulus persimilis,A. swirskii,N. californicus,P.macropilis,N. cucumeris andNeo-
seiulus zaheri are the most phytoseiid species used in releasing program to suppress
T. urticae/some insect pests.
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EI-Saiedy [155] N. californicus and P. persimilis were used successfully for con-
trolling T. urticae on strawberry, where their release resulting in reduction percent-
ages of T. urticae infestation (71.78 and 97.20%). Neoseiulus californicus and P.
macropilis were released against T. urticae infesting 2 cultivars of cucumber that
grown in plastic houses. Both predators showed the maximum percentages of reduc-
tion of T. urticae (97.36 and 97.51%) and (87.14 and 92.50%) in both cultivars [156].
Neoseiulus cucumeris gave a higher reduction in infestation of Aphis gossypii and
T. stabaci than N. californicus when both released on 2 cultivars of eggplant in open
field [157].

Elmoghazy et al. [44], a high performance was given by N. californicus and A.
swirskii, to control T. urticae on 2 cultivars of Vicia faba in open field at Beheira
Governorate. Neoseiulus californicus clearly decrease the population density of T.
urticae (87.22 and 74.22% redaction of mite/leaf) comparing to T. swirskii (57.49
and 41.5% redaction of mite/leaf) on both cultivars, respectively. Releasing of N.
californicus in addition to A. swirskii can give good results in controlling T. urticae.
Furthermore, the release of P. persimilis and N. californicus resulted in reduction of
T. urticae population on sweet pepper growing in greenhouses during 2 successive
seasons [158]. Under both open field and plastic low tunnels conditions, releasing P.
persimilis and A. swirskii to control T. urticae on two watermelon and muskmelon
cultivars were gave an excellent results. The highly percentage of reduction was
attained by P. persimilis, followed by T. swirskii on all tested plants [159]. Kame
et al. [160] studied 2 sweet pea cultivars and under high tunnel of plastic-net con-
dition, releasing P. persimilis and N. californicus gave the best results in reducing
the population of T. urticae as compared to Typhlodromus negevi and E. scutalis,
probably because both species are pollen feeder.

7 Performances of Predatory Mites in Controlling Pests
After Long-Term Feeding on Factitious Foods

It is important for a predator keeps its potential after long-term rearing on alternative
food to control natural prey, so the efficacy of factitious food for predatory mites
deserved to be investigated by authors. The effective factitious food supply sufficient
nutritional requirements to the predators and lead to continuous production of high
quality progenywith no reverse effect on the predator performance [161].Neoseiulus
barkeri is predatory mite which distributed worldwide and has been used to manage
pests in plastic houses since the method of its mass-rearing were developed.

In Denmark, [162] reared N. barkeri on storage mites (Acarus spp.) in large
numbers at a relatively small cost and was utilized to successfully control T. tabaci,
on cucumber plants in glasshouses. Ling et al. [163] found that the storage mite, A.
ovatus suitable substitute food for N. barkeri and used for mass production and it
was also exhibited a strong predatory ability on the spider mite Panonychus citri in
Ganzhou as well as [164] reported that N. barkeri fed on A. ovatus could efficiently
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manage P. citri. Amblyseius swirskii has been proved to be an effective biological
control agent against whiteflies, thrips, broad mites in several plastic houses crops
[61, 165, 166].

A study by [92] explored the potential of E. kuehniella eggs on development and
reproduction of different life stages of A. swirskii for five successive generations.
Moreover, the study reported that A. swirskii did not lose their power to control its
natural prey first instars of F. occidentalis after six tested generations. Only the pre-
dation rates of the predators of generation six were slightly lower than the predation
rates of the predators of generation one. Likewise, [167] verified that rearing N. cal-
ifornicus on almond pollen for multiple generations (up to 20) had an influence on
development and positively affected fecundity and accordingly higher potential to
control T. urticae.

8 Conclusion

This chapter summarized the role of some predatory mites inhabiting soil or vegeta-
tion as biological control agents and it has been focused on the abundance of these
predacious mites in Egypt as well as their mass production and the most impor-
tant species used in controlling pests in field. It was mentioned that twenty five
phytoseiid, three stigmaeid, six laelapid, ten ascid, five melicharid, and only one
Rhodacarid species namely Protogamasellopsis denticus were recorded in Egypt.
Also, Predatory phytoseiid mites are successfully used as bio-control agents in con-
trolling of phytophagous mites, thrips and whitefly. Agistemus exsertus is one of the
most important species of the family Stigmaeidae and able to attack pests of the
families Tetranychidae and Eriophyidae as well as scale insects and whitefly in field
crops and orchards.

The chapter concentrated on the method of mass production of aerial and soil
predacious mites that can be reared traditionally by introducing natural or by pro-
viding factitious foods. It was explained in detail the rearing system taking into
consideration the cost, advantage and disadvantage.
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Production and Application of Bacillus
thuringiensis for Pest Control in Egypt

Hussein S. Salama

Abstract The leading role in Bacillus thuringiensis B.t. research in Egypt has been
taken by theNational ResearchCentre (NRC). The present book chapter is an account
of studies that have been carried out on this pathogen in Egypt and its possible role
as a biological control agent. These studies included bioassay of various cultures of
B.t. to detect the potent strains versus different insect species. The introduction of
agro-industrial byproducts in the fermentation media have been explored for eco-
nomic commercial production of the pathogen. Attempts were made to develop
feeding stimulants and bait formulations aiming to overcome short environmental
persistence. Novel approaches including the use of chemical additives with B.t. for-
mulations were adopted to enhance potency against insects through biochemical
reactions that occurred in the insect midgut. Reference was given to the mode of
action of B.t. and its distribution. The joint action of B.t. varieties and its integration
with other microbial and chemical control agents was highlighted. Investigations on
the pathogen effect on various development stages of Lepidoptera are given. Pilot
scale production of B.t. has been described. Studies dealing with the large scale
field application of B.t. are given. Reference has been given to the current status of
genetically modified technology (GM) in Egypt.

Keywords Fermentation media · Agro industrial byproducts · Adjuvants ·
Chemical additives · Feeding stimulants · Pilot production · GM technology

1 Historical Overview

At present Bacillus thuringiensis (B.t.) accounts for perhaps 80–90% of the total
world microbial insecticide market. B.t. appeared to be a simple, spore forming
infectious bacterium, easy to grow on laboratory media. The discovery of B.t. as
reported by Frankenhuyzen [1] dated back to 1901 and then, it was isolated by
Berliner [2, 3] fromdiseased larvae of theflourmothAnagasta kuehniella inGermany
and he named it B.t. During the next two decades field testing of B.t. continued
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against Lepidopterous insects in Europe and U.S.A. Weiser [4] reported Sporeine
as the first product used in 1938 in France and its production continued during
1950s in USSR, Chechoslovakia, France and Germany. Steinhaus [5] encouraged
the commercialization of B.t. leading to the production of Thuricide in 1957.

The discovery of the kurstaki isolate HD-1 by Dulmage [6] showed its high
activity against some agricultural pests more than other isolates and therefore it
was adopted for commercial production. During this time, an international system
for standardizing the potency of commercial products based on biological units was
established to substitute the reliance on spore counts which did not relate to the total
insecticidal activity [7–10]. Becker and Margalit [11] referred to the discovery of
B.t. subspecies israelensis; and similar results were also recorded by Goldberg and
Margalit [12]. Margalit and Dean [13] opened a new chapter in the biological control
of mosquito and blackfly larvae and it was characterized as serotype H-14. Following
that, a hundred local strains of this serotype have been isolated in many countries, but
no isolate has yet been found that has better mosquitocidal effect than the originalB.t.
israelensis isolate. However, mention should be made of B.t. subspecies morrisoni
(serotype H 8a:8b) that was isolated in Philippines by Padua et al. [14]. Although it
belongs to a different subspecies and serotype, but it proved to be as effective as B.t.
israelensis.

Again, Keller and Langenbruch [15] reported that a novel B.t. strain (BI 256-
82) was isolated and identified by Huger and Krieg [16] from a dead pupa of the
yellow mealworm Tenebrio molitor which showed activity against Coleoptera. It
was described as B.t. subspecies tenebrionis and represented a new B.t. pathotype
[17]. In the following years, further strains with coleopteran activity appeared, but
still tenebrionis is the most important commercial subspecies used in the control of
coleopteran pests and four companies have placed its products on themarket (M-one,
Trident, Ditera and Novodor).

In Egypt, the leading role in research and development of B.t. has been taken
by the National Research Centre (NRC). The efforts of the NRC team led to the
establishment of scientific cooperation with the USDA (1977–1985) and Agriculture
Canada (1985 onwards) to develop research in this area and to combat the key
lepidopteran pests of field, oilseed and vegetable crops. The present chapter covers
the expanding knowledge of the production, mode of action and application of this
pathogen in Egypt. Emphasis has been given to Lepidoptera, the most destructive
group of plant pests.

2 Mode of Action Research

When the insect ingests B.t. crystal containing either class Cry I or Cry II proteins,
many steps lead to the death of the insect larvae. Firstly, the crystal dissolves in the
alkaline midgut of the insect generating 130–140 kDa Cry I proteins or 71 kDa Cry
II proteins.
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Recently Höfte and Whitely [18] referred to a system of classification of the δ-
endotoxins in relation to their insecticidal properties and molecular relationships.
They described four major classes of δ-endotoxins (Cry I, II, III, IV) and a cytolysin
(Cyt) found in the crystals of the mosquito active strains. The different δ-endotoxins
belonging to each of the four Cry classes contain a single family of proteins [19, 20].
These proteins are active against Lepidoptera (Cry I), Lepidoptera and Diptera (Cry
II), Coleoptera (Cry III) and Diptera (Cry IV).

In addition to this large variety of crystal proteins, some strains synthesize heat
stable toxins designated B-exotoxins [21]. These exotoxins presumably contribute to
the overall toxicity of a B.t. strain. The mode of action of B.t. involves biochemical
changes in the haemolymph of the treated insect. Salama et al. [22] and Salama [23]
reported that the level of proteins in S. littoralis markedly decreased during larval
treatment with B.t. Other quantitative changes in the amino acids were detected. It
is known that amino acids play an important role in the osmo-regulation of insects
and abnormal changes in their concentration may lead to fatal consequences. In
addition, a disruption in the regulation of potassium, sodium, magnesium and zinc
cues occurred leading to general paralysis.

Also, Salama [23] referred to investigation of Boctor and Salama [24] who “de-
termined the differences between lipids in larvae of S. littorals as compared to those
treatedwithB.t.” Salama andSharaby [25] investigated the histopathological changes
caused by B.t. var. entomocidusHD-635 in the cotton bollworm,Heliothis armigera,
using electron microscopy. Most of the changes that occurred on the fourth day after
treatment with B.t. were mainly localized in the midgut, where the epithelium was
greatly affected losing its integrity; the peritrophic membrane and microvilli were
degenerated; and the musculosa was also affected. This coincides with the observa-
tions of Sutter and Raun [26] and Reese et al. [27] with other insect species. Other
associated effects were observed in the integument, nerve ganglion, fat body cells,
tracheoles andMalpighian tubules. In the integument, the exo- and endocuticles were
clumped with an obvious separation from each other.

An obvious degeneration of the nerve cells surrounding the second abdominal
nerve ganglion as well as the neurilemma of the nerve fibres occurred. Vacuolization
of the fat body cells, degeneration of their nuclei and destruction of the membra-
nous sheath surrounding these cells occurred. Tracheoles showed excessive cellular
hypertrophy with disintegration of its mitochondria. TheMalpighian tubules showed
a reduction in their lumen, with nuclei degeneration and nuclear chromatin clump-
ing. Uric acid crystals were released in the lumen of the tubules and a rupture was
observed in some parts of themicrovilli. A rapid phagocytosis occurred in the haemo-
cytes and this agree with Cheung et al. [28] who reported that the plasmatocytes and
granular haemocytes phagocytosed the bacteria. The counts of haemocytes were at
a minimum and bacterial numbers at a maximum on the fourth day after feeding the
larvae on B.t. contaminated diet”.
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3 Fermentation Media and Production of B.t. in Egypt

3.1 Fermentation Technologies

For the purpose of producing B.t. in Egypt, studies have been designed and continued
for many years to find low priced fermentation ingredients universally available and
of high potential for δ-endotoxin production. Achievements by Salama et al. [29–31]
and Salama and Morris [32] open up the possibility of utilization of cheap agro-
industrial byproducts for production of endotoxin from B.t. [23].

So, “novel approaches were pursued in the development of practical media for
δ-endotoxin production of B.t. subspp. kurstaki and entomocidus. Several agro-
industrial byproducts, including cottonseed meal, fish meal, beef blood, slaugh-
terhouse residues, corn steep liquor, and sorter liquor, were investigated for their
abilities to support toxin production by these varieties [29]”. “In addition, fodder
yeast and a variety of low-priced plant proteins available in Egypt, exemplified by
such leguminous seeds as horse beans, kidney beans, lima beans, soybeans, chick
peas, lentils, and peanuts were incorporated in fermentation media as sole sources of
proteins for biosynthesis of the endotoxins. The cotton pests, S. littoralis, S. exigua,
and H armigera, were used as test insects for biological assays of spore-δ-endotoxin
formulations derived from the novel fermentation media. Fodder yeast, beef blood,
and slaughterhouse residues were among the byproducts yielding good sporulation
titers and potent spore-δ-endotoxin preparations. Formulations of subsp. kurstaki
produced from media containing these nutrients killed 80–100% of larvae of H.
armigera when tested at 500 μg/mL diet. Most of the formulations derived from
fermentations using leguminous seeds as sole sources of protein also contained high
levels of spores and endotoxin. For example, LC50 values determined against S.
littoralis of spore-endotoxin preparations of subsp. entomocidus grown in media
containing kidney beans, chick peas, or peanuts were 93.4, 93.4, and 110.0 μg/mL
diet, respectively”.

“Accordingly these findings open up the way for utilization of a variety of agro-
industrial byproducts for the production of endotoxins from B.t. Furthermore, the
introduction of leguminous seeds as the major protein source in the fermentation
media have given promising results with potential application in commercial media
[29].

In a parallel line, “Salama et al. [30] devised a simplified approach to recycle sweet
whey in production of spore-δ-endotoxin complex from certain entomopathogenic
varieties of B.t. The process suggested aimed at the protection of the environment
through dual channels namely biological oxygen demand (BOD) reduction of the
byproduct under investigation and its incorporation in a microbial fermentation for
production of pollution-free biological insecticides. The sweet whey could be used
successfully for endotoxin production as complete fermentation media both as such
and with simple treatments. In Egypt more than 500,000 ton of whey are produced
annually as a byproduct of cheese industry from buffalo milk. This includes sweet
whey and a larger proportion of salted whey that contains more than 10% sodium
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chloride resulting frommanufacturing types of cheese. Up till now all these amounts
of the liquor virtually are run to waste. Successful utilization of whey in production
of δ-endotoxins from B.t. highly active against some major cotton pests, namely
S. littoralis, S. exigua and H. armigera was achieved. Such approaches aimed at
increasing the availability and reducing production costs of biological means of pest
control, therefore, contributing to protection of environment against pollution with
chemical insecticides”.

Furthermore, Salama et al. [31] “evaluated a number of newly-devised fermen-
tation media with respect to their ability to support sporulation and biosynthesis
of endotoxins by strains of B.t. that are biologically active against S. littoralis, H.
armigera, and S. exigua. Fodder yeast from dried cells of Saccharomyces cerevisiae
could be used as a completemono-componentmedium for production of highly active
spore-δ-endotoxin complexes from B.t., vars. entomocidus, kurstaki and galleriae.
Highest sporulation titers were obtained at 2% fodder yeast concentration with endo-
toxin yields ranging between 7 and 9 g/L of medium. Ground horse beans and kidney
bean seeds could also be used successfully as complete media for sporulation and
endotoxin production. Extracts of potato tubers and sweet potato roots were efficient
media for active endotoxin production from B.t. var. kurstaki, although they obtained
yields more much lower than those produced in fodder yeast media. The utilization
of fish meal, cotton seed meal, and residues of chicken from the slaughter-house
residues as media for the production of endotoxins active against S. littoralis, was
not successful. On the other hand, minced citrus peels, ground seeds of dates, and
wheat bran could be successfully used in combination with fodder yeast as media for
production of endotoxins, active against H. armigera and S. exigua. Re-utilization
of culture supernatants in a second fermentation cycle after supplementation with
some nutrients gave promising results with some of the strains tested”.

“This direction emphasises on developing new fermentation media, basing on
cheap ingredients that could substitute expensive components, thus contributing to
reducing the production costs ofB.t. In this concernDulmage [6] reported the success-
ful utilization of partially defatted cotton seed flour in production of spore-endotoxin
preparation from twelve varieties of B.t. Later the same author developed a novel
medium for endotoxin production, based on the use of defatted soybean meal as the
sole source of protein [33]. Nagamma et al. [34] reported a new solid medium for B.t.
fermentation, containing ground nut cake, tamarind kernel powder, and agar. Their
medium supported the fermentation of high sporulation yields that was pathogenic
to larvae of Cadra cautella. On the other hand, unsuccessful attempts to use coconut
water, a byproduct resulting from coconut dehydration factories, were reported by
Fernandez et al. [35]. The results obtained in our work could successfully intro-
duce the use of low-price fodder yeast as a mono-component medium for production
of highly active spore-δ-endotoxin complexes against a number of major cotton
insects. Furthermore, in combination with a variety of agricultural byproducts, the
fodder yeast medium could support the biosynthesis of large yields of such active
endotoxins from various strains of B.t.”
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4 Pilot Scale Production of B.t.

InEgypt,where appliedB.t. research has beengoing formanyyears andwhere several
insect pests of field crops, oil seed crops and vegetables have become endemic, it
was necessary to take the decision of trying to establish a pilot production line
of B.t. formulations based upon the locally available media ingredients and with
the assistance of a local industrial company. So, the pilot scale production of the
promising potent B.t. strains was carried out in a mobile fermentation unit located
in the Sugar and Distillery Company in Hawamdia, Giza [36]. The unit structure is
shown in (Fig. 1).

The Sugar andDistilleryCompany is known to produce fodder yeast andMolasses
that could be used as cheap local byproducts for making of the fermentation media.
In the course of B.t. fermentation, various choices were evaluated with respect to the
components of the fermentation medium. The potency of the endotoxin preparations
obtained using different choices was evaluated. The results indicate that the potency
of the local B.t. product is comparable to that of Dipel 2× particularly on using
modified-fodder yeast molasses medium as were used by Foda et al. [36] as shown
in Table 1.

This was repeatedly employed and gave consistently good results.

4.1 Sequence of Fermentation Steps

The fermentation steps began with preparation of the inoculum. Sterile tubes con-
taining B.t. culture dried and mounted on sterile filter paper were used as inoculums
source. They were used to inoculate 50 mL of the inoculation medium placed in
500 mL conical flasks which were then incubated on a rotary shaker 150 rpm at a
28 °C for two days. The contents of the flasks were used as seed cultures for 5 L
flasks, each containing one liter of the same medium. The flasks were incubated on
the shaker for 48 h.

4.2 Seeding of the Paddle Wheel Fermenter of the Mobile
Units and the Fermentation Conditions

The sterile fermentation medium (1000 L) placed in the paddle wheel fermenter
were inoculated with the actively growing culture of the inoculum at an inoculum
size ranging between 0.5 and 1.0% (v/v).

Strong aeration at a rate of about 60 m3/h was supplied to the fermenter with
continuous agitation. The fermentation process was allowed to proceed at an adjusted
temperature 30 °C for three days on average basis. In some instances, the fermentation
period was extended for extra 24 h. Samples were withdrawn periodically from
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Fig. 1 Diagrammatic sketch of the fermentation unit for B.t. production in the Sugar and Dis-
tillery Company, Hawamdia, Egypt. A = paddle-wheel fermenter; B = fedder water chiller; C =
compressed air set; D = decanter centrifuge; E = spray dryer
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Table 1 Modified-fodder
yeast molasses medium

Ingredient g/L

Dry fodder yeast 40

Molasses 15

K2HPO4 1

MgSO4 7H2O 0.2

the fermentation broth and the progress of the culture growth; sporulation, crystal
formation, as well as purity were followed bymicroscopic examination and streaking
on agar plates of appropriate media.

4.3 Harvesting of B.t. Endotoxin Yield

In the course of studies using the mobile fermentation unit, it was noted that the
decanter centrifuge operating at the maximum speed could not efficiently separate
the endotoxin crystal yield of the B.t. understudy.

So, based on further investigations it was found that the addition of commercial
alcohol to a final concentration 50% in the fermentation broth is the most appropriate
approach. The laboratory studies have proven that this organic solvent when added
to the fermentation broth (prior to harvesting of the endotoxin) with stirring for
few hours increases the aggregation and precipitation of the endotoxin even when
low centrifugation efficiency is applied. Thus, this techniquewas used throughout the
presentwork. Somemodificationsweremade in the drying systemof the fermentation
unit to fit for the purpose of the drying process of the beer after being concentrated.

4.4 Formulation of the Local B.t. Endotoxin

The biological activity of B.t. depends on two characters which are equally important
namely, the endotoxin potency and the additives added to enhance the efficiency,
potency and stability. In the process of formulation, the conditions of application as
well as the properties ofB.t. endotoxins are taken into consideration. For example, it is
well established that B.t. endotoxin is very sensitive to UV-irradiation; thus, addition
of UV-protectant is a significant component of the formulation. Regarding diluents
and carriers, local mixture of minerals of small particle size may be selected. In some
formulations, molasses in the wettable powders are included. However, this adjuvant
is recommended to be tank-mix. So, the B.t. can be prepared as water-dispersible
powder taking into consideration the following factors:

1. Flowability, wettability, dispersibility and suspensibility to promote stable sus-
pensions with a consequent over plant distribution.
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2. Addition of UV-protectant.
3. Carriers and adjuvants free of moisture.
4. Deactivation of the acidic active sites on the carrier to a pka higher than 3.3, to

ensure shelf-life stability.
5. Since foaming is undesirable, adjuvants with antifoaming activity were included.

4.5 Agerin (B.t. Product) Production from Genetic
Engineering Research Institute (AGERI)

Few years later, AGERI produced the biopesticide Agerin. Research efforts and
collaboration of scientists from AGERI and the University of Wyoming led to the
development of a biological pesticide derived from active strain of B.t. from Egypt.
This strain showed high activity against various insects (Lepidoptera, Coleoptera and
Diptera). AGERI collaborated with a private sector to establish “BIOAGRO” Inter-
national. This company was responsible for commercialization of research results in
AGERI [37].

Agerin is a B.t. subspecies aegyptia. It is a wettable powder 6% containing 32 ×
106 IU/mgofB.t. aegyptia. It was introduced byBioagro International—Egypt. It was
used in Egypt by permission from AGERI-Agricultural Research Centre, Ministry
of Agriculture. The recommended rate of application is 500 g/feddan. At present,
Agerin is widely used all over the country to control lepidopteran insects on cotton
and other crops.

5 Persistence and Field Stability of B.t.

The low field persistence of B.t. is a major problem regulating its effective use for
pest control. Salama et al. [38] studied the persistence of different formulations of
B.t. spores after spray application in cotton cultivations in Egypt. They found an
obvious reduction after one day of weathering. The decay in the spore’s viability is
progressively correlated with the time of exposure in the field. The spores half-life
of the tested B.t. formulations ranged between 61 and 256 h and cannot be correlated
with the temperatures attained on the surface of sunny cotton leaves. Ultraviolet
radiation seemed to be the dominant factor affecting the viability of spores.

A measure of the viable spores of B.t. preparations at various intervals after spray
application in cotton cultivations was carried out during two successive seasons.
Salama and Zaki [39] determined the mortality of neonate larvae of S. littoralis in
correlation with the field persistence and subsequent decay of spores of B.t. prepa-
rations on the cotton plant leaves. Various preparations of B.t. differ in their degree
of protection from sunlight and their efficacy against S. littoralis. The decay in the
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spore viability showed to be proportional to larval mortality, but this does not nec-
essarily mean that insect intoxication is only correlated to the spore’s viability. The
same authors reported that sunlight seems to be the main factor affecting the spore’s
viability. They also mentioned that the use of adjuvants or phagostimulants such as
Coax, extracts of cotton leaves or Jews mallow increased the activity of B.t. versus
S. littoralis and they can compensate for subsequent spores decay through increased
ingestion but they did not act as protectants from sunlight inactivation.

In this concern the half-life of B.t. entomocidus was 109 hours (h) in May and
this decreased to 89 h in June, when the number of hours of sunlight reached a
maximum. In the last week of July, the spore’s half-life decreased further to 61 h
at temperatures ranging between 33 and 45 °C on exposed cotton leaves. Relative
humidity fluctuation showed no obvious correlation with the spore viability.

The effect of PH and temperature on the activity of B.t. kurstaki was assessed
against H. armigera [40]. He found that storing B.t. formulation for 2–4 days at PH
values 3–13 caused a decrease in the potency against this species. The decrease in the
potency of B.t. exposed to 55° was more obvious at PH 11. Morris and Moore [41]
found that one day of direct sunlight in May can inactivate over 90% of Dipel spores
on potted white spruce and the trees themselves in the dark can inactivate 78% of the
spores in 14 days. So, UV radiation seems to be the main factor affecting the spore
viability. Hamed and Hassanein [42] also reported that after 6 days of exposure to
sunlight, B.t. treated cotton foliage killed 7% of S. littoralis compared with 27% on
treated cotton foliage held in the shade.

The short persistence of B.t. as caused by solar U.V. can be minimized by adding
substances with high degree of U.V. absorbance [43]. Evaluation of some protective
materials revealed that lingnosulphonate (orzan) was strongly protective particularly
when combined with molasses. Ragaei [40] reported that congo red, starch, encap-
sulated B.t., charcoal, chitin, oxybenzone, peptonized milk 5%, Brewer’s yeast, egg
albumen singly or combined with Brewer’s yeast led to high protection against U.V.

5.1 Isolation of Mutants Resistant to Physical and Chemical
Factors

In another approach and in order to prolong B.t. persistence in the field, attempts
were made by Salama et al. [44, 45] to isolate mutants that can be resistant to
physical factors, namely U.V. and high temperature resistant mutants responsible
for endotoxin decay. Preliminary mutagenesis studies were made using B.t. vars.
kurstakiHD-251 and entomocidusHD-635 to obtain autotrophic mutants as a means
for elucidation of possible relation between the endotoxin potencies versus some
lepidopterous insects and certain nutritional markers [44, 45].

Thus, wild type cultures of var. entomocidus HD-635 and var. kurstaki HD-251
were mutagenized with N-methyl-N-nitrosoguanidine and a number of auxotrophic
mutants were isolated. The auxotrophic mutants were compared with their wild type
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strains with respect to their growth, sporulation titers and δ-endotoxin potencies
in standard media. Although the auxotrophic mutants were partially characterized,
and irrespective to their different genetic lesions. No specific correlations could be,
yet, detected between mutation toward auxotrophicity in general and endotoxin pro-
duction. In another series of mutational experiments, emphasis was placed on the
isolation of mutants that are resistant to physical factors, namely UV-resistant and
high temperature resistant mutants, that are prevalent in the field and which are pos-
sibly responsible for endotoxin decay. The ultimate goal of the obtainment of such
types of mutants is to find out whether it is possible to extend the endotoxin longevity
in the field through selection and application of such types of mutants resistant to
physical factors. In addition, resistance to common antibiotics, e.g., penicillin G,
streptomycin and chloramphenicol were selected to study the possible interrelation-
ships between endotoxin potency, longevity and resistance markers. Several mutants
were obtained in this respect and they were compared to their wild type strains.

6 Environmental Safety

Utilization of B.t. is safe as reported by Matter [46] and it has no in vivo or in vitro
toxicity, histopathological changes or haemolytic activity onmammalian cells. Risks
of cytogenetic damage to human by exotoxin in amounts normally used to control
pests were considered negligible.

6.1 Effect of B.t. on Insect Parasitoids and Predators

The application of B.t. against insect pests in the field necessitated to explore its
possible effect on the parasites and predators of these pests. It is expected that the
combination ofB.t.with parasites or predators is one of themost effective strategies in
integrated pest management programs. So, investigations have been made by Salama
et al. [47] to explore the relation between the host insect S. littoralis, the pathogenB.t.
and parasites or predators. “The parasiteMicroplitis demolitor showed to be affected
from certain aspects when its host larvae were fed on a diet containing B.t., these
aspects include reduction in percentage of emergence and reproductive potential.
Also, the predator Chrysopa carnea was affected in terms of larval duration and rate
of food consumption, when the larvae were fed on a treated host, such as S. littoralis
or Aphis durantae. Similar effects were obtained with Coccinella undecimpunctata.
These results indicate that B.t. may cause few biological effects to the parasites
and predators exposed to it”. Further studies by “Salama et al. [47] indicated that
the adult predators Paederus alferii were not affected unlike the predator larvae of
other species such as C. carnea and Coccinella undecimpunctata. Exposure of the
predator adults to treated host larvae may give little chance for them to be affected
by the changes that occurred in the host larvae”.



214 H. S. Salama

Also, it appears thatB.t. (Dipel) had no detrimental effect on the predator complex
of S. littoralis under field conditions. In the case of Orius and C. undecimpunctata
larvae and which feed on egg masses or aphids, no obvious effect was observed. The
effects observed in the following counts howevermay be correlated to developmental
retardation or low rate of prey consumption when sprayed with B.t. and as previously
reported by Salama et al. [47] and Salama and Zaki [48, 49]. With the other predators
Coccinella adults andC. carneawhich feed mainly on eggs and larvae of S. littoralis
and Aphis gossypii, the population was reduced immediately after spraying with B.t.
This is related to the drop in the larval population of the main host prey (S. littoralis
larvae) caused by B.t. and possibly due to low rate of consumption and retardation
of development. Since the persistence of B.t. is short under the field conditions, a
rebuild in the population of the predators that were indirectly affected may occur
within a short period.

Salama and Zaki [50] found that feeding of the adult parasite of Trichogramma
evanescens on a honey solution containing 500 mg of B.t. var. galleriae HD-129 for
4–5 days had no effect on their longevity, productivity or their capability to parasitize
the host eggs of S. littoralis or A. kuehniella. After spraying the freshly laid host
eggs with B.t. at the same concentration, a significant decrease was observed in the
percentage of parasitism. No deleterious effects were observed in the development of
the immature stages of the parasite and the percentage of its emergence, as affected
by B.t., when applied to the host eggs before or after parasitism.

7 Strain Survey and Potency Bioassay

Salama [23] reported differences in the susceptibility of different insect species to
various strains of B.t. Bioassay of some B.t. preparatious versus A. kuehniella, P.
interpunctella and Achroia grisella were made by Afify [51–53], Afify and Merdan
[54], Afify et al. [55] to evaluate the response of A. ypsilon, Laphygma exigua and
Prodenia litura to some B.t. preparations. Further screening tests were attempted by
Afify et al. [56] and Soliman et al. [57] against some lepidopterans species.

Salama et al. [58] screened 29 cultures of B.t. belonging to 14 serotypes with
respect to their activities against S. littoralis, S. exigua, H. armigera, Pectinophera
gossypiella, Earias insulana and A. ypsilon. “In a further attempt, 17 varieties of
B.t. obtained from Dulmage [33]; who were screened for their potency against S. lit-
toralis and most of the endotoxin preparatious showed a low activity. Only B.t. var.
entomocidus showed a high potential activity versus S. littoralis at a concentration
of 500 μg/mL of the diet and the potency was 65.520 IU/mg for the first instars.
The ability of this strain to produce potential to δ-endotoxin against S. littoralis
was repeatedly shown on different media with different composition [59]. On the
other hand, cultures belonging to varieties kurstaki and aizawaiwere highly effective
againstH. armigera. A high activitywas reported for the vars. finitimus, dendrolimus,
subtoxicus, entomocidus and aizawai against P. gossypiella. The larvae of E. insu-
lana were susceptible to vars. entomocidus, thompsoni, sotto, galleriae and aizawai.



Production and Application of Bacillus thuringiensis … 215

The larvae of A. ypsilon showed susceptibility to endotoxins of vars. thuringiensis,
tolworthi, finitimus, sotto and dendrolimus. The LC50 values were determined for
different strains versus different insect species”.

“In addition, the spore-δ-endotoxin preparations of other 25 cultures of B.t.
belonging to 16 varieties and 13 serotypes were bioassayed with respect to their
activities against the boll-worms P. gossypiella, E. insulana and A. ypsilon [60].
The endotoxin preparations were obtained from cultures aerobically grown in fod-
der yeast media using lactose-complexing acetone precipitation procedure. A high
activity against P. gossypiella was recorded for some cultures belonging to vars.
finitimus, dendrolimus, subtoxicus, entomocidus and aizawai. The larvae of E. insu-
lana were highly susceptible to the vars. entomocidus, thompsoni, sotto, galleriae
and aizawai. On the other hand, the larvae of A. ypsilon showed susceptibility to
the endotoxins of some cultures of vars. thuringiensis, tolworthi, finitimus, sotto and
dendrolimus. Data obtained on the potency of the active B.t. varieties indicate that
the most potent varieties were finitimus, entomocidus and tolworthi for P. gossypilla,
E. insulana and A. ypsilon, respectively”.

7.1 Effect of Exposure to Sublethal Concentrations of B.t.

The larvae of insects are exposed in the field to sublethal concentrations of the
endotoxin after application and this exposure may be continuos or intermittent. This
is natural since the toxin application may not cover the whole plant.

The necessity to elucidate the possible interactions occurring between the endo-
toxin and the target insect under these circumstances received the attention of some
workers in Egypt. So, Abul-Nasr and Abdallah [61], Abdallah and Abul-Nasr [62,
63] studied the effect of sublethal doses of some commercial preparations of B.t. on
the biology and reproduction of S. littoralis and they recorded reduction in egg pro-
duction and shortening in moth longevity with irregular oviposition. “The amount of
food consumed by the sublethally infected larvae withB.t.was less than the untreated
ones. Afify and Matter [64], Afify et al. [65] were working with A. kuehniella and
Soliman et al. [57] working with Pieris rapae, reported similar effects of sublethal
doses of B.t. Matter and Zohdy [66] also reported retardation in the larvae of H.
armigera fed on a diet containing different concentrations of Bactospeine”. “Salama
et al. [58], Salama and Sharaby [67] investigated the effect of exposure time of S. lit-
toralis, S. exigua andH. armigera and A. ypsilon to low endotoxin concentrations of
B.t. They found retardation in larval development, reduction in egg production of the
moths and fertility of their eggs; together with a significant reduction in pupal weight
and appearance of deformities in both pupae and moth population. The percentage
of larvae that survived and succeeded to pupate increased with the decrease in the
toxin concentrations and with the decrease in exposure’ time. The reduction of the
pupal weight significantly, increased with the increase in either toxin concentration
or the duration of exposure. The longevity of the moths was not affected by larval
treatment”.
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8 Distribution of B.t. as a Soil Microorganism

“The distribution of B.t. and Bacillus cereus in the soil of Egyptian governorates
was surveyed [32, 68]. High bacillus counts were detected in most fertile soils while
sandy soils had low counts. Some isolates were found to be active against S. exigua
and H. armigera, but none of the isolates exhibited significant activity against S.
littoralis”. B.t. strains were also isolated from insects such as P. interpunctella and
P. gossypiella [69, 70].

Studies by Abdel-Ghany [71] showed no correlation between the occurrence of
B.t. in the soil, its type, PH value, salinity, organic matter content, total nitrogen,
organic carbon and available copper concentration. In this concern, DeLucca et al.
[72] reported that the distribution of B.t. was not affected by soil PH. Also, Anwar
et al. [73] found B.t. in soils with pH values of 5.3–7.95; they also found that copper
level in the soil had significant association with B.t. index. Morris et al. [74] reported
that B.t. was found most frequently in organic-rich soil samples from six different
types of Canadian soil.

9 Effect of B.t. on Eggs, Prepupae, Pupae and Adult
of Lepidoptera

B.t. is normally used against the larvae of lepidopterous species. Investigations were
made by Ali and Watson [75] and Potter et al. [76] to evaluate the effect of B.t. on
the adult and egg stages of H. virescens. Similarly “Salama [77] evaluated the effect
of B.t. galleriae on the moth and eggs of S. littoralis, aiming to get some results that
could be of value in suppressing the moth population of this pest. The longevity and
egg production were significantly affected when the moths were fed on a sucrose
diet containing 17.2 × 103 IU/mg of the tested formulation or higher rates. At lower
concentrations (4.4–8.7 × 103 IU/mg), the females gave normal egg production but
the longevity was adversely affected. Investigations show that a formulation with
spores alone affects the egg production and hatching while a formulation with active
crystals alone had no effect on egg production. Sprays of B.t. combined with sucrose
on flowering cotton plants seem to affect the biology of the moths released on it. Egg
masses sprayed with B.t. hatched normally, but the survival of the hatched larvae was
reduced when treatment was made shortly before egg hatching. Based on the results
obtained, B.t. showed a promising effect in the control of the moth S. littoralis as
well as an ovicide-larvicide agent”.

“The prepupal stage of Spodoptera littoralis was also affected by Dipel as men-
tioned by Salama and Zaki [78] at high concentration (5%), when sprayed or kept in
soil treated with the pathogen. The emerged moths showed a short longevity asso-
ciated with low egg production and low fertility. Increase in malformed individuals
was observed. Treatment of the pupae of S. littoralis with B.t. during different ages
showed an increased effectwhen treatmentwas applied, immediately after pupation”.
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So, it is recommended that Dipel may be provided with irrigation water or sprayed
on the soil when the population of these immature stages reach the maximum. Under
these conditions, repeated applicationmay be required and so the stageswhich escape
the effect of spraying will be further affected. “It is worth mentioning that the drift
of B.t. that fall on the soil during spray application of cotton cultivation may also
affect the prepupal, pupal stages of S. littoralis in the soil”. Abdallah et al. [79] found
that larvae of S. littoralis living in the soil treated with B.t., pupated and gave adults
which deposited eggs with low hatching rate.

10 Joint Action of B.t. Varieties and Integration
with Microbial and Chemical Control Agents

10.1 Activity of Combination of B.t. Varieties

Salama et al. [38] explored the activity of different combinations of B.t. varieties ver-
sus S. littoralis, S. exigua andH. armigera in search for the possibilities of enhancing
their effectiveness. They reported that some varieties of B.t. were found to synergies
the action of others versus the tested species, while others did not and with no appar-
ent correlation with the serotype or potential activity of the single variety. These
results though preliminary, but they showed a kind of interactions or competition
that may occur between the different varieties combined together at a post-harvest
stage. In the growing stage, however, it has been demonstrated that the activity of
some varieties when grown together decreased as with the vars. entomocidus and
kurstaki HD-1, and the activity of the mixture was drastically reduced compared to
the potential activity caused by both of them if used singly.

10.2 Activity of Interaction of B.t. and Chemical Insecticides

Salama et al. [80] stated that the potential activity after combination of B.t. with
chemical insecticides has to be determined as a base for any pestmanagement system.
There is some contradiction in the literature in this respect. Abdallah [81], Altahtawy
and Abaless [82, 83] carried out investigations in this concern.

“Salama et al. [80] conducted some studies on the effects of chemical insecticides
of different chemical groups on sporulation yields of B.t. var. entomocidus. Among
the carbamates, tested, carbaryl exhibited amore deleterious effect on the sporulation
process of B.t. than Methomyl. Within the organophosphorus group phoxim inhib-
ited sporulation yields less than profenofos. The pyrethroid group, represented by
fenvalerate, cypermethrin and permethrin, generally had less deleterious effects on
sporulation yield of B.t. than did the carbamate and organophosphorus compounds.
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The pyrethroids andmost organophosphorus compounds tested potentiated the activ-
ity of B.t. applied against S. littoralis. The carbamates, diflubenzuron, and a combi-
nation of methomyl and diflubenzuron (disa) showed an additive effect when jointly
applied with B.t. varieties. The mild effect of pyrethroids on sporulation processes
of B.t., compared to effects of other classes of chemical insecticides, suggested little
or no interference with the ecology and perpetuation of this useful bacterium at the
site of application. Synergistic interactions suggest that application of pyrethroids
with B.t. may be a safe and effective means for controlling S. littoralis”.

10.3 Activity of Combination of B.t. and Viral Diseases

Salama et al. [84] found that combinations ofB.t. HD-129 and the nuclear polyhedrsis
virus of S. littoralis (SLNPV) showed antagonistic effect while combinations of
B.t. HD-635 and SLNPV showed an additive effect. The median lethal dose of B.t.
varieties decreased with the increase of the viral dose in the mixture.

11 Enhancement of B.t. Potency for Field Application

The dosages of B.t. needed for effective insect control in the field required repeated
application due to its short persistence. So, the incorporation of adjuvant with this
pathogen was practiced to achieve high efficacy to overcome the short persistence
or to extend the spectrum of activity of various strains. In this concern, various
approaches were adopted.

11.1 Feeding Stimulants

Studies by Salama et al. [85, 86] were made to find feeding eliciting materials of
some cotton pests in Egypt and to determine the feasibility of using these materials in
a bait formulation to increase the effect of B.t. Laboratory experiments revealed that
the petroleum ether extract of some host plants such as cotton, Jews mallow, castor
oil, clover and sweet potato plants are active feeding stimulants to either the cotton
leafworm S. littoralis or exigua. “The LC50 of the tested B.t. formulations signifi-
cantly decreased when the extracts of the forementioned plants were supplemented
with the pathogen incorporated into the diet at 0.1% concentration. The extracts of
either cotton leaves or jewsmallow contain a volatile and non volatile fractionswhich
also proved to be active feeding stimulants leading to the increase in the effectiveness
of B.t. The components of the volatile fraction of cotton leaves as identified by thin
layer chromatography, are∞-pinene,∞-terpineol, citronellol, humulene, (−) nerol,
∞-bisabolol, trans-B-ocimene, camphene, linalool, l-caryophyllene, caryophyllene
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oxide and phenyl ethyl alcohol. Some of these components had a high effectiveness
in increasing the potency of B.t. entomocidus versus S. littoralis, while others had
no effect. Cotton seed flour served also as a feeding stimulant when combined with
sucrose. Sucrose and maltose had also a similar effect”.

On the base of these findings, 14 field experimentswere carried out in 2, successive
years 1980 and 1981 by Salama et al. [86] to determine the role of some feeding
stimulants, increasing the effect of B.t. formulations versus S. littoralis and S. exigua
under the local environmental conditions. “The bacterial preparations used were B.t.
entomocidus HD-635, B.t. kurstaki HO-251 and B.t. galleriae HD-129. The results
obtained generally showed that the potency of B.t. preparations was increased when
they were applied in combination with some feeding adjuvants such as extracts of
cotton leaves, jews mallow and cotton seed flour combined with sucrose”.

El-Nockrashy et al. [87] attempted to develop some preparations to be combined
with B.t. to make it more acceptable and be to ingested by the target insect. Theses
preparations were obtained from cottonseed or soybean. So, those containing cotton-
seed kernels extracted with 70% ethanol and then acetone–hexane water led to more
acceptability of the meal as compared to the commercial adjuvant “Coax”. When
gossypol content increased, therewas a decrease in the efficiency of the formulations.
The addition of soybean flour was also highly efficient.

11.2 Biochemical Approaches

Charles and Wallis [88], Smirnoff [89], Burges [90] reported that the efficacy of B.t.
increased against some insect species after the addition of boric acid, chitinase or
P-amino-salysilic acid to the pathogen fed to the insect, with no explanation of the
mode of action of these additives. These findings are mostly caused due to the attack
of subunits of the crystal to the midgut lining and thus causing paralysis via leakage
of the gut contents into the haemocoel [91].

Accordingly, new approaches have been followed by Salama et al. [45, 68] aim-
ing to enhance the endotoxin effect through optimizing conditions inside the insect
gut required for release of intoxicating fragments. This procedure was based on the
incorporation of some selected essentially safe nontoxic compounds with the endo-
toxin resulting in its potentiation. Among the chemicals selectedwere inorganic salts,
nitrogenous compounds including amino acids and some salts, aromatic compounds,
protein solubilizaing agents and lipid emulsifying agents.

11.2.1 Effect of Inorganic Salts

Screening reveals that potassium carbonate, potassium bicarbonate and potassium
dibasic phosphate increased the activity of B.t. kurstaki HD-1 against S. littoralis
2.5–4.5 times. Since potassium carbonate is naturally present in the midgut, it is
expected that potassium ions leaking from the damaged epithelium lining of the gut
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into the haemolymph as caused by endotoxin and so enhancing insect paralysis and
death.

With calcium salts, the data show the drastic effect of calcium carbonate (0.25%)
and calcium oxide (0.1%) in enhancing the potency of tested endotoxin versus the
target insect, with 4.3 and 14.7 fold increases, respectively. It is worthy to note that
these particular compounds are of alkaline nature. Since, it has been reported that
the low PH of the gut juice of S. litura is a main factor contributing to the weak
susceptibility of this species to many B.t. preparations [92], it is expected that the
addition of such alkaline compounds will change the PH of the gut, being more
alkaline and thus enhancing the endotoxin breakdown and release of toxic fragments
[93].

The results of Salama et al. [45, 68] show the remarkable effect of zinc sulphate
(0.1%) in enhancing the potency of the endotoxin of B.t. var. kurstaki HD-1 with
16 fold increase. “The mode of action of this salt may be correlated to its effect on
the proteolytic enzymes present in the insect midgut. In this view, Dixon and Webb
[94] reported that the divalent cations are generally known either as activators or
co-factors for many proteolytic enzymes. From the data, it appears also that most of
the ammonium salts tested was ineffective in potentiating the activity of the tested
endotoxin. Ammonium dibasic phosphate (1%) however was markedly effective
since its incorporation in the diet increased the insecticidal activity ofB.t. var. kurstaki
HD-1.”

“A drastic increase in the potency of B.t. (19 and fivefold), Salama et al. [45,
68] occurred when calcium oxide (0.05%) and calcium hydroxide (0.01%) were
used. Also calcium carbonate (0.25%), calcium sulphate (1%) and calcium acetate
(1%) potentiated the effectiveness of B.t. 13, 6 and 6 times, respectively. Zinc sul-
phate (0.05%) showed a remarkable potentiution of B.t. 24 fold increase”. Endo and
Nishitsuji-Uwo [95] found that injection of the midgut juice and some salt solu-
tions as well as buffers and alkali into the haemocoel of B. mori. caused paralysis
symptoms in the normal larvae in absence of B.t.

11.2.2 Effect of Nitrogenous Compounds

“The data obtained by Salama et al. [45, 68] reveal that the incorporation of acetamide
(1%) or l-tryptophane (0.5%) into the larval diet containing B.t. caused 21.7 and
13 fold increase in its potency versus the target insect. The LC50’s were drastically
reduced, being 15 and 28 compared with 360 μg in the control. l-arginine (0.1%)
and sodium nitrate (1%) also showed to be potential in increasing the effectiveness of
B.t. and the factors of increase were 3.6 and 3.9, respectively”. Feeding of the larvae
on a diet combined with amino acids, may lead to the leakage of amino acids to the
haemocoel in an unorganized and abrupt manner. It is expected that the regulatory
mechanisms of the insect would be challenged to reset the natural composition of the
haemolymph possibly through specific reactions, e.g., deamination, decarboxylation
and catabolic activities, in addition to the enhancement of excretion mechanisms for
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such undesired nitrogenous compounds. The destructive effect caused by the endo-
toxin to the midgut may minimize the rate of excretion mechanism which results
in reserving the amino acids in the circulating blood and thus increased intoxica-
tion. The alteration of the haemolymph composition may interfere with the normal
physiological processes. According to Wigglesworth [96], the insect haemolymph
contains amino acids with its nitrogen and its interference may cause increase in the
insect susceptibility to the toxin action.

11.2.3 Effect of Aromatic Compounds

Increase in the activity of B.t. endotoxin fed to the larvae of S. littoralis occurred
after incorporation of 0.5% picric acid. Salama et al. [45, 68] Also, sodium benzoate
(0.5%) potentiated the effectiveness of B.t. and the factor of increase was 2.5 fold.

11.2.4 Effect of Protein Solubilizing Agents

“The incorporation of disodium glycerophosphate (0.05%) and dipotassium hydro-
gen phosphate (1%) into the larval diet containing B.t. Salama et al. [45, 68] led to
5.9 and 5.6 fold increase in its potency versus the target insect, With sodium thio-
glycollate (1%) and urea (0.5%), the potency of B.t. was elevated with factors of
16.4 and 2.7, respectively”. Nickerson [93] assumed that the disulphide bonds of
protein molecule may prevent dissolution of endotoxin and thus leading to reduction
of these bonds to sulfhydryl group and increasing endotoxin solubility in the insect
gut causing mortality.

11.2.5 Effect of Lipid Emulsifying Agents

The incorporation of Tween at 0.5% into the larval diet containing B.t. caused an
elevation in its potency against the target insect with factors of 3, 9 and 5.2 for
Tweens 40, 60 and 80, respectively [45, 68]. This potential effect was associated
with a decrease in the LC50 values. Tweens are complexes of nonionic surface acting
agents, the basic structure being hexahydric alcohols, alkene oxides and fatty acids.
Due to its safety, it has been used as an adjuvant in the field spraying of B.t. [97].
It is assumed that these compounds, may affect the permeability barrier of damaged
gut epithelium and so leading to loss of permeability of the membranes followed by
infiltration of endotoxin into the haemocoel, paralysis and then death.

The significance of the foregoing findings with respect to the toxicity enhancing
effects of some of the tested compounds lies in the fact that all of them except
amino acids are low priced, all are nontoxic to humans or animals which add to their
feasibilities in application. The results were based on experiments on natural host
plants. These results would undoubtedly be of interest to both research work and
industry. The expected results should contribute to the significant reduction of cost
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production of endotoxin preparations and to fill the gaps now present with respect
to spectra of activity of various strains of B.t. and consequently would render the
commercial production of bacterial insecticidesmost economic and valuable through
the incorporation of these additives at a postharvest stage.

12 Case Studies: Field Application of B.t.

Aseries of large scalefield experimentswas carried out to evaluate the effect of locally
produced strains of B.t., compared to the available commercial products Dipel 2X,
Dipel ES, as well as the recommended chemical insecticides against soybeans and
cotton lepidopterous pests. For this purpose, an area of 120 feddans cultivated with
soybeans in Menoufia Governorate was selected. Also, an area of 70 feddans culti-
vated with cotton plants (Gossypium barbadense) was included in the experiments
with the participation of representatives from Egyptian Ministry of Agriculture. The
target insects were A. ypsilon, S. littoralis, P. gossypiella and E. insulana. Baits
based on B.t. were used against the greasy cutworm A. ypsilon, while sprays of B.t.
(locally produced and available commercial products) were applied against other
insects at intervals of 2–3 weeks or whenever spraying is required. The chemical
insecticides applied were Hostathione, Denet, Lannate and Malathion. Adjuvants
such as molasses and some inorganic salts were combined with B.t. treatments. By
the end of the season, the yield of either soybeans or cotton was evaluated in different
treatments for comparison. The results obtained indicate the efficacy of B.t. products
in controlling the target insects, and the effect is almost equal to that of chemi-
cal insecticides. The yield of cotton after spray applications with B.t. was almost
equal to that obtained with conventional chemical insecticides (860 compared with
892 kg/feddan) but this is compared to 261 kg/feddan for the control. The yield of
soybeans was 1.5 ton/feddan in areas treatedwithB.t. comparedwith 1.44 ton/feddan
in those areas treated with chemical insecticides. In the control, the average yield
was 0.83 ton/feddan.

Since the greasy cutworm A. ypsilon infests other crops mainly vegetables during
the winter season, some field experiments were also carried out to control this insect
throughout the agricultural cycle. At early summer this insect pest migrates to some
important crops as cotton and corn causing destruction to the seedlings and young
plants. The damage caused by larvae living few centimeters below or just above
the soil, is almost inflicting upon the plant seedlings between the root and the stem
causing them to wither. This has emphasized the use of baits in controlling the larvae
of this pest. Hostathion 40% EC was the chemical insecticide recommended in baits
application against this pest (PestControl Program,Ministry ofAgriculture—Egypt).
The role of bait formulations of B.t. in suppressing A. ypsilon larval population was
explored.
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In the light of the results obtained it appears that:

• The different tested materials caused appreciable percentages of reduction in the
larval population of A. ypsilon and a higher yield was obtained as compared with
the check in the different vegetable crops.

• The effective threshold rate of application for B.t. products in baits was
250 g/feddan.

• B.t. applied in baits led to a better control than if it was applied as spray (potato
experiment). The site of baits application was the ground below plant foliage,
ensure shady conditions that protect rapid deterioration of B.t. toxins [98, 99].

• The incorporation of some inorganic salts (adjuvants) as calciumoxide and calcium
sulphate has significantly accelerated the biotic efficacy of the pathogen (as judged
from eggplant and chilies experiments). Salama et al. [86] found that the addition
of calcium oxide or calcium sulphate to B.t. treated diet increased the potency of
the pathogenic bacterium against S. littoralis by 19 or 6 fold, respectively. Salama
et al. [98] working on A. ypsilon attacking horse bean cultivations, found that baits
with Dipel 2X alone may be less effective than those with Hostathion unless a
chemical adjuvant is involved.

• Regarding the biological baits treatments (one application) on different crops, a
significant efficacy was obtained in potato cultivations (92.3% reduction in larval
density, and about 2.3 fold increase in the yield). They were almost as effective
as Hostathion bait treatment in potato, lentils and peas cultivations. In eggplant,
chilies and okra, Hostathion-bait treatment surpassed biological treatment when
applied once and was almost equitoxic when all treatments were applied twice
[99, 100]. These fruitful prospects should encourage the utilization of baits based
on microbial pathogens in A. ypsilon control program.

13 Transgenic Plants

To cope and catch up with the recent advances in B.t. research, GM technology has
been also developed in Egypt but very cautiously. This is to overcome the problem
of poverty and to improve quality of life of small scale farmers who cannot adopt
control measures of insect pests since the costs are high and to protect them from
exposure to hazards of insecticides [101]. Assem [102] reported the approval for
commercialization of genetically modified (GM) B.t. corn hybrid (Ajeeb YG) was
given by the EgyptianMinistry of Agriculture in 2008 and as decided by the National
Biosafety Committee (NBC) and the Seed Registration committee. This hybrid pro-
duces a protein toxic to certain lepidopterous insects. This protein is identified as
δ-endotoxin or Cry 1 Ab protein. In this concern, South Africa issued the first condi-
tional release permits for GM crops in 1997. This was followed by Egypt in 2008 and
then Burkina–Faso approved the release of B.t. cotton. In 2008, Egypt planted 700 ha
in 2010/2011. According to EL-Banna [103] the benefits from planting 2000 ha in
2010 was of the order of US$550.000. However on 8th March 2012, the Ministry
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approval was suspended temporarily as a result of some information regarding health
concern [102].

In this concern, Saker et al. [104] reported that the transgenic tomato (CV. Money
maker) over expressing B.t. (Cry 2 Ab) gene was produced using Agrobactetium
mediated transformation method. Obvious effects were judged by the mortality of
H. armigera and the potato tuber, Phthorimaea operculella when fed on B.t. tomato.

14 Conclusion

It appears that B.t. is a desirable agent for pest control and ideal for use in Egypt
and other developing countries because its possible low production cost and lack of
toxicity. The possibility of increasing regional production using inexpensive material
and agro-industrial byproducts is a particularly attractive option. Novel approaches
can be adopted to enhance the potency of B.t. preparations by using feeding stim-
ulants and safe and cheap chemical additives leading to biochemical reactions in
the midgut of the treated insects [105–108]. These additives were able to increase
the potency and to extend spectrum level of activity of B.t. preparations by many
folds. It was found that B.t. varieties can be successfully integrated with pyrethroids,
most organophosphorus compounds and some biological control agents within an
integrated system of control. No deleterious effects were reported on parasites and
predators of the target lepidopteran insects. It was found that B.t. can affect the
various developmental stages of lepidopteran insects other than the larvae.

Field application of the local B.t. product against lepidopteran insects in cotton,
soybean, vegetables and some other field crops indicate that the yield was almost
equal to that obtained with conventional B.t. products and chemical insecticides and
economically profitable. Research for development of GM crops is on-going in a
number of research institutions and universities in Egypt, but the developed plants
did not reach the stage of commercial release due to lack of national legislation on
Biotech crops. However the approval for commercialization of genetically modified
(GM) B.t. corn hybrid was made for a short period but this approval was suspended
temporarily on March 2012 as a result some information regarding health concern.
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Abstract Background Entomopathogenic fungi have played a uniquely important
role in the history of microbial control of insects. Beauveria bassiana, commonly
known as white muscardine fungus attacks a wide range of immature and adult
insects.Metarhizium anisopliae a green muscardine fungus is reported to infect 200
species of insects and arthropods. Isolation Both of these entomopathogenic fungi
are soil borne and widely distributed. These fungi have been documented to occur
naturally in over 750 species of host insects. Nevertheless there are studies on iso-
lation of these fungi from insect cadavers. The insect cadavers were put on a wetted
filter paper in a Petri-dish and incubated at 24 ± 1 °C for 7 days. The new fungal
generation was isolated from the surface of insect cadaver and cultured on PDA
medium in Petri-dishes. Fungal cultures were purified weekly until pure cultures
were obtained. Mass Production Fungi were grown and maintained on: Peptone
medium, Potato dextrose agar and Rice Grains, B. bassiana and M. anisopliae iso-
lates were propagated on wetted rice. Two kilograms wetted rice were washed in
boiled water for 10 min and put in thermal bags. These bags were autoclaved at
120 °C for 20 min, then infected by isolates and incubated at 25± 2 °C for 15 days.
The Conidia were harvested by distilled water and filtered through cheese cloth to
reduce mycelium clumps and Tween 80%was added. Field Application Using of B.
bassiana and M. anisopliae were the most effect to decrease the total number of C.
vittata. The fungus B. bassiana was the most effect to controlling the tortoise beetle,
C. vittata than the FungusM. anisopliae. Also, Using of B. brongniartii andN. rileyi,
against the potato tuber moth Phthorimaea operculella under semi-field conditions,
the corresponding LC50 recorded 1.20× 106 and 9.7× 105 spores/mL, respectively.
Sitophilus granaries treated with the last concentrations of B. carterii the larval mor-
talitywere significant decrease to 29.61, 15.81 and 0.613% as compared to zero in the
control. Cabbage worm, Pieris rapae was treated with three isolates of B. bassiana,
M. anisopliae and V. lecanii under laboratory and field conditions. B. bassiana was
the best fungus againstP. rapae followed byM. anisopliae andV. lecanii. Also, Sugar
beet fly, Pegomyia mixta treated with B. bassiana, and M. anisopliae.
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1 Introduction

Entomopathogenic fungi have played a uniquely important role in the history of
microbial control of insects. Entomopathogenic fungi were the first to be recognized
as microbial diseases in insects [1]. Beauveria bassiana, commonly known as white
muscardine fungus attacks a wide range of immature and adult insects.Metarhizium
anisopliae a green muscardine fungus is reported to infect 200 species of insects and
arthropods. Both of these entomopathogenic fungi are soil borne and widely dis-
tributed. These fungi have been documented to occur naturally in over 750 species
of host insects [2–4]. Soil is considered to be the natural environment of these fungi
because they deposit their infectious spores there and remain in the soil for some
duration of their life cycle. Therefore, it was determined that soil is themost appropri-
ate place to determine their occurrence [5]. The occurrence and distribution of insect
pathogenic fungi in agricultural field soils have been extensively investigated in pre-
vious studies [6–11]. Nevertheless there are studies on isolation of these fungi from
insect cadavers as well [12–17].Wild isolates are still of great importance due to their
potential unique characteristics in biological control of insect pests. The presence of
certain entomopathogenic fungal species can be considered as an indicator of their
ability to survive in that environment. This information is useful for the selection of
biocontrol agents because the indigenous dominant species are generally the most
suitable candidates [18]. Factors such as the geographical location, climate, habitat,
altitude, and pH of the soil or organic matter impact the presence of fungal species,
and the response of each species to these conditions varies [18].

Use of Galleria-bait technique is a common method for isolation of ento-
mopathogenic fungi from soil [19–22]. Although identification of the common ento-
mopathogenic fungi like (Beauveria bassiana,Metarhizium anisopliae, and Verticil-
lium lecanii) looks easy even to non-mycologists because they have basic diagnostic
characters making them easily identifiable. It must be remembered that these species
have other complex molecular, morphological and pathobiological traits [23, 24].
We have aimed to discuss the following objectives:

1. Isolation and abundance the entomopathogenic fungi
2. Mass Production of Entomopathogenic Fungi
3. Field applications of entomopathogenic fungi against some insect pests.

2 Mode of Action of Entomopathogenic Fungi

With most fungi disease development can be divided into nine steps as given by
Roberts [25]:
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1. Attachment of the infective unit (e.g. conidium or zoospore) to the insect epicu-
ticle.

2 Germination of the infective unit on the cuticle.
3. Penetration of the cuticle, either directly by germ tubes or by infection pegs from

appressoria.
4. Multiplication in the yeast phase (hyphal bodies) in the haemocoel.
5. Production of toxic metabolites.
6. Death of the host.
7. Growth in the mycelial phase with invasion of virtually all host organs.
8 Penetration of hyphae from the interior through the cuticle to the exterior of the

insect.
9 Production of new infective units (conidia).

Many authors use entomopathogenic fungi as a biological control agent against
Insects pests like [12, 26–41].

3 Isolation of Entomopathogenic Fungi

3.1 Isolation from Soil

The entomopathogenic fungi were isolated from soil samples using the Galleria-
bait technique based on Zimmermann [22]. Soil samples were collected from the
soil at 0–20 cm-depth in a circle of 1 m-diameter around tree trunks. A weight of
approximately 1.5 kg of soil was collected in plastic bags and transferred in a cooled
box to the laboratory. Larvae of the greater wax moth,G. mellonellawere distributed
in the cups at a rate of three larvae/cup and wetted to approximately 15% water
content.

After seven days of incubation at 25 °C, infected larvae were transferred to 5 cm-
diameter Petri dishes furnished with wetted filter paper and left for development and
sporulation. Numbers of positive samples (samples containing entomopathogenic
fungi) and numbers of infected G. mellonella larvae in each sample were recorded
[42].

3.2 Identification and Maintenance of Obtained Fungi

Extracted entomopathogenic fungi were identified morphologically based on the
morphological characteristics of reproductive structures according to Humber [24]
and Salem et al. [43]. The white muscardine fungus B. bassiana was the highest
abundant forming 25.03% of total collected samples followed by the green muscar-
dine fungus,M. anisopliae (17.76%) then the metallic pink fungus V. lecanii (14.49)
[42]. Percentages of infected G. mellonella larvae in collected samples ranged from
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1.11 to 17.78%. In a survey study conducted by Asensio et al. [44], positive soil
samples containing B. bassiana or M. anisopliae comprised less than 2% of total
samples collected from El Behaira, Kafr Elshaikh or Aswan.

Beauveria bassiana was the most frequent entomopathogenic fungus in the soils
followed by M. anisopliae in Spain [45]. In China, B. bassiana was more abundant
than M. anisopliae in soils [46]. M. anisopliae had two periods of occurrence; the
first was from January to March while the second was from mid April to May with a
peak of 50% positive samples and a minimum of 10%. Percentages of G. mellonella
larvae infected with M. anisopliae in collected soil samples were between 1.1 and
6.67%. V. lecanii occurred from mid January to March recording 10–40% positive
samples and 1–12.2% infected G. mellonella larvae [42].

3.3 Relationship Between Fungus and Plant Cover

Beauveria bassiana was found in soil under all kinds of fruit trees recording 10–
40% of collected samples. This fungus was found mostly under Mango trees (50%
of samples) then under Pomegranates (40%). Its occurrence was between 10 and
30% for the rest of fruit kinds. M. anisopliae was found under seven fruit kinds. Its
distribution looked almost even among the fruit kinds. Its range of occurrence was
between 10 and 30% of collected samples. V. lecanii was found under 6 kinds of
fruits with no clear relationship between the fungus type and the fruit kind [42]. No
clear relationship between the distribution of entomopathogenic fungi and the kind
of fruit tree could be determined as mentioned by Saleh et al. [39]. Charnley [46]
mentioned the organic content and temperature among the factors affecting fungal
abundance and activity in the soil.

3.4 Isolation from Insects Cadavers

Collected cadavers from the field were kept in Petri-dishes (9 cm diameter× 1.5 cm)
at 24 °C. Incubated dishes were inspected daily to observe the fungal growth that
was purified and used to confirm the disease cycle (Koh’s postulates), then stored on
slant of PDA artificial media at 4 °C until used in subsequent experiments [12].

3.5 Isolation of New Fungal Generation from the Infected
Insects

The infected insects covered with fungal mycelium were collected from the field
and carried to the laboratory. Different stages from Cassida vittata and Scrobipalpa
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Table 1 The entomopathogenic fungi isolated from insect cadavers from different regions in Kafr
El-Sheikh [12]

Fungi Original host Host plant Location Date

B. bassiana S. ocellatella
(4th larvae)

Sugar-beet Abu Ghalab May 2001

C. vittata
(larvae-adults)

Sugar-beet Abu Ghalab April 2001

M. anisopliae C. vittata
(larvae-adults)

Sugar-beet Beiala April 2003

ocellatella were found dead and totally covered with fungal mycelium [12]. The
insect cadavers were put on a wetted filter paper in a Petri-dish and incubated at 24
± 1 °C for 7 days. The new fungal generation was isolated from the surface of insect
cadaver and cultured on PDA medium in Petri-dishes. Fungal cultures were purified
weekly until pure cultures were obtained [12]. Two isolates of B. bassiana and M.
anisopliae were isolated from infected cadavers of C. vittata and S. ocellatella from
two regions (Beiala and Abu Ghalab) in Kafr El-Sheikh Governorate, Egypt as given
in Table 1 [12].

4 Mass Production of Entomopathogenic Fungi

Fungi were grown and maintained on the following media:

4.1 Peptone Medium

This medium consists of: 10 g peptone, 40 g dextrose, 2 g yeast extract, 15 g agar and
500 mL chloramphenicol and completed to one liter by distilled water. The medium
was autoclaved at 120 °C for 20 min, and poured in Petri-dishes (9 cm diameter ×
1.5 cm) then inoculated with the entomopathogenic fungi and kept at 25± 2 °C and
85± 5 R.H. The fungal isolates were re-cultured every 15–30 days and kept at 4 °C.

4.2 Potato Dextrose Agar

The medium consisting 250 g potatoes, 20 g agar and 1000 mL distilled water was
autoclaved at 120 °C for 20min, and poured in Petri-dishes (9 cmdiameter× 1.5 cm).
The fungal isolates were re-cultured every 14–30 days and isolates were kept at 4 °C.
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To restore the virulence of the isolates they were passed through their natural host
or through the wax moth larvae G. mellonella.

4.3 Rice Grains

Beauveria bassiana andM. anisopliae isolates were propagated on wetted rice. Two
kilograms wetted rice were washed in boiled water for 10 min and put in thermal
bags. These bags were autoclaved at 120 °C for 20 min, then infected by isolates and
incubated at 25 ± 2 °C for 15 days. The Conidia were harvested by distilled water
and filtered through cheese cloth to reduce mycelium clumps and Tween 80% was
added [24].

5 Application of Entomopathogenic Fungi for Insect Pests
Control

5.1 Bioassay of Isolated Fungi Against Insects

5.1.1 Larvae of G. mellonella

G. mellonella is usually used as a test insect for assessment of virulence of ento-
mopathogenic microorganisms including fungi [47]. Fungal concentrations around
1 × 107 spores/mL are frequently used in these bioassayes. Target insect may be
directly used if available. Gupta [47] compared the virulence of five strains of B.
bassiana against the larvae of G. mellonella. Percentages of mortality among G.
mellonella larvae exposed for 10 days to serial concentrations were determined. At
the lowest concentration, the mortalities ranged from 14.4 to 99.2 for G. mellonella,
19.4–90.4% for M. anisopliae and 10.4–84% for V. lecanii. At the highest concen-
tration, the tested fungi reached their maximum effect after application being 100,
98.4 and 97.6% [39].

5.1.2 Scrobipalpa ocellatella and Cassida vittata

Using of B. bassiana and M. anisopliae were the most effect to decrease the total
number ofC. vittata (Vill.) The fungus B. bassianawas the most effect to controlling
the tortoise beetle,C. vittata than the FungusM. anisopliae (Figs. 1, 2 and 3; Tables 2,
3, 4 and 5).
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Fig. 1 Adult of C. vittata infected with B. bassiana [12]

Fig. 2 Adult of S. ocellatella infected withM. anisopliae [12]

Fig. 3 Adult of C. vittata infected withM. anisopliae [12]
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Table 2 Susceptibility of different stages of tortoise beetle C. vittata to entomopathogenic fungus
B. bassiana at different concentrations [12]

Treated
stages

%Mortality at indicated concentrations LC50 Fiducial
limits
95%

Slope ±
SE106 5 × 106 107 5 × 107 108

1st instar
larvae

50 75 85 95 100 1.08 ×
106

6.35 ×
105 to 1.6
× 106

1.09 ±
0.121

2nd instar
larvae

40 55 80 90 100 2.24 ×
106

2.92 ×
105 to
5.42 ×
106

1.1 ± 0.2

3rd instar
larvae

40 50 65 90 100 1.49 ×
106

0.79 ±
0.31

4th instar
larvae

80 80 85 80 100 1.03 ×
105

0.2 × 105

to 6.02 ×
105

2.33 ±
0.73

5th instar
larvae

50 60 70 70 85 1.04 ×
106

2.16 ×
105 to
2.38 ×
106

0.43 ±
0.08

Pupa 50 65 65 75 95 1.32 ×
106

0.013 ×
106 to
6.04 ×
106

0.59 ±
0.17

Adult 80 85 85 95 100 0.4 × 105 0.005 ×
105 to
3.13 ×
105

2.55 ±
0.76

5.1.3 Tomato Leaf Miner, Tuta absoluta (Meyrick)

Efficacy of 3 concentrations of B. bassiana, M. anisopliae and V. lecanii were pre-
pared at concentrations of (1× 105; 1× 106; 1× 107) and were tested on T. absoluta
larvae (Neonate “newly hatched”, 2nd and 3rd instar) [48]. Eggs of T. absoluta were
exposed to B. bassiana,M. anisopliae and V. lecanii to evaluate their effect on hatch-
ability. The estimated LC50 of V. lecanii were 3.25 × 105 spores/mL, 5.47 × 105

and 3.28× 105 for neonate, 2nd instar and 3rd instar T. absoluta larvae, respectively.
While the LC50 values of B. bassiana andM. anisopliae were (0.28 × 105 and 0.11
× 105), (0.45 × 105 and 0.46 × 105) and (0.32 × 105 and 0.27 × 105 conidia/mL)
for neonate, 2nd instar and 3rd instar T. absoluta larvae, respectively. According to
LC50 values, B. bassiana and M. anisopliae were most effective on larval phase of
T. absoluta than V. lecanii [48]. Daily mortality (%) of larval phase of T. absoluta
fed in the newly hatched 2nd instar and 3rd instar larva with leaves treated with V.
lecanii.
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Table 3 Susceptibility of different stages of tortoise beetle C. vittata to entomopathogenic fungi
M. anisopliae at different concentrations [12]

Treated
stages

%Mortality at indicated concentration LC50 Fiducial
limits
95%

Slope ±
SE106 5 × 106 107 5 × 107 108

1st instar
larva

60 70 70 95 100 3.68 ×
106

1.4 ± 0.5

2nd instar
larva

60 55 55 60 75 2.45 ×
105

6.86 ×
105 to 1.2
× 106

0.16 ±
0.08

3rd instar
larva

60 65 70 85 100 8.49 ×
105

0.69 ±
0.22

4th instar
larva

60 60 60 70 100 9.8 × 105 0.52 ±
0.49

5th instar
larva

55 55 65 75 90 1.22 ×
106

0.03 ×
106 to
5.79 ×
106

0.5± 0.14

Pupa 45 50 55 60 70 3.65 ×
106

6.32 ×
105 to
8.72 ×
106

0.3± 0.08

Adult 60 75 70 95 100 2.27 ×
105

0.9 × 105

to 1.12 ×
106

2.15 ±
0.76

Table 4 Susceptibility of different stages of sugar beet mining moth S. ocellatella to ento-
mopathogenic fungus B. bassiana at different concentrations [12]

Treated
stages

%Mortality at indicated concentrations LC50 Fiducial
limits
95%

Slope±SE

106 5 × 106 107 5 × 107 108

4th instar
larva

60 75 60 60 70 0.4 × 105 0.04±0.14

Pupa 75 90 95 100 100 2.99 ×
105

0.9 × 105

to 5.63 ×
105

1.2± 0.19

The results revealed that when neonate larvae fed on V. lecanii the pathogen effect
was evident by the third day of evaluation after exposure in the three concentrations
(105; 106; 107 spores/mL) with recorded mortality (13.3, 13.3, 33.3%) respectively
[48]. Thereafter, the values of the corrected mortalities of neonate larvae increased
gradually from the 4th day after exposure until the last day (10th) with mortal-
ity 88.8% for the first concentration 105 spores/mL. For the second concentration
(106 spores/mL) the mortality values were increased and reached its maximum in



240 M. Abdel-Raheem

Table 5 Susceptibility of different stages of sugar beet mining moth S. ocellatella to ento-
mopathogenic fungi M. anisopliae at different concentrations [12]

Treated
stages

%Mortality at indicated concentrations LC50 Fiducial
limits
95%

Slope±SE

106 5 × 106 107 5 × 107 108

4th instar
larva

70 70 75 90 95 2.27 ×
105

6.14 ×
105 to
6.53 ×
105

0.52±0.09

Pupa 20 20 35 70 75 1.92 ×
107

6.14 ×
106 to 9.6
× 107

0.88±0.18

the 8th day of exposure (100% reduction). The mortality values reached its maxi-
mum in the 7th day and in the 5th day for the second and third concentration (106

and 107 spores/mL) and recorded 100% reduction for the two concentrations [48].
The higher effective concentration of V. lecanii on neonate larvae of T. absoluta
was 107 spores/mL followed by 106 spores/mL while the other concentrations (105

spores/mL) showed moderate effect [48].
For the second instar larva of T. absoluta the pathogen effect was evident by the

fifth day for (105 spores/mL), by the 4th day for (106 spores/mL) and by the 3rd
day for (107 spores/mL) of evaluation after exposure with corresponding mortalities
(53.3, 40.0, and 6.6%) for the three concentrations, respectively [48]. The values of
the correctedmortalities of 2nd instar larvae increased gradually until the 9th day after
exposure to record 88.8% mortality for the first concentration (105 spores/mL) [48].
Themortality values reached itsmaximum in the 9th day, 8th day and in the 7th day for
the three concentrations and recorded 100% reduction. Daily mortality (%) of larval
phase of T. absoluta fed in the newly hatched “neonate”, 2nd instar and 3rd instar
larva with leaves treated with B. bassiana. The higher effective concentration of B.
bassiana on the 2nd instar larvae of T. absoluta resulted from the two concentrations
107 and 106 conidia/mL evenly, followed by 107 and 106 conidia/mL, respectively
[48].

When 3rd instar larvae fed on B. bassiana the pathogen effect was evident by the
3rd day of evaluation after exposure in the first concentration (105 conidia/mL) with
recorded mortality (20.0%). While the pathogen effect was evident by the 2nd day
of evaluation after exposure in the 1st, 2rd and 3th concentrations (105, 106 and 107)
with recorded mortalities (6.7%) for the three concentrations [48].

5.1.4 The Potato Tuber Moth Phthorimaea operculella (ZELLER)

The LC50 of the target pest 1 × 106 and 8.7 × 105 spores/mL after P. operculella
treated with B. brongniartii and N. rileyi, respectively. Under semi-field conditions,
the corresponding LC50 recorded 1.20 × 106 and 9.7 × 105 spores/mL respectively
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[49]. The effect of the entomopathogenic fungi against P. operculella, the number of
eggs laid/female recorded significant reduction to 42± 1.7 and 33± 8.9, after being
treated with B. brongniartii and N. rileyi as compared to the control, respectively.
The percentage of emerged adults was significantly decreased by 4% as compared
with the control [49].

5.1.5 Cabbage Worm, Pieris rapae L.

Three isolates of B. bassiana, M. anisopliae and V. lecanii were evaluated against
cabbage worm, P. rapae L. under laboratory and field conditions. B. bassiana, M.
anisopliae and V. lecanii have not effect on cabbage worm, Pieris rapae L. after
two days from treatment [50]. Mortalities are occurred in the 3rd day. The percent
of mortalities are increased gradually and reached to the maximum in the 10th day
from treatment. The percent of mortalities ranged between 70–80%, 60–75.7% and
40.0–55.2% with B. bassiana,M. anisopliae and V. lecanii, respectively, in the 10th
day after treatment. This means that B. bassiana isolation is more effective than
M. anisopliae and V. lecanii [50]. The % mortalities with all concentrations of B.
bassiana isolation were 70, 72.4 and 80%, respectively.

Also, mortalities are occurred in the 3rd day. The percent of mortalities are
increased gradually and reached to the maximum in the 10th day from treatment.
Data also showed a positive correlation between concentrations of fungi and the per-
centage of P. rapae L. Pupae mortality. The percent of mortalities ranged between
65–76%, 58–70.1% and 42.0–60% with B. bassiana, M. anisopliae and V. lecanii,
respectively, in the 10th day after treatment. This means that B. bassiana isolation is
more effective than M. anisopliae and V. lecanii. The percent of mortalities with all
concentrations of B. bassiana isolation were 65, 70 and 76%, respectively [50].

5.1.6 Whitefly, Bemisia tabaci (Genn.)

There are no effect for V. lecanii, M. anisopliae and B. bassiana to B. tabaci after
3 days from treatment. The percent of mortalities were increased gradually and
reached to the maximum in the 7th day from treatment. With the all concentrations,
the percent of mortalities were increased with increase of concentrations [51].

The%mortalities ranged between 68.3–100%, 56.2–90.5% and 62.7–97.3%with
V. lecanii, M. anisopliae and B. bassiana, respectively, in the 7th day after treat-
ment. This mean that V. lecanii isolation is more effective thanM. anisopliae and B.
bassiana. The percent of mortalities with all concentrations of V. lecanii isolation
were 68.3, 90.4 and 100%, respectively [51]. The number of B. tabaci per leave
was decreased compared with control after the 2nd application. That the percent of
reduction by V. lecanii M. anisopliae and B. bassiana after the third application were
57.3, 90.4 & 100, 50.2, 70.0 & 75.5 and 55.5, 79.5 & 90% with C1, C2 and C3,
respectively [51]. There were no significant differences between the concentrations
and controls after the first application all plots. After the 3rd application there were
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highly significant differences among all concentrations. The L.S.D was two, three
after the third application. The statistical analysis confirmed that the third concentra-
tion (1× 109) was the highly toxic compared the first and the second concentrations
in all treatment [51].

The percent of reduction byV. lecanii M. anisopliae andB. bassiana after the third
application were 55.2, 85.2 & 100, 50.0, 71.0 & 76.2 and 56.2, 78.3 & 92% with C1,
C2 and C3, respectively [51]. The % of reduction by V. lecanii,M. anisopliae and B.
bassiana after the third application were 55.2, 85.2 & 100, 50.0, 71.0 & 76.2 and
56.2, 78.3 & 92% with C1, C2 and C3, respectively [51].

5.1.7 Rhyzopertha dominica, Sitophilus oryzae and Oryzaephilus
surinamensis

R. dominica LC50 and LC90 values confirmed that R. dominicawas more susceptible
to M. anisopliae than B. bassiana, where LC50 and LC90 were 1.2 × 105, 2.3 ×
105 conidia/g and 2.7 × 105, 0.01 × 106 conidia/g, respectively. The LT50s were
calculated as 4.6 and 6.6 days for the two respective fungi, indicating the superiority
of B. bassiana over M. anisopliae [52].

5.1.8 Sitophilus oryzae

The % cumulative mortality of R. dominica maximum mortality percentages adult
were recorded 11 days after treatment with B. bassiana and M. anisopliae, where
the mortality percentages were 25.2, 38.1, 45.2 and 50.3% for B. bassiana at the
tested concentrations of 0.12 × 106 conidia/g, 0.22 × 106 conidia/g, 0.32 × 106

conidia/g, and 0.42 × 106 conidia/g, respectively, and 63.0, 72.3, 75.3, and 79.3%
for M. anisopliae at the tested concentrations of 0.12 × 106 conidia/g, 0.22 × 106

conidia/g, 0.32 × 106 conidia/g, and 0.42 × 106 conidia/g, respectively.
The cumulative mortality percentages started with low levels on the 3rd day after

treatment. Then the Percent mortality of S. oryzae was increased gradually, till the
maximumwas recorded on the 11th day of observation, where the mortality percent-
ages were recorded 23, 32, 40 and 54% for B. bassiana respectively. The S. oryzae
was more susceptible to infection with B. bassiana than M. anisopliae. LC50 and
LC90 values proved that S. oryzae was more susceptible to M. anisopliae than B.
bassiana, where the LC50 and LC90 of, B. bassiana and M. anisopliae were 4.3 ×
105 and 0.08 × 106 conidia/g, and 1.6 × 105 and 7.1 × 105 conidia/g, respectively.
LT50s were calculated as 8.8 and 6.3 days for the two respective fungi, indicating
that the conidial spores of B. bassiana were less efficient on S. oryzae than those of
M. anisopliae [51].
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5.1.9 Oryzaephilus surinamensis

The same effective was found when the entomopathogenic fungi were used against
O. surinamensis. The concentrations 0.42× 106 conidia/g of fungi, induced increase
the mortalities rates. The highest cumulative mortalities were recorded after 11 days
of treatment when mortality percentages were recorded 25, 35, 43 and 51% for B.
bassiana at the tested concentrations of 0.12 × 106 conidia/g, 0.22 × 106 coni-
dia/g, 0.32 × 106 conidia/g, and 0.42 × 106 conidia/g, respectively. The mortality
percentage of O. surinamensis treated with B. bassiana and M. anisopliae differed
significantly among different concentrations. Also mortality percentage differed sig-
nificantly between O. surinamensis treated with B. bassiana and withM. anisopliae
[51].

6 Application in the Field of Isolated Fungi Against Many
Insects

6.1 Scrobipalpa ocellatella and C. vittata

The application of B. bassiana and M. anisopliae blast spores in sugar-beet fields
was applied in Kafr El-Sheikh (Abu Kalab), Egypt. Sugar-beet plants were sprayed
with the fungal suspensions to controlC. vittata. Blastspores were grown on agitated
bio malt liquid medium. Blastspores of B. bassiana andM. anisopliae were applied
to sugar-beet plants by using 10 L. Knapsack sprayer with a concentration of 108

spores/mL. Another untreated plot was used as control. In the treated and control
plots, eggs, larvae, pupae and adults were counted on 25 plants. The spraying was
repeated for three times in week, three weeks and five weeks [12].

A. Using M. anisopliae for controlling C. vittata in the field

Using ofM. anisopliae in the field application against the insect ofC. vittata.Number
of eggs, larvae, pupa and adult was counted and recorded in treatment and control
before the beginning of the treatment and every two weeks after the application.
Before spraying the average number of eggs in treatment was 0.6/plant and 0.26/plant
in control, the average number of larvae in treatment was 1.12/plant and 1.2/plant in
control, the average number of pupa in treatment was 0/plant and 0/plant in control,
the average number of adult in treatment was 0.6/plant and 0.6/plant. After two
weeks from the application the average number of eggs in treatment were 2.64/plant
and in control was 5.76 egg/plant, the average number of larvae in treatment was
3.32/plant and in control was 5.24/plant, average number of pupae in treatment was
2.0/plant and in control was 2.08/plant, the average number of adult in treatment was
3.28/plant and in control was 4.28/plant.

After 4 weeks after treatment the average number of eggs in treatment was
1.84/plant and in control was 3.44/plant, the average number of larvae in treatment
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was 3.96/plant and in control was 7.6/plant, the average number of pupae in treatment
was 1.12/plant and in control was 1.64/plant, the average number of adult in treat-
ment was 2.36/plant and in control was 4.84/plant. After six weeks after treatment
the average number of eggs was 4.84/plant in treatment and 4.92/plant in control, the
average number of larvae was 5.52/plant in treatment and 10.4/plant in control, the
average number of pupae was 0.92/plant in treatment and 1.5/plant in control, the
average number of adult was 1.68/plant in treatment and 2.92/plant in control [12].

B. Using B. bassiana for controlling C. vittata in the field

Using of B. bassiana in the field application against the insect of C. vittata. Number
of eggs, larvae, pupa and adult was counted and recorded in treatment and control
before the beginning of the treatment and every two weeks after the application.
Before spraying the average number of eggs in treatment was 6.0/plant and 5.8/plant
in control, the average number of larvae in treatment was 4.8/plant and 5.2/plant
in control, the average number of pupa in treatment was 1.9/plant and 2.0/plant in
control, the average number of adult in treatment was 4.6/plant and 4.2/plant in
control [12]. After two weeks from the application the average number of eggs in
treatment were 1.88/plant and in control was 3.44 egg/plant, the average number of
larvae in treatment was 3.2/plant and in control was 7.6/plant, average number of
pupae in treatment was 0.88/plant and in control was 1.6/plant, the average number
of adult in treatment was 2.6/plant and in control was 4.8/plant [12].

After four weeks after treatment the average number of eggs in treatment was
3.24/plant and in control was 4.92/plant, the average number of larvae in treatment
was 4.2/plant and in control was 10.4/plant, the average number of pupae in treatment
was 1.04/plant and in control was 1.5/plant, the average number of adult in treatment
was 1.6/plant and in control was 2.9/plant [12]. After 6 weeks after treatment the
average number of eggs was 1.8/plant in treatment and 3.64/plant in control, the
average number of larvae was 2.84/plant in treatment and 7.7/plant in control, the
average number of pupae was 3.2/plant in treatment and 7.2/plant in control, the
average number of adult was 2.7/plant in treatment and 7.9/plant in control [12].

6.2 The Potato Tuber Moth, Phthorimaea operculella
(ZELLER)

Application of the fungi occurredwas accomplished at the rate of 1× 108 spores/mL.
Applications were made by a sprayed at the sunset. Four applications were made at
4-week intervals during crop growing season. Control plots were left without any
treatments. Examinations of 40 plants/plot/treatment were carried out just before the
first application and sevendays after last application to calculate the average reduction
percentages in the target insect infestation percentages which were calculated in each
treatment. The agricultural practices followed the recommendations of the Ministry
of Agricultural. Twenty tubers were taken from the first 5 rows in each treatment and
in the control [49].
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Under field conditions the yields weight of potatoes were significantly increased
to 25.45 ± 55.66 and 29.67 ± 61.11 ton/feddan in plots treated with B. brongniartii
and N. rileyi respectively as compared to 17.88 ± 55.43 ton/feddan in the control.
The weight of potatoes were significantly increased to 25.97 ± 67.91 and 29.94 ±
54.98 ton/feddan as compared to 12.27 ± 45.09 in the control [49].

6.3 Sitophilus granarius

The effect of the grain weevil S. granarius were significantly decreased after oil
extract treatments, the percentage of larval mortality, 88.14, 39.13 and 2.21 after
N. Sativa treatments at the concentrations of 5, 0.5 and 0.05%. The corresponding
concentrations of T. distichum gave the larvalmortality 57.18, 20.26 and 4.41%of the
S. granarius, respectively. When B. carterii treated with the last concentrations the
larval mortality were significant decrease to 29.61, 15.81 and 0.613% as compared
to zero in the control [52].

The oviposition deterrent effect in the means number of eggs were significantly
decreased to 13.0 ± 7.8, 37 ± 7.9 and 45 ± 3.8 eggs/female as when treated with
3% of the oil N. sativa, T. distichum and B. carterii, respectively compared to 198±
4.9 in the control [52].

The half-life period of the target insect pest after oil extract treatments which show
that the LC50 obtained 2.1 × 105, 3.2 × 105, and 3.7 × 105 as compared to 8.8 ×
105 sores/mL. [52]. Accumulative mortality of S. granarius during the first week of
rice seeds exposed to treated foam with N. sativa, T. distichum, and B. carterii on S.
granarius oils. After seven days from treated rice seeds the accumulative mortality
was 78.15, 50.17, and 30.1, respectively compared with 2.1 in untreated [52].

6.4 Pieris rapae

There are significant difference between 1st (C1) and 2nd (C2) spores concentrations
and control after the first application in all parts, the differences appear gradually
after the second and third application. On the other hand the third concentration (C3)
in B. bassiana was the best concentration against P. rapae L. followed by the third
concentration in M. anisopliae and the third concentration in V. lecanii. This means
that the third concentration in B. bassiana was the best concentrations against P.
rapae [50].

There are significant difference also between 1st (C1) and 3rd (C2) spores con-
centrations and control after the first application in all parts, the differences appear
gradually after the second and third application. On the other hand the third con-
centration (C3) in B. bassiana was the best concentration against P. rapae followed
by the third concentration inM. anisopliae and the third concentration in V. lecanii.
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The percent of reduction in all treatment was ranged between 48.5 and 75.8% in all
concentrations [50].

B. bassiana,M.anisopliae andV. lecanii isolates are promising agents forCabbage
worm control in the field [50].

6.5 Sugar Beet Fly, Pegomyia mixta

P. mixta started to appear during the second week of January. In mid-February, the
first application was carried out using two entomopathogenic fungi B. bassiana, and
M. anisopliae [51]. The number of infested/10 plants was 70% before the first spray
by B. bassiana and reached to 10% after seven days from treatment and reached
to zero% infested after 14 days from first treatment. Also, the number of infested
leaves 11 before the first spray by B. bassiana and reached to 4 after seven days
from treatment and reached to zero infested after 14 days from first treatment [53].
The number of infested egg patches/plant 13 before the first spray by B. bassiana
and reached to 5 after seven days from treatment and reached to zero infested after
14 days from first treatment.

The number of infested larvae/plant 22 before the first sprays by B. bassiana
and reached to 4 after seven days from treatment and reached to zero infested after
14 days from first treatment. The number of infested/10 plants was 80% before the
first spray by M. anisopliae and reached to 20% after seven days from treatment
and reached to 10% infested after 14 days from first treatment. Also, the number of
infested leaves 12 before the first spray by B. bassiana and reached to 6 after seven
days from treatment and reached to 2% infested after 14 days from first treatment.

The number of infested egg patch/plant 12 before the first spray by B. bassiana
and reached to 6 after seven days from treatment and reached to 3% infested after
14 days from first treatment. The number of infested larvae/plant 21 before the first
spray by B. bassiana and reached to 15 after seven days from treatment and reached
to zero infested after 14 days from first treatment [53].

The number of infested/10 plants 60% before the first spray by B. bassiana and
reached to 20% after seven days from treatment and reached to zero% infested after
14 days from first treatment. Also, the number of infested leaves 13 before the first
spray by B. bassiana and reached to 3 after seven days from treatment and reached
to zero infested after 14 days from first treatment.

The number of infested egg patches/plant 12 before the first spray by B. bassiana
and reached to 4 after seven days from treatment and reached to zero infested after
14 days from first treatment [53]. The number of infested larvae/plant 25 before the
first spray by B. bassiana and reached to 12 after seven days from treatment and
reached to zero infested after 14 days from first treatment.

The number of infested/10 plants 70% before the first spray by Metarhizium
anisopliae and reached to 30% after seven days from treatment and reached to Zero%
infested after 14 days from first treatment. Also, the number of infested leaves 13
before the first spray by Metarhizium anisopliae and reached to 6 after seven days
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from treatment and reached to Zero% infested after 14 days from first treatment. The
number of infested egg patches/plant 12 before the first spray by M. anisopliae and
reached to 6 after seven days from treatment and reached to Zero% infested after
14 days from first treatment.

The number of infested larvae/plant 23 before the first sprays by M. anisopliae
and reached to 14 after seven days from treatment and reached to zero infested
after 14 days from first treatment. The entomopathogenic fungi B. bassiana and
M. anisopliae can be used as a promising agent in pest control and integrated pest
management programs insteadof conventional pesticides to reduce the environmental
pollution especially when the pests were under the economic threshold [53].

6.6 The Oliver Black Scale Insect, Saissetia oleae (Oliver)

Percent of sampled substrate infested with black scale Insect, S. oleae (Oliver) before
and after treatment with B. bassiana reduction from 92.0% in the first week from
treatment to 9.2% after seven weeks from treatment [54]. Also when we treated the
trees with M. anisopliae reduction in population of the black scale Insect, S. oleae
was 2.1% from 93.0% after seven weeks from treatment [54]. Also when we treated
the trees with V. lecanii reduction in population of the black scale Insect, S. oleae
was 9.5% from 90.0% after seven weeks from treatment. M. anisopliae caused the
highest reduction in black scale Insect, S. oleae than B. bassiana and V. lecanii [54].

Percent of sampled substrate infested with black scale Insect, S. oleae (Oliver)
before and after treatment with B. bassiana reduction from 84.0% in the first week
from treatment to 8.3% after seven weeks from treatment [54].

Also when we treated the trees withM. anisopliae reduction in population of the
black scale Insect, S. oleae was 1.0% from 86.0% after seven weeks from treatment.

Also when we treated the trees with V. lecanii reduction in population of the black
scale Insect, S. oleae was 8.5% from 85.0% after seven weeks from treatment. M.
anisopliae caused the highest reduction in black scale Insect, Saissetia oleae than B.
bassiana and V. lecanii [54].

6.7 Anti-soft Scale Insect Pulvinaria tenuivalvata

The mean numbers of adults found on leaves before treatments, ranged from 58.6 to
68.2 scales/50 leaves, indicating a relatively uniformdistribution of insect infestation.
Three days after spraying, the treatments suppressed the levels of infestation to differ-
ent degrees as compared to untreated control. Beauveria bassiana (108 spores/mL),
Petroleum ether fraction of Cressa cretica with a rate of (50 mL/L) and significantly
lowered the percentage of infestation to 39.9% and 44.6%, respectively, although
they didn’t reach KZ oil (15 mL/L) activity (54.0%). Two weeks after treatments, B.
bassiana (108 spores/mL), Petroleum ether fraction (50mL/L) and KZ oil (15 mL/L)
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had almost similar activity, 65.8, 69.1 and 79.4% reduction in the infestation, respec-
tively. Statistical analysis showed significant differences between tested compounds
and control on the soft scale insect population.

The low susceptibility of the adult stage to the tested compoundsmay be attributed
to the presence of protective scales which prevent the penetration of sprayings
[55]. Mortality percentages increased when Beauveria bassiana, Cressa cretica
with Petroleum ether fraction 5% and KZ oil 95% were used. The average cal-
culated yield in the control was 21,710 kg/feddan, as compared to 26,750, 27,180
and 27,670 kg/feddan after using the Beauveria bassiana, Cressa cretica Petroleum
ether fraction 5% and KZ oil 95%, respectively [55].

7 Conclusion and Future Prospects

Entomopathogenic Fungi are one of the most promising agents for the biological
control of insects, where it permits the cost of production and preservation of public
health. As the fungus Beauveria bassiana successfully used against different insects
as well as the fungus Metarhizium anisopliae and especially the rank of sheaths
wings also Verticillium lecanii against insects sucking mouth parts.

The production of Entomopathogenic Fungi in various forms of liquid and powder
as well as the body of nanoparticles through laboratories and factories. The dissem-
ination of this means of promising in Integrated Pest Management (IPM) programs.
Spreading awareness among the farmers about the importance of using this method
as one of the most important means of biological control of pests.

8 Summary

– Beauveria bassiana, commonly known as white muscardine fungus attacks a wide
range of immature and adult insects.Metarhizium anisopliae a green muscardine
fungus is reported to infect 200 species of insects and arthropods.

– Both of these entomopathogenic fungi are soil borne and widely distributed. These
fungi have been documented to occur naturally in over 750 species of host insects.

– The entomopathogenic fungi were isolated from soil samples using the Galleria-
bait technique based on Zimmermann [22].

– The entomopathogenic fungi were identified morphologically based on the mor-
phological characteristics of reproductive structures according to Salem [43].

– The infected insects which covered with fungal mycelium were collected from the
field and carried to the laboratory.

– Fungi were grown and maintained on peptone medium, Potato dextrose agar and
Rice Grains.

– B. bassiana the fastest effect against larvae of G. mellonella, followed by M.
anisopliae then V. lacanii.



Isolation, Mass Production and Application of Entomopathogenic … 249

– The fungus B. bassiana was the most effect to controlling the tortoise beetle, C.
vittata than the Fungus M. anisopliae.

– The higher effective concentration of B. bassiana on the 2nd instar larvae of T.
absoluta resulted from the two concentrations 107 and 106 conidia/mL evenly,
followed by 107 and 106 conidia/mL, respectively [49].

– The effect of the entomopathogenic fungi against P. operculella, the number of
eggs laid/female recorded significant reduction.

– B. bassiana isolation is more effective than M. anisopliae and V. lecanii against
cabbage worm, Pieris rapae L.

– The percent of mortalities of Whitefly, Bemisia tabaci (Genn.) were increased
gradually and reached to the maximum in the 7th day from treatment.

– R. dominica was more susceptible toM. anisopliae than B. bassiana.
– B. bassiana were less efficient on S. oryzae than those of M. anisopliae.
– The mortality percentage of O. surinamensis treated with B. bassiana and M.
anisopliae differed significantly among different concentrations.
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Commercialization of Biopesticides
Based on Entomopathogenic Nematodes

Mahmoud M. E. Saleh, Hala M. S. Metwally and Mokhtar Abonaem

Abstract Entomopathogenic nematodes (EPN) are microscopic organisms existing
in the soil and kill insects with the aid of their symbiotic bacteria. EPNs are con-
sidered safe to mammals, environment, and non-target organisms. The importance
in the commercial developments of EPNs is due to its ease of mass production and
exemption from registration. The importance in the commercial developments of
EPNs is due to its ease of mass production and exemption from registration. These
nematodes are mass produced worldwide using in vivo or in vitro techniques. In
vivo culture (culture in live insect host) is low technology, has low establish costs
and the quality of these nematodes is high. In vitro solid production, i.e. growing
the nematode and bacteria on two-dimensional arenas containing different media
or on three-dimensional rearing system (crumbled polyurethane foam). This tech-
nique offers an intermediate level of technology and costs. In vitro liquid technique
requires the largest establish funds and the nematode quality is decreased. Efficiency
in EPN applications can be supported through improved formulations. Recently,
extensive progress has been made in developing EPN formulations, particularly for
foliar applications. Efficacy of nematodes can also be increased through discovery
of new strains and species, strain improvement and developed application equipment
or approaches.

Keywords Entomopathogenic nematodes · In vivo production · In vitro
production · Formulation · Foliar application

1 Introduction

Entomopathogenic nematodes (EPNs) are non-segmented round worms that carry
bacteria inside their bodies and inhabit the soil. EPN species classified under two gen-
era Steinernema and Heterorhabditis and are symbiotically associated with certain
enterobacteria [1, 2]. Both steinernematids and heterorhabditids pass through four
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juvenile instars before the maturing. Only the third-instar infective juvenile can sur-
vive outside their host and move searching for a host insect. Infective juveniles (IJs)
carry symbiotic bacteria (Xenorhabdus spp. for steinernematids and Photorhabdus
spp. for heterorhabditids) in their intestines and use it to kill their hosts by releas-
ing them in the insect blood [3]. Nematodes locate and invade suitable insect hosts
through the natural openings (spiracles, mouth, or anus) or in case of heterorhabditids
through the cuticle of certain insects [4].

After the nematode entry to the host’s hemocoel, it releases the bacteria in the
insect blood. Bacteria develop and cause a septicemia that kill the insect host within
48 h. After the bacteria break down the haemolymph, the nematodes start feeding and
develop and complete their life cycle. At 18–28 °C, the life cycle lasted 6–18 days
depending on the insect host and the nematode species. Invading IJs belonging to
Steinernema develop into females or males and Heterorhabditis IJs develop into
hermaphrodites and this only the first generation. Up to three progeny generations
develop inside one host and the nematode reproduction continues until host nutrients
are depleted.Nematodes become third-stage IJs that emerge from the cadaver, survive
in the environment and search for new insect hosts. The IJs are eligible to tolerate
stresses fatal to other developmental stages. Therefore, they can be formulated and
maintained for several months.

The attributes that EPNs have made them excellent insect biocontrol agents as
they can kill their insect host within 48 h; have a wide host range; have the ability to
move searching for hosts; they can be in vivo or in vitro mass produced; and present
no hazard vertebrates and most non-target invertebrates [5–7]. The mutualistic rela-
tionship between the nematodes and the bacteria make them act together as a potent
insecticidal complex against a wide range of insect species [8]. Therefore, EPNs are
used as biological control agents in many agroecosystems in many countries [9, 10].
From a commercial standpoint, the production of a durable IJ stage and the symbi-
otic association with lethal bacteria are the most attractive features of steinernematid
and heterorhabditid nematodes. The nematodes mass production plays a key role
in the commercially development of insect pests management. The recent develop-
ment in the nematodes mass production and formulation has increased the interest
in these biocontrol agents. Therefore, there are many nematode products commer-
cially available and used successfully in many crop systems against soil-borne insect
pests. Nowadays, foliar application against insect pests on leaf foliage is possible in
suitable formulations and has been elaborated in a number of cases.

The present chapter focuses on isolation, mass production, formulation, as well
as field application of EPNs for the management of insect pests in different crops,
vegetables and fruit orchards.

2 Entomopathogenic Nematodes Isolation

Nematode isolation is the first step to start establishing EPNs culture. Nematodes
can be isolated from the soil where they naturally inhabit. The nematodes occur
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naturally in most of the soil types. There are some factors increases the nematodes
availability like the moisture and the presence of insects which are the elements
that accompany the existence of plants. Here is the simplest and the most popular
technique for collecting EPNs from soil. This technique based on two main steps,
firstly collecting soil samples, and secondly isolating the nematodes from the soil
samples.

2.1 Soil Samples Collection

Soil samples collected from under cultivated plants should be at the fine roots area
and at a depth of 15–30 cm (Fig. 1a). If the cultivated plants are trees, the proper place
to collect the samples is at last point of the tree shade at noon and from two sides of
the tree. The recommended sample size is 750–1000 g soil. The soil samples could
be collected in paper or plastic bags and should be marked with location details,
date, and the associated vegetation (Fig. 1b). The collected samples should be kept
at temperature between 10 and 20 °C during the transporting to the laboratory.

Fig. 1 Procedure of soil samples collection and isolation EPNs from the collected samples. a The
fine root area where the soil sample should be collected and at depth of 15–30 cm. b Soil sample
in a plastic bag and a hand shovel used for collecting the sample. c Increasing the moisture in the
soil sample by adding water using a hand-sprayer. d Infected Galleria mellonella larva after 72 h
in soil sample using insect-baiting technique
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2.2 The Nematode Isolation from the Collected Soil Samples

This step based on the insect-baiting technique described by Bedding and Akhurst
[11]. The collected soil should be moistened with water using a Hand-sprayer and
be mixed gently (Fig. 1c). After that, the soil could be divided and added to plastic
cups containing 7–10 Galleria mellonella last instar larvae. Then the cups should be
covered by their lids after making small ventilation holes. The cups could be stored
at room temperature or at 22–26 °C. The cups could be checked after 3–5 days to
collect the dead larvae (Fig. 1d). The cadavers should be rinsed in water and placed
individually in White-traps to collect the nematode progeny. Emerged nematodes
(infective juveniles IJs) would be collected after 8–10 days. The infective juveniles
(IJs) could be reproduced in vivo in G. mellonella larvae (see procedure below in
this chapter).

3 Mass Production Approaches

Production process is vital for the success of EPNs in biological control. Production
techniques comprise in vivo, and in vitro techniques (solid or liquid culture). In
vivo production of EPNs is the suitable method for small scale field experiments. In
vivo production is also suitable for niche markets and small farmers where a lack of
capital and scientific expertise. In vitro approach is used when large scale production
is required at reasonable quality and cost.

3.1 In Vivo Production of EPNs

Most EPNs intended for commercial application are produced in artificial media via
solid or liquid fermentation. However, for laboratory research and small greenhouse
or field trials, in vivo production of EPNS is the commonmethod of propagation. This
technique has managed to maintain itself as a cottage industry. In vivo production is
probable to continue as small business projects for niche markets or in developing
countries where labour is reasonably priced. Advances in this mechanization and
host production have led to improvements in efficiency. In vivo culture is a two
dimensional system that relies on production in trays and shelves [12, 13].

3.1.1 The Host Insect

The most common insect host used for EPNs in vivo production is the greater wax
moth Galleria mellonella last instar larvae. Also, the yellow mealworm, Tenebrio
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molitor, has been used for in vivo nematode production [14]. Here we focus on mass
rearing of G. mellonella.

The greater wax moth Galleria mellonella L. is a serious pest attacking bee hives
and stored bee wax. However, it is widely used as a model to study the interactions
between pathogens and their hosts [15]. G. mellonella last instar larvae are the most
used as insect hosts for producing EPNs in vivo. They have some advantages make
themwidely mass reared to use them for the previous purposes. Themain advantages
of this insect include their fast life cycle, the ease of rearing on artificial diets,
the high susceptibility EPNs. There are many authors studied different proposed
diets for rearing G. mellonella in laboratory conditions [16–19]. They studied the
proposed diets effects on larval weight, longevity and/or fecundity of G. mellonella.
Their studies results showed that no significant difference between the bee wax and
artificial diets of main constituents: wheat bran, corn flour, wheat flour, rice bran,
yeast, milk powder, honey, glycerol, malt, pollen, bee wax, and sucrose. The weight
of full grown larva ranged between 0.2 and 0.25 g. Eischen and Dietz [20] found
that adding 5% pollen; bee wax or honey significantly increased the longevity of G.
mellonella moths.

For improving native EPNs in vivo production in G. mellonella larvae, Metwally
et al. [21] studied the differences among the natural food (bee-wax) and four low
cost different diets for mass rearingG. mellonella. The evaluation among these diets
was based on the diet cost, the food consumption, the larvae number and weight, the
larval lipid content and the nematode productivity of produced larvae. They found
two diets that were costly lower than the bee wax and had no adverse effects on the
studied parameters. The first suggested diet consists of wheat flour (350 g), corn bran
(200 g), milk powder (130 g), yeast powder (70 g), honey (100 mL) and glycerol
(150 mL). The second diet was the same previous diet, but with adding sorbitol
(150 mL) instead of glycerol.

Diet preparing

In our laboratory, G. mellonella is permanently mass-reared using an artificial diet
consists of Wheat flour 30%, Wheatgerm 30%, Corn grits 10%, Brewer’s yeast 5%,
Milk powder 5%, Honey 5%, andGlycerol 15%. The diet preparing could be fulfilled
by firstly, mixing the dry ingredients together in one container and thereafter adding
the liquid components to the mixture and manually mixing. The resulting mixture
(diet) could be stored in a refrigerator till use for feeding G. mellonella larvae in the
rearing containers.

Rearing protocol

G. mellonella culture could be started by collecting contaminated bee wax from any
hives. After that, the contaminated wax could be placed in glass jars or plastic boxes
as rearing containers. The rearing containers could be closed by their lids which
have a handmade metal screen window for allowing gaseous exchange (Fig. 2a). As
oviposition sites, Filter paper or tissue strips could be placed under the lid on the
container edges (Fig. 2b). The containers should be incubated in the dark at 28–30 °C.
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Fig. 2 Rearing protocol of host insect G. mellonella. a G. mellonella larvae inside a rearing box.
bG.mellonella femalemoth lay eggs on paper tissue as an oviposition site. cG.mellonella deposited
eggs on paper strip, then places on a fresh diet. d G. mellonella last instar larvae feed on artificial
diet

The larvae feed and develop to pupae and then adults. After the mating take place, the
female moths lay eggs on the paper stripes (Fig. 2b). The deposited eggs on the paper
strips could be collected daily or every 48 h and placed in new rearing containers with
a proper amount of the prepared diet (Fig. 2c). The eggs hatch and the emerged larvae
feed on the diet and develop through six larval instars before pupations (Fig. 2d). The
last instar larvae could be collected to be used in producing the nematodes in vivo.
Some larvae should be left in the rearing containers to maintain the colony.

3.1.2 Culture Technique

In the first of many studies of this approach [22–26], they described systems for cul-
turing EPNs based on theWhite trap that acquire advantage of the infective juveniles
(IJs) usual migration away from the cadaver upon emergence (Fig. 3). Thesemethods
consist of inoculation, harvest, concentration and (if necessary) decontamination.
Insects are inoculated with nematodes on dishes or trays lined with an absorbent



Commercialization of Biopesticides Based on Entomopathogenic … 259

Fig. 3 White-trap: different EPN species (Nematode IJ) emerge from cadavers of G. mellonella
larvae into water. Modified http://entnemdept.ufl.edu/creatures/nematode/entomopathogenic_
nematode.htm

substrate. After 2–5 days, infected insects are transferred to the White traps i.e. har-
vest dishes. Following harvest, concentration of nematodes can be accomplished by
gravity settling and/or vacuum filtration.

Based on the simpleWhite trap methods indicated earlier, the process can be opti-
mized and scaled-up to suit the needs of small field trials or cottage scale commercial
ventures. Aspects that can be optimized and scaled-up include nematode species or
strain as well as host species, inoculation rate and approach, host density and tray
size, harvest, storage, and environmental conditions.

EPNs in vivo production protocol:

EPNs could be maintained as in vivo cultures in G. mellonella larvae by following
production protocol:

1. Prepare nematode suspension in a concentration of 2000 IJs/mL water.
2. Apply 5 mL water to a Petri-dish (20 cm diameter) padded with two filter paper

discs or paper tissue. The volume of water applied should make the discs moist-
ened but not wetted.

3. Place about 200 G. mellonella last instar larvae in the previous Petri-dish con-
taminated with nematodes.

http://entnemdept.ufl.edu/creatures/nematode/entomopathogenic_nematode.htm
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4. Transfer the dead larvae within 48–72 h to White traps.
5. Prepare modified White traps as described by Kaya and Stock [22]. Place an

inverted Petri-dish (10 cm diameter) in another bigger Petri-dish (20 cm diam-
eter). Fill the outer Petri-dish with 100 mL water. Drape a piece of muslin over
the inverted Petri-dish with its edges touching the water. Place the cadavers were
on the muslin (35–40 cadavers/dish) and cover it with the Petri-lid (Fig. 3).

6. After 10 days, new IJs could be emerged from the cadavers migrating over the
muslin to the water.

7. Collect the migrated IJs in the water every 1–2 days.
8. Wash the collectedEPNsbyaddingwater and leave it for 10min till the nematodes

settle and remove the excesswater. Repeat the previous step three times to remove
the non-infective stages and the host tissues.

9. The washed IJs could be stored in water or special formulations at 12–14 °C.

3.1.3 Factors Affecting Yields

Production of EPNs differed among insect hosts [27]. Host diet that is improved for
insect host production translates into improved efficiency in the overall process. The
nutritional quality of insect host diet also impacts the quality and fitness of EPNs
that are reared on those insects and thus improved efficiency and lowered costs for
the entire process [28–30].

Nematode species is critical and can make a vast difference in IJs yields. Nev-
ertheless, the nematode choice depends greatly on which insect pest one may be
targeting (as efficiency will differ by species and strain). Nematode yield is gener-
ally proportional to insect host size, yet IJ yield per mg insect (within host species),
and susceptibility to infection, is usually inversely proportional to host size or age.
In addition to yield, ease of insect culturing and susceptibility to IJs are important
factors when choosing a host. Finally, the choice of host species and nematode for
in vivo production should depends on nematode yield per cost of insect, and the
suitability of the nematode to the target pest [31, 32].

The technique of inoculation can be significant and may be optimized depend-
ing on nematode species and insect host [33]. Choices include pipetting, applying
nematodes to insect food, or immersion the hosts in a nematode suspension. The inoc-
ulation rate (concentration of IJs and amount applied) should be optimized for each
particular host and nematode species. In vivo production yields depend on nematode
dosage. A dosage that is too low results in low host mortality and a dosage that is
too high may result in failed infections due to competition with secondary invaders
[33, 34].

Throughout the process, environmental conditions should be optimized such as
for temperature, aeration, and relative humidity. Optimum production temperatures
lie between 18 and 28 °C for different species [35–37]. It is also crucial to maintain
adequate aeration and humidity throughout the production process [12]. To mini-
mize overcrowding effects leading to oxygen deprivation, a pass-throughHEPAfilter
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system is implemented. Advances in mechanization and production geared toward
application of nematodes through infected host cadavers can improve efficiency and
economy of scale [38].

Gaugler et al. [39] and Brown et al. [40] tried a scalable system for in vivo
nematode mass production. Unlike the White trap, the LOTEK system of tools and
procedures provides process technology for low-cost, high-efficiency mass produc-
tion. The system consists of: (1) perforated holding trays to secure insect hosts during
inoculation, conditioning (synchronizing nematode emergence), and harvesting, (2)
an automated, self-cleaning harvester with misting nozzles that trigger IJ emergence
and rinse the nematodes through the holding trays to a central bulk storage tank, and
(3) a continuous deflection separator for washing and concentrating nematodes. The
separator removes 97.5% of the wastewater in three passes, while nematode concen-
tration increased 81-fold. The rearing system offers an increase in efficiency relative
to the conventional White trap method with reduced laboratory and space. Morales
et al. [41, 42] and Shapiro-Ilan et al. [43] improved the process of in vivo produc-
tion of EPNs by automated separation of insect from media as well as automated
inoculation and harvest (Fig. 4).

3.2 In Vitro Production of EPNs

In vitro culturing of EPNs is based on introducing nematodes to a pure culture of
their symbiont in a nutritive medium. Such media must use sterile ingredients to
avoid unwanted bacterial contamination, retain the nematode’s specific symbiotic
bacterium and provide all the necessary nutrients.

3.2.1 Solid Culture

EPNs were reared in vitro for the first time on a solid medium axenically [44, 45].
Thereafter it was realized that growth increased with the presence of bacteria. Then,
the importance of the natural bacterial symbiont, and monoxenic culture was rec-
ognized [46] and has been the basis for in vitro culture. House et al. [47] formulate
a dog food based medium to produce Neoaplectana carpocapsae on a commercial
scale. Hara et al. [48] and Wouts [49] who stressed on monoxenicity, reported that
solid culture was first accomplished in two-dimensional arenas e.g., Petri dishes,
containing various media based on dog food, pork kidney, cattle blood, and other
animal products at a cost of $0.28 per million.

Bedding [50, 51] reported practical solid culture technology that was a seminal
step in nematode production because it leapt from two- to three- dimensional sub-
strates. Bedding flask cultures involved thinly coating crumbed polyurethane foam
sponge with poultry offal homogenate. Sterilizing the medium in large autoclavable
bags and adding the appropriate bacterium and nematode and was able to produce
about 50,000 million IJs of in a week. In Pakistan, different species of EPNs were
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Fig. 4 Larval tray system.A Stacks of modified type 3 trays sitting on top of one unmodified type 3
tray and a dolly. BOpen system showing larvae with food on a modified tray (a) and frass collected
in the unmodified tray at the bottom (b). Cited from Shapiro-Ilan et al. [38]

mass produced using chicken offal media [52]. Nematodes can be harvested within
2–5 weeks by placing the foam onto sieves, which are immersed in water. IJs migrate
out of the foam, settle downward, and are pumped to a collection tank; the product
is cleaned through repeated washing with water. Media for this approach were later
improved (for cost and consistency) and may include various ingredients as peptone,
yeast extract, eggs, soy flour, and lard. Solid culture method is economically feasible
up to a production level of approximately 10 × 1012 nematodes/month [53, 54].
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The produced yield of in vitro culture of EPNs depends on different factors quality
[55–58].

(1) Nematode inoculum size that affect yield in some strains but not others.
(2) Culture time is inversely related to temperature and should be optimized for

maximum yield on a species or strain basis.
(3) Media composition can have a substantial effect on nematode yield. Increasing

the quantity of lipids will increase nematode yield and quality. The greatest
accumulation of lipids per dry weight was achieved by growing nematodes in
Popillia japonica and solid culture [59]. It is cleared that level of polar lipids
was higher in nematodes produced in artificial media. So, artificial media com-
position should be adjusted tomeet the nutritional composition of a natural host.
The optimum physical and chemical components of the medium for maximum
production of EPNs were studied by Dunphy and Webster [55]. Tryptic soy
broth and yeast extract and D-glucose enhanced the growth and yields of EPNs.
Jewell and Dunphy [60] suggested that changes in medium total lipids, neutral
and polar lipids, phosphatidylcholine and total protein did not affect nema-
tode development however; changes in total medium carbohydrate did affect IJ
yields. Tangchitsomkid et al. [61], Somwong and Petcharat [62] compared the
growth of different EPNson different modified artificial media The lipid agar
medium in the number of harvested nematodes was 60.8 × 106 IJs per one
liter. The cost of nematode production by these modified media is 4.7 times
less than that of the lipid agar medium. Yoo et al. [63], Abu Hatab and Gau-
gler [64] produced H. bacteriophora in media containing various lipid sources.
They revealed that lipid source significantly affected lipid quantity and quality
in H. bacteriophora. Media supplemented with extractable insect lipids pro-
duced yields 1.9 times higher than did beef fat- or lard-supplemented media.
The modified dog biscuit medium recorded the positive result with respect to
successful mass production of H. indicus. Ehlers [65] described the biology of
the nematode-bacterium complex and advised that mass production of EPNs
must be directed towards media development and cost reduction, as the bac-
teria are able to metabolize a variety of protein sources to provide optimum
conditions for nematode reproduction. An inoculum level of 2000 IJs per flask
yielded highest nematode of 60.11 × 106 IJs per flask which was significantly
superior over other inoculum levels [66].

The inoculum size and the time are important for optimizing the final yields of
IJs. The highest yield forH. bacteriophorawas found with an inoculum of 10 IJs per
flask, which was tenfold of the optimal inoculum for S. carpocapsae. Relationship
between inoculum sizes, population development and the final IJ populations of these
nematodes should improve the efficiency of commercial nematode production [58].

Bedding et al. [67] developed a culture vessel comprising a traywith sidewalls and
overlapping lids that allowedgas exchange through a layer of polyether–polyurethane
foam. These trays are particularly well suited for developing countries as forced
aeration is not necessary, making this system independent from cuts in the power
supply. Nematodes can be extracted from solid media with centrifugal sifters, or
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by washing nematodes out of the sponge in simple washing machines and then
separating the IJs by sedimentation or migration.

Gauglar and Han [68] stated that the approach was expanded to autoclavable
bags with filtered air being pumped in Ehlers [69] reported that mass production
relies on the scaling-up of culture volumes from flask cultures to volumes of several
cubic meters. Stability of beneficial traits is a prerequisite for production of high
quality insect control nematodes. Beneficial traits of nematodes are reproduction
potential, longevity of the IJs, their host seeking ability and infectivity and tolerance
to environmental stress factors.

In this context, Metwally [70] investigated the possibility of in vitro solid mass
production of two Egyptian nematodes S. carpocapsae BA2 and H. bacteriophora
BA1 on different agar media in comparison to two worldwide nematodes S. riobrave
and H. marilatus. The Egyptian isolate S. carpocapsae BA2 can be successfully
culture on all tested media. This was the first trial to propagate the Egyptian isolates
S. carpocapsae BA2 and H. bacteriophora BA1 on an artificial medium (Fig. 5).
The worldwide species S. riobrave and H. marelatus can be successfully culture on
all tested media. Also, we determined the impact of inoculum sizes (bacteria and
nematodes) on the growth and yield of S. carpocapsae BA2 and which inoculum
size result in the greatest yield.

Also, the appropriateness of mass production of local and worldwide EPNs using
Bedding flasks has been clarified in two solid media, modified Wouts medium and
modified dog food medium. Neither S. carpocapsae BA2 norH. bacteriophora BA1
could continue growth in the studied media in Bedding-flasks. However, the world
wide species, S. riobrave, S. scaptrisci, andH.marelatus succeeded in propagation in
Bedding-flasks (Fig. 6).Worldwide species S. riobrave achieved the highest offspring
production scoring 45.54 × 106 IJs/flask.

Fig. 5 Microscopic examination of Steinernema carpocapsae BA2 propagated on agar plates (x
= 40). Reprinted from Metwally [70]
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Fig. 6 Infective juveniles (IJs) started in emerging on the walls of the conical flasks. a Steinernema
riobrave, b Heterorhabditis marilatus. Cited from Metwally [70]

3.2.2 Liquid Culture

Liquid rearing for EPNswas aimed first by Stoll [71]. Symbiotic bacteria are cultured
in the shaker followed by the nematodes [72, 73]. The yield reaches approximately
400 IJs/mL at 21–25 °C and the yield was more in the dark.

Factors affecting yield for in vitro liquid culture:

1. The requirements of adequate aeration (without shearing).
2. The life cycles and reproductive biology of both genera. Males and females in

Steinernematids are capable of mating in liquid culture [74] thus; maximization
of mating is supreme and can be accomplished through regulation of ventila-
tion [75]. However, mating in heterorhabditid is not applicable in liquid culture
because the first generation is exclusively hermaphrodites and, although subse-
quent generations contain amphimictic forms, they cannot mate in liquid culture
[74]. Thus, maximizing heterorhabditid yields in liquid culture depends on the
degree of recovery. While levels of heterorhabditids recovery in vivo tend to be
100% [76], recovery in liquid culture may range from 0 to 85%.

3. Recovery can be affected by nutritional factors, aeration, CO2, lipid content, and
temperature [63, 76, 77].

4. Also, yield of EPNs from liquid culture may be affected by additional factors
including nematode inoculum, species and media [77, 78]. The vital constituent
of the liquid culture media is lipid source [63, 79]; glucose [80] and yeast extract
content [81].

5. EPNs yield is inversely proportional to the size of the species [77]. Maximum
yields reported include 300,000 and 320,000 IJs/mL forH. bacteriophora and S.
carpocapsae, respectively [78].
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4 Application and Formulation of EPNS

EPNs have used successfully against soil borne insect pests. But also foliar appli-
cation against some insect pests has been studied in some cases. Also, formulations
and application methods were investigated by many researchers.

Application technique is vital for the success of (EPNs) in biological control.
Improved efficiency in applications can be supported through improved delivery
means (e.g., optimization of spray equipment). Recently, essential advancement has
been made in formulations of EPNs, particularly for foliar applications, e.g., mixing
nematodes with surfactants or polymers. Insect host cadavers can improve nematode
persistence and decrease the extent of nematodes desired per unit area.

EPNs can be applied with almost all agriculture ground tools, e.g., pressurized
and electrostatic sprayers and as aerial sprays. The application tool used depends
on the cropping system. The volume, agitation, nozzle type, pressure and recycling
time must be taken into consideration [82–84]. Applicators may also be using other
techniques such as through baits or subsurface injection. A range of formulations
may be used for applying EPNs in aqueous suspension including water dispersible
granules (WDG), activated charcoal, alginate and polyacrylamide gels, clay, peat,
polyurethane sponge and vermiculite.

4.1 Factors Influencing Application Success

Mainly, the suitable nematode must be matched with the exacting target pest. The
virulence of nematodes, persistence and environmental tolerance must be taken into
consideration [85]. Furthermore of paramount significance, to be effective, ento-
mopathogenic nematodes usually must be used to soil at minimum rates of 2.5× 109

IJs/ha or higher [32]. Seasonal re-application is frequently essential where nematode
populations will remain high enough to provide effective pest control for 2–8 weeks
after application. Biotic agents can affect on nematode applications. EPNs have
been announced to act synergistically with some entomopathogens such as Bacil-
lus thuringiensis [86] and Metarhizium anisopliae Sorokin [87–89] however, other
studies indicate antagonism, e.g., Beauveria bassiana [90].

Application of EPNs depends on some significant factors including temperature,
protection from ultraviolet radiation and sufficient soil moisture [83, 91]. Certainly,
entomopathogenic nematode applications for aboveground pests have been strictly
limited due to environmental obstructions (e.g., UV radiation or desiccation) that
reduce survival and efficacy [83, 92]. Also, Soil parameters can be vital for below-
ground or surface applications. Soil texture affects nematode movement and survival
[91, 93]. Soil pH can affect entomopathogenic nematode distributions [94]. Chemical
pesticides and fertilizers may be affected on entomopathogenic nematodes [95]. The
relationship between chemical pesticides and EPNs fluctuates based on the nematode
species or strain, dosages, and specific chemical and timing of application [96, 97].
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Improved efficacy in nematode applications can be supported through enhanced
formulation. Efficacy may also be accomplished on foliage with the addition of sur-
factants to increase leaf exposure [98, 99]. Nematode applications for control of the
lesser peach tree borer were significantly enhanced by application of a sprayable gel
[100]. Cadaver application technique increase nematode dispersal [101], infectivity
[102], and survival [103]. This application may be facilitated through formulations
that have been developed to protect cadavers from rupture and enhance ease of han-
dling [104, 105] and progress of mechanized equipment for field application [106].
Also, advanced applications with EPNs can be accomplished through strain improve-
ment or enhanced levels of various beneficial traits of EPN such as environmental tol-
erance, pathogenicity and progeny production capacity. Species discovery or genetic
enhancement via selection, hybridization or molecular manipulation enhances ento-
mopathogenic nematode application [9, 107].

4.2 Nematode Applications

There are many studies on nematodes utilization against insect pests in different
crops, vegetables and fruit orchards. Here we present some studies performed using
EPNs against some insect pests in different crop systems.

4.2.1 Apple

Sammour and Saleh [96] conducted a laboratory and field experiments to study
the compatibility between two Egyptian entomopathogenic nematodes,Heterorhab-
ditis bacteriophora (S1) and Steinernema carpocapsae (S2) and two well known
organophosphate insecticides (Cidial 50% EC and Basudine 60% EC) to control
Zeuzera pyrina larvae in fasting apple trees.

4.2.2 Sugarbeet

Saleh et al. [108] applied EPNs on sugar beet crop infested with larvae, pupae, and
adults of the sugar beet beetle Cassida vittata. They applied S. carpocapsae at a
concentration of 1000 IJs/mL. Within one week, the results were 65, 92, and 57.3%
mortality in larvae, pupae, and the adults, respectively. Also, Saleh et al. [109] used
entomopathogenic nematodes (EPNs) for the biological control of the sugar beet
fly Pegomyia mixta in Egypt. They applied S. feltiae or H. bacteriophora against P.
mixta on Sugar beet plants in field bioassay. The results were respectively 81.3 or
75.9% reduction in the larval population.
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4.2.3 Peach

Saleh et al. [110] studied the efficacy of the new isolate Heterorhabditis marelatus
D1 from Egypt against the peach fruit fly, Bactrocera zonata (Saunders). When the
new isolate applied to the soil, resulted over 77% of B. zonata adults emerged from
their pupae within 48 h after emergence.

4.2.4 Potato

Moawad et al. [111] studied treatments of EPNs S. carpocapsae andH. bacteriophora
for the biological control of the potato tuber moth, Phthorimaea operculella (Zell.)
infesting potato tubers in the soil. Their work included protective (against insects
outside the tubers) and curative (against insects inside the tubers). In the protective
treatments the nematodes decreased up to 100% of the pest population.

4.2.5 Maize

Saleh and El-Kifl [112] applied H. bacteriophora on the hibernating larvae of corn
borer, Ostrinia nubilalis inside their tunnels in stored corn stalks. They found that
the nematodes were able to kill the hibernating larvae inside their tunnels.

Saleh et al. [113] treatedH. taysearae andH. bacteriophora on corn plants infested
with Sesamia cretica larvae. Within one week, the applied nematode species resulted
67.8 and 40.6% larval mortality, respectively. El-Wakeil and Hussein [114] evaluated
the efficacy of two EPN species against Sesamia cretica larvae infesting corn hearts.
One week post sprayingH. bacteriophora and S. carpocapsae, the results were 97%
and 100% larval mortality, respectively. After two weeks, the larval mortality was
100% due to both EPN species.

4.2.6 Date Palm

Saleh et al. [115] applied the nematodes on soil around the palm trunks targeting the
adults of red palmweevil,Rhynchophorus ferrugineus in soil or the pupae inside their
cocoons aggregated in the palm leaf petioles (Fig. 7). The applications of H. bac-
teriophora, H. indica, and S. carpocapsae caused mortality in pre-pupae and pupae
inside their cocoons reached 98.3%, 90.4%, and 60.3%, respectively. Steinernema
or Heterorhabditis on soil resulted up to 90% mortality in the insect adults.

5 Conclusion

Entomopathogenic nematodes are important biological control agents against soil
pests as well as plant-boring pests. Nematodes have been commercially developed
by several companies in North America, Europe and Australia and for the control of
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Fig. 7 Nematodes application on soil around the palm trunks targeting the adults of red palm
weevil, Rhynchophorus ferrugineus

a vast range of pests. Progress in developing large-scale production and application
technology has led to the expanded use of EPNs. In vivo nematode production is
the suitable technique for niche markets and small-scale field-testing. This method
requires the least capital outlay and the least amount of technological proficiency,
but is blocked by the costs of insect host media. Thus, producing the insect hosts
“in-house” in low-cost culture and mechanizing the process is a must for large scale
production of EPNs especially in a developing country like Egypt. Also, technical
enhancement and reducing the cost of the ingredients of the artificial media will
develop efficiency and large-scale production of in vitro solid culture. Also, EPNs
have been commercially produced by numerous companies in large liquid fermen-
tation tanks in different industrialized countries. However, this technique requires
greater funds investment and an advanced level of technical proficiency. There are
different biotic and abiotic factors can affect efficiency of EPN application. Nema-
todes can be suppressed a diversity of economically significant insect pests.

Our case study deals with the biological control of beet fly Pegomyia mixta,
the most significant pest of strategic crop of sugar industry in Egypt, using different
species of entomopathogenic nematodes.All tested nematodes killed the larvae inside
theirmines in the sugar beet leaves and pupae in the soil and developed in their bodies.
In Egypt, as in many other parts of the world, the peach fruit fly, Bactrocera zonata
has ever been considered a major orchard pest attacking several fruits. A particularly
inviting approach to selective control employs EPNs that enter into the host through
its mouth opening, spiracles and anus and kill their hosts through the association
with their bacteria when auspiciously applied on both guava fruits infested with B.
zonata eggs and the soil under these fruits or spraying soil containing old pupae
of this pest. The potato tuber moth (PTM), Phthorimaea operculella is one of the
more serious potato pests in the world. Our work indicated that an integrated control
program includingEPNswould be valuable against the PTM immature stages outside
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or inside the potato tubers and may reduce the reliance on chemical insecticides in
controlling the PTM. Formulation of nematodes is destined to develop absorption,
storage stability, activity, delivery and ease-of-use. Application of nematodes for
above ground pests is an advance in the field of bio-insecticides. Our work adds
evidence that some formulation adjuvants are valuable in improvingfield efficiencyof
EPNs in controlling the larvae of the cotton leaf worm Spodoptera littoralis infesting
leaves of corn seedlings.

6 Future Prospects

Additional technological advancements are desired to expand and develop themarket
potential of the nematode-based biopesticides. Recent progress in mass production
involves using cheap materials for the nutrient diets of the insect host of in vivo tech-
nique and also economic solid media for in vitro production. Isolation of additional
species and selective breeding are required for proper classification, for biodiversity
studies. This will also contribute to enhance the economic value of EPNs in biologi-
cal control. Improved efficiency in nematode applications can be supported through
improved formulation. Recently, the trend towards improving the aboveground appli-
cation of nematodes, e.g., mixing EPNs with a polymer and surfactants to increase
leaf coverage. Also, efficacy of EPNs can be increased through improved application
equipments, e.g., optimizing spray systems (e.g., nozzles, pumps, spray distribution)
for increased nematode dispersion and survival. Advanced EPN applications can
also be accomplished through strain enhancement. Enhanced strains may possess
different valuable traits such as reproductive capacity and environmental tolerance.
Genetic enhancement via selection, hybridization ormolecularmanipulation is away
to improve applications of nematodes.
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Insect Viruses as Biocontrol Agents:
Challenges and Opportunities

Adly M. M. Abd-Alla, Irene K. Meki and Güler Demirbas-Uzel

Abstract Insect viruses were isolated from many insect pests from different fami-
lies to represent a potential alternative for chemical pesticides. Viruses from families
baculoviruses, cypoviruses, and densoviruses have been registered as biological con-
trol agents. Insect viruses are considered effective and environmental-friendly which
may contribute to the achievement of sustainable agriculture goals through providing
a suitable alternative to the chemical insecticides which have negative impacts on
the environment and to the non-target organisms. However, the application of insect
viruses as bio-control agents also have certain limitations. These include their slow
action to their target, narrow host range, problems associated with the large-scale
production and the development of insect host resistance against certain viruses.
This chapter will discuss the challenges and the prospective use of insect viruses as
biological control agents.

Keywords Insect viruses · Field application · Challenges and opportunities

1 Introduction

Insect viruses as biological control agent represent an important component in the
integrated pest management (IPM) programs, mainly because it is specific and safe
for the environment and compatible with the other integrated pest management com-
ponents. Under certain situations Insect viruses cause epizootics in the field which
provide added control of pests in nature.As insect viruses, i.e. baculoviruses are active
in controlling early larval stage of lepidopteran insects, other IPM components such
as chemical pesticides can be used to control late larval instars and entomopathogenic
nematodes can target pupal stages under ground while mating disruption pheromone
can be used to reduce mating in adult stages. Insect viruses were isolated from insect
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from different insect order such as Lepidoptera, Diptera, Orthoptera and Coleoptera
[1–3].

This chapter will cover the following topics; the first part will focuss on the
history of insect viruses as biocontrol agents for economic pests, followed by a
discussion on the large scale production and commercialization of insect viruses
with some examples. Thereafter, the emergence of resistance development and strain
composition as challenges for insect viruses will be discussed with highlights on the
recent reports in this field. Later the future and perspectives for the use of insect
viruses as biocontrol agent will be summarized.

2 History for Insect Viruses as Biocontrol for Economic
Pests

Pest management is an important part of both agricultural and forestry production
system. In the past, as standard control measure chemicals were used. However, cur-
rently due to the negative impact of the chemical pesticides on the environment and
the non-target organism and the increase in public concern to these effects, other
methods, such as biological control approaches are becoming a viable option for the
use of chemicals [4]. Biological control agents are living organisms that interfere
with the productivity of other living organisms. In terms of biotechnology, biolog-
ical control agents are used by human beings for the protection of resources that
they want [5]. Biological control agents are composed of a wide range of organisms
fromvertebrates, insects, mites, plants, fungi, bacteria and viruses. Biological control
programs have been successfully used to control noxious weeds, plant pathogens,
invertebrate, and vertebrate pests [6]. The production, deployment, and the establish-
ment of biological control agents are crucial parameters in determining the success
of these agents for pest management. In addition, the latest improvement in genetic
engineering has incorporated some biological control agents into the genomes of
crops [7–9].

2.1 Biological Control of Insect, Mites and Nematode Pests

The reason why biological control has been used is to develop new, alternative,
and environmentally friendly control agents. For instance, some insect viruses are
promising candidates due to their inherent characteristics that appear among the
promising candidates. Today, five groups of pathogens containing bacteria, viruses,
protozoa, and nematodes are being used for control of insect pests. The microbial
agents like viruses, bacteria, fungi and entomopathogenic nematodeswere developed
as biological control agents for a wide variety of arthropod pests [6, 10].
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A variety of insect, mite and nematode pest control agents have been used as bio-
control. Reported examples are predators that feed on pests, parasitoids that lay eggs
that grow in the pest and later kill it, parasites that weaken the pest and pathogens
that infect and kill their pest host [11]. The most common form of the biological
control method is the classical one whereby exotic natural enemies are introduced
to control the exotic pests [12]. Three hundred million hectares of land (8% of agri-
cultural land) is used for traditional biological control. During the last 120 years,
nearly 2000 species of exotic arthropod agents have been announced as arthropod
pests in 196 countries or islands. More than 170 species are commercially avail-
able for pest control [13]. For instance, Rodolia cardinalis, the vedalia ladybird
beetle is used as a biological control agent against the insect pest cottony cushion
scale, on commercial citrus in California which was one of the first large-scale suc-
cesses. Since then, the Vedalia beetle has now been controlling cotton cushion scale
for over 100 years in more than 50 countries. Insect-specific viruses such as bac-
uloviruses, have been extracted, assessed and mass-produced for use against codling
moth in apple orchards. So far, the best outcome for management of codling moth
occurs when virus applications are combined with mating disruption. Parasitic wasp
(Hymenoptera: Encyrtidae) is also used as a biocontrol agent in orchards [14].

2.2 Biocontrol of Vertebrate Pests

Biological control technology has also been used against vertebrate pests (rabbits,
rats, etc.) and veterinary and medical pests (nuisances, parasites, and diseases). For
instance, the myxoma virus (Leporipoxvirus, Poxviridae) which causes myxomato-
sis, was introduced into Australia and spread rapidly throughout and reduced the
rabbit population around 75–95% in 1950. In Australia, mosquitos were the main
carriers for spreading the virus among rabbits. Finally, the rabbits developed immu-
nity to the virus with virulence decreasing to 50%. [15]. In 1995, a new virus, rabbit
hemorrhagic disease (RHD) was established on the mainland of Australia, and rat
mortality again decreased to 50–90% specifically in the dry regions. Flies, mosquitos
and rabbit fleas were the main vectors. In the temperate areas, rabbit populations
returned to pre-RHD levels [15]. The use of viral pathogens led to a dramatic decline
at the beginning, however vertebrate pests eventually developed varying degrees of
genetic resistance. In addition, the use of microbes has been directed against human
beings in times of war through direct application of the agents or using intermediary
vectors such as insects to spread disease [16].

2.3 Viruses as Biological Control Agents

Insect viruses are obligate disease-causing organisms that could solely reproduce
within a host insect. In the frame of integrated pest management program, viruses
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are the agents that provide the most safe, efficient and sustainable control method of
insect pests. Some of the insect viruses are registered and produced as commercial
products. However other viruses are naturally occurring, and they might even initiate
an outbreak without any trigger or by unknown triggers especially for fruit fly pests
[17]. Virus diseases were reported from more than 800 species of insects and mites.
The family baculoviridae composes the most common and widely studied group of
pathogenic viruses of insects. Baculoviruses are invertebrate-specific pathogens that
in some cases were developed as biopesticides for the control of insects particularly
species of the Lepidoptera [18].

Baculoviruses and cypoviruses (cytoplasmic polyhedrosis virus groups) have
some biological properties which lead to their successful use as microbial control
agents in integrated pest management programs such as, having protective occlusion
bodies (polyhedra)which protect and increase the sustainability of these viruses. Bac-
uloviruses generate two different phenotypes in their replicative cycle: the occlusion-
derived virus (ODV) needed to spread the infection between larvae, and the budded
virus (BV) needed for the dissemination of the infection within the host [19]. They
are restricted to a single type of insect and extremely unambiguous for their host
range systems. Numerous virus types have been determined among the members of
arthropod species.

Research on insect virus in China recorded that more than 200 insect viruses
isolates from several virus families like Baculoviridae, Reoviridae, Densovirinae,
and Entomopoxvirinae can cause epizootics in natural populations of insects [7].
Some viruses are registered and commercially available, but their selectivity and
small potentialmarketmight restrict their industrial interest. However, improvements
in virus production, formulation and a better understanding of virus epizootiology
should shed light to their enhanced role for this group of insect pathogens to become
largely used as biological control. As microbial control agents, baculoviruses (nucle-
opolyhedroviruses and granuloviruses) are the most widely preferred and utilized [2,
20, 21]. The viruses are usually transmitted per os and gain access to host tissues
via the midgut where the OBs that surrounded the virus rods are softened. In addi-
tion to baculoviruses, viruses from crypoviruses and densoviruses are registered as
biological control agents in China. Recently nudiviruses such as the virus ofOryctes
rhinoceros L. has been reported as the most successfully used non-occluded virus.
Viruses comprise most of the host-specific entomopathogens, but their main draw-
backs are the requirements for invivo production and their sensitivity to ultra-violet
degradation.

2.4 Virus Discovery and Detection

Invertebrate pathology is a recently organized discipline, but its roots can be traced
to ancient history concerning solutions for preventing disease in honey bees and silk-
worms [22, 23]. The use of microorganisms for control of insect pests was suggested
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by Basi, Louis Pasteur, and Elie Metchnikoff [22, 24]. The use of fungi as micro-
bial control agents was suggested by several researchers in the late 19th century.
It was not until the development of the bacterium Bacillus thuringiensis Berliner
that the use of microbes for the control of insects became extensive. Today, plenty
of entomopathogens are used for the control of invertebrate pests in a glass house,
row crops orchards, ornamentals, range turf, lawn, stored products, forestry, for the
abatement of pest and vector insects of veterinary and medical importance [25–27].
Similar to other natural enemies, insect pathogens could be used as a natural control
way of the targeted populations. Most of the epizootics are naturally occurring due
to viral and fungal pathogens that are responsible for spectacular crashes of insect
pest populations [28].

Virus infection begins in the insect’s digestive system but spreads throughout the
whole body of the host in fatal infections. The body tissues of virus-killed insects are
almost completely converted into virus particles. The digestive system is among the
last internal organ system to be destroyed, and therefore the infected insects usually
continue to feed until they die. Infected insects appear normal until just before their
death when they tend to darken in color and move slowly. They often develop slow
than uninfected individuals [29–31].Most virus-infected insects diewhile attached to
the plant on which they feed. Virus-killed insects break open and disseminate virus
particles into the environment. These virus particles can infect new insect hosts.
Because of the damage of the inner tissues, dead insects often have a “melted” look.
The contents of a dead insect can range from milky-white to dark brown or black.
While natural virus outbreaks tend to be localized, virus particles can be spread by
the movement of infected insects, or the predators such as other insects or birds that
come into contact with the infected insects, or non-biological factors like water run-
off, rain-splash or air-borne soil particles. Many virus-infected insects also climb to
higher positions on their host plant before they die, which maximizes the spread of
virus particles after the insect dies and disintegrates. The number of virus infection
cycles within a growing season depends heavily on the insect’s life cycle. Insect
pests with multiple generations per season or longer life cycles can be more heavily
impacted by virus outbreaks since there is a greater opportunity for multiple virus
infection cycles within a growing season [32].

2.5 Virus Group Used as Biological Control

The major groups of insect viruses that might be used as biocontrol agents for eco-
nomic pests are presented in the table below (Table 1).

At least 11 groups of viruses, including the Baculoviridae, Reoviridae, Poxviri-
dae, and the Iridoviridae, are known to cause diseases in insects [33]. Baculoviri-
dae are confined to arthropods; replicating in Lepidoptera (butterflies and moths),
Hymenoptera (wasp), Diptera (flies), Coleoptera (beetles), Neuroptera (lacewings),
Arachnida (spiders) and Crustacea (prawns and shrimps) [34]. In other groups of
viruses, some members are also pathogenic to vertebrates and/or plants [35]. Only
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one insect-pathogenic virusNodamura virus (family: Nodaviridae) is known to infect
a vertebrate and an insect and is transmissible to sucklingmice byAedes aegypti [36].
Most of the research and developments of viral bioinsecticides activities are focused
on Baculoviridae due to its safety and the large number of viruses isolated from
economic pests. Baculoviruses include over 1690 viruses that have been recorded
from more than 1100 species of insects and mites [37, 38]. Of these, three fami-
lies (Baculoviridae, Polydnaviridae, Ascoviridae) are specific to insects and related
arthropods. The baculoviruses are the most widely exploited virus group for biocon-
trol: they are very different from viruses that infect vertebrates and are considered
safe to be used as biopesticides.

The mode of pathogenesis and replication of entomopathogenic viruses vary
according to the family, but the infection nearly always occurs through ingestion
by the host. Virions then bind to receptors in the gut and penetrate epithelial cells
and initiate infection. In baculoviruses, the infection often spreads to the hemocoel
and then to essential organs and tissues, particularly fat bodies. Acute infections
lead to host death in 5–14 days. There are two genera of baculoviruses: nucleopoly-
hedroviruses (NPV) and granuloviruses (GV). The host range of baculoviruses is
restricted to the order, and usually the family of origin of the host. The commercial
production for baculoviruses as biopesticides are considered to present a minimum
risk to people andwildlife.Mass production of baculoviruses can only be done in vivo
but it is economically viable only for larger hosts such as Lepidoptera, and the formu-
lation and application are straightforward [37]. Currently, there are approximately 16
biopesticides based on baculoviruses presented for use or under development. The
majority of these products are targeted against Lepidoptera. For example, codling
moth granulovirus, CpGV (Cydia pomonella Granulovirus) is an effective biopesti-
cide of codling moth caterpillar, pests of apples [39].

The baculovirus virions are enveloped rod-shaped nucleocapsids comprising
circular, supercoiled, double-stranded DNA. The virions of GVs are individually
occluded in a protein matrix (granulin). In the NPVs single enveloped (SNPV) or
multiple enveloped (MNPV) virions are occluded in a protein matrix (polyhedrin).
The occlusion bodies or polyhedra are dissolved in the alkaline environment of the
host’s insect midgut after being absorbed by the host. The free virions enter the gut
epithelial cells and replicate in the nuclei. Non-occluded virus particles that are bud-
ded from the gut cells into the hemocoel attack other tissues (fat, tracheal matrix,
hypodermis, etc.) within the host. Virus particles that are occluded within polyhe-
dra are generally the infective inoculum for subsequent hosts. Part of baculovirus
virions transmission may be facilitated by predators and ovipositing parasitoids via
mechanical transmission [28, 35].

As with other biocontrol agents, there are three basic strategies for the use of ento-
mopathogenic viruses as microbial agents, which include inoculation, augmentation,
and conservation. In most crops the use of viral pathogens of insects is intentive and
does not use their full epizootic potential, but take the advantage of their virulence
and specificity [33]. Baculoviruses registered for use or under development for insect
pest control are presented in Table 2.
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Table 2 Baculoviruses registered for use or under development for control of insect pests in agroe-
cosystems, stored products, and forestry

Virus Target insect Crop Commercial
product

Country Reference

Anticarsia
gemmatalis
NPV

The velvet
bean
caterpillar

Soybeans Brazil,
Paraguay

[52]

Cydia
pomonella
(CpGV)

The codling
moth

Pear and
apple

Cyd-X and
VirosoftCP4
in North
America and
in Europe
include Car-
povirusine™
(France),
Madex™ and
Granupom™
(Switzer-
land),
Granusal™
(Germany),
and
Virin-CyAP

North
America and
Europe

[53]

Helicoverpa
armigera
NPV

The cotton
bollworm,
corn
earworm,
tobacco
budworm
budworms,
corn earworm

Cotton, Row
Crops

Gemstar LC
(Certis USA)

China, USA [54]

Mamestra
brassicae
NPV

Cabbage
moth

Vegetables China

Autographa
californica
NPV

Beet
armyworm
Alfalfa looper
and several
other
lepidopteran
species

Vegetables China [55]

Spodoptera
exigua NPV

Beet
armyworm

Vegetables Spod-X LC
(Certis USA)

China

Spodoptera
litura NPV

Cotton
leafworm

Vegetables China

(continued)
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Table 2 (continued)

Virus Target insect Crop Commercial
product

Country Reference

Plutella
xylostella GV

Diamondback
moth

Vegetables China

Trichoplusia
ni NPV

Cabbage
looper

Vegetables [56]

Adapted from [7]

3 Large Scale Production and Commercialization of Insect
Viruses

Baculoviruses have been isolated from more than 500 host species, with most of
them from nucleopolyhedroviruses; 456 in Lepidoptera, 30 in Hymenoptera and 27
viruses in Diptera. Granuloviruses are specific to Lepidoptera with 148 reported
cases [39]. The use of insect viruses as biological control agents for insect pests was
mainly focused on baculoviruses, one cypovirus (CPV) and one densovirus which
have been registered as commercial bioinsecticides in China [7, 8].

There have been many reviews on the development of baculoviruses that are
currently registered and used to control insects on large scale. Some of these viruses
are listed in Table 1. Based on the treated area, three viruses are the most used ones
and are reviewed by Rohrman [40]. In brief, the NPV of the velvet bean caterpillar
Anticarsia gemmatalis isolated in 1977 inBrazil became themost successful example
of a virus used as a biological pesticide with more than 2 million ha treated area per
year in 2006, providing effective and safe control of larvae of the key crop defoliator
of soybean fields [21, 41, 42]. The second most widely used viral pesticide is the
granulovirus of the codling moth, Cydia pomonella (CpGV) in many countries in
North America and Europe since 2000 for the control of the insect on pear and apple
crops. The virus was isolated in Mexico in 1963 [43] and it is currently produced
under many commercial products in different countries (see Table 1). The third
most widely used viral biopesticide is the NPV of the cotton bollworm, Helicoverpa
armigera isolated in china in 1976, and was commercially produced as biopesticide
in 1993 to control this pest. In 2005, the production of this biopesticide was around
1600 tons of infected insect [7, 8, 40]. In addition to these examples many other
viral products are currently being used as biological control, some of them are list
in Table 1.

3.1 Method for the Large-Scale Production of Viral Pesticides

Insect viruses are obligate pathogens and so far, cannot be produced outside the host
cells. Therefore, the most commonmethod for the virus production is in vivo through
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infecting the host insect in the production facility or in field by using the host insect
cell line for the virus production.

3.1.1 Virus Production by Infecting Insect Host in Production Facilities

Most of the viral biopesticides are produced through infection the insect host in
production facilities such as the production of CpGV and HearMNPV. This method
requires the establishment of large-scale rearing facility of the insect host and infec-
tion of the susceptible stage (larvae) at relatively later stage with optimized virus
concentration and ensuring the production of the highest viral production. The main-
tenance of mass production facility of the insect host requires the implementation
strict hygiene measures to avoid accidental pathogen infection in the insect colony.
In most cases, two separate production lines should be maintained, healthy colony
and viral production line. This method is mainly suitable for insect host with biology
enabling the economic mass-rearing.

3.1.2 Virus Production by Collecting Infected Larvae from Treated
Filed

In some cases where the mass rearing of the host is not economically feasible or
the production of the virus through infecting the host is not enough; collecting the
infected larvae from the field remain the suitable option. This method was used
in Brazil to produce the NPV of the velvet bean caterpillar, Anticarsia gemmatalis
when the laboratory production was not found to be economically viable. In this case
the virus production was carried out in farmers’ fields. Plots of soybeans that were
naturally infested with A. gemmatalis were sprayed with virus and then the dead
larvae were collected 8–10 days after virus application. In this method, the major
problem is that the virus production will depend on the natural host, prevalence and
consequently the cost of the collection. In Brazil, individuals were able to collect
about 1.8 kg of larvae/day at a cost in the mid-1990s of about $15. However, the
viral production varied in the 1990s from enough virus to treat 650,000 to 1.7 million
ha/year. By 1999, the production of virus was not sufficient to meet the demand [40].

3.1.3 Virus Production in Insect Host Cell Line

Due to the various challenges associated with the production of baculoviruses as
biopesticides in infected larvae system such as the high cost and the unexpected
failure in the healthy colony, the production of the viruses under fully controlled
system such as insect cell line became an option to meet the market requirement.
The cell culture growing in suspension that display a doubling time of 24 h or less
and can be scaled up to 10,000 L in airlift or stirred tank bioreactors represent a
feasible option for the virus large scale production. In some cases, the viral host is
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not feasible for mass-rearing and there is no cell line available for production of
the virus and therefore an alternative host cell line such as the production of the
nonoccluded Oryctes nudivirus, OrNV, using an adherent coleopteran cell line are
used [44].

There are several cell culture systems that have received attention for their ability
to produce insect viruses in large scale such as the Heliothes zea (HzAMI) cell line
to produceHelicoverpa armigera nucleopolyhedrovirus (HearNPV), the Spodoptera
frugiperda SF9 cell line to produce S. frugiperda multicapsid nucleopolyhedrovirus
SfMNPV and the Anticarsia gemmatalis cell line to produce Anticarsia gemmatalis
nucleopolyhedrovirus, AgMNPV [45–51]. However, managing problems related to
stability of the virus strains in culture, enhancing virus yields per cell through an
understanding of how the host cell responds to the infecting virus, and the devel-
opment of chemically defined media and feeds for the desired production systems
remains the main challenges for cell culture-based production of insecticidal viruses
[44]. In the above-mentioned examples, the virus production remains an option to
overcome the production cost problem. However, in the case of the production of the
non-occluded Oryctes nudivirus (OrNV) in the slow growing adherent coleopteran
cell line DSIR-HA-1179, it is mandatory to overcome limitations associated with
production of the virus in infected larvae. This system is well described by Reid
et al. [44].

4 Resistance Development and Strain Composition
as Challenges for Insect Viruses

As stated previously in this chapter, baculoviruses are among the insect viruses that
are regarded safe for use as biological control agents due to their host-specificity
and therefore, in this chapter they have been used as examples. Their efficient use as
biological control agents is determined by the interaction of the virus and the insect-
host in the field. Themost important requirement for a successful control is the correct
virus dosage to mortality ratio of an insect pest. This ratio changes with time due to
circumstances in the field that lead to insect resistance to baculoviruses thus affecting
the efficiency of the virus as a control measure. Different insect populations present
variable responses to particular virus infections as well as a considerable variability
in individual insect responses to different virus dosage. There are three main factors
that determine the response of an insect to virus infection which contribute to the
resistance development. These are categorised into the developmental, environmental
and genetic, with each of them influencing the expression of insect resistance to
baculoviruses. The developmental and environmental factors mostly lead to short-
term resistance while the genetic factors mainly affect the long-term expression of
resistance. This section of the chapter will discuss the mechanisms of resistance
development in insects to baculoviruses and how the interplay between these factors
influence the application of baculoviruses as biocontrol agents.
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4.1 Mechanisms of Resistance Development

4.1.1 Developmental Factors

These are factors related to the growth and maturation of an insect through differ-
ent stages. The relationship between the age of an insect and its response to virus
infections has been reported in many insects such as Lymantria dispar and Helio-
this virescens resistance to baculovirus [57–59]. It has been demonstrated that the
resistance of an insect increases with larval age mainly due to the ability of an insect
host to renew midgut cells during larval development which allows the elimination
of the infected cells [60]. Further, as larval weight is related to developmental stage,
the increase in resistance is reported to be directly proportional to the weight of
the larvae. The increase in the larval weight reduces the surface-volume ratio of the
midgut of the larvae and therefore increase the probability of the virus particles to
pass through the midgut without attaching to the susceptible epithelial cells [60, 61].
Levy et al. [62] demonstrated increased resistant of Anticarsia gemmatalis larvae to
AgMNPVwhich was correlated to increasing thickness of the peritrophic membrane
(PM) which would protect the infection of the midgut cells. However, the presence
of stilbene-derived optical brighteners which interfere with the synthesis of chitin, (a
component of the PM), is known to reduce developmental resistance [63, 64]. Other
physiological changes related to larval age/weight such as increase in gut PH with
age are also known to affect an insect’s resistance to virus infection. Therefore, the
highest level of resistance is observed in the final-instar larvae just prior to pupation
which confirms the age-related resistance. Moreover, this has also been associated
with the shift in the balance of juvenile and molting hormones at the late instar
stage [65]. This resistance justifies the importance of early treatments when using
baculoviruses for pest control.

4.1.2 Environmental Factors

This involves the external influences that may trigger the insect defense mechanisms
and therefore lead to the expression of resistance. Environmental factors affect the
relationship between the virus and its insect-host, by acting either directly to the
virus and affect its prevalence in the field or directly on the insect and alter its
response to virus infection. This was initially evidenced in silk moth Bombyx mori,
whereby high viral infections were observed in B. mori larvae in autumn than in
spring [66]. These differences were associatedwith the quality of themulberry leaves
fed by the larvae due to changes in the sucrose, protein and cellulose levels in the
leaves. For instance, protein levels directly affect the antiviral and protease activity
of the larval digestive fluids while sucrose deficiency increases the uptake to the
virus by the midgut epithelial cells and hence increase their susceptibility to virus
infection. Physical factors such as temperature and light have also been shown to
influence insect resistance [61]. For example, high temperature treatments increase
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resistance levels of late-instar larvae to virus infections. In the case of light, the level
of resistance increases with the duration of larvae exposure to light, as reported for B.
mori larvae that were reared in constant darkness were found to be more susceptible
to virus infection than those reared in light [66]. This suggests that insects exposed
to abnormal environmental conditions are more susceptible to virus infections.

4.1.3 Genetic Factors

These are factors that influence gene expressions, therefore regulating the immune
defense mechanisms of an insect to virus infection. There are several genetic factors
that contribute to the variability in resistance development in insects. First, most of
the baculoviruses used as biological control agents are endemic since they have coe-
volved with their hosts. Due to this virus-host coevolution, particular host genes may
become fixed in a certain population to offer resistance to virus infections. Differ-
ences in susceptibility to baculovirus infections have been reported in geographically
distinct populations of the same species. Other studies investigating different bac-
ulovirus strains concluded that the resistance maybe influenced by a complex genetic
mechanism or by single autosomal genes (either dominant or recessive alleles). For
instance, resistance ofCydia pomonella (codlingmoth) toC. pomonella granulovirus
(CpGV) is restricted specifically to the CpGV-M genotype and not to other isolates
such as CpGV-I12 or CpGV-R5 [67, 68]. This resistance difference between the iso-
lates has been associated with a viral gene, pe38, which for instance allows CpGV-
R5 to replicate and not CpGV-M in resistant larvae [69]. In addition, the heredity of
CpGV-M resistance is described as monogenic and sex-linked, since heterozygous
and homozygous males showed different levels of resistance which could be as a
result of a gene dosage effect [67, 70, 71]. Second, studies on selection of resis-
tance genes within a population have shown that some individual insects possess a
resistance gene, however, this requires several generations under selection pressure
from the virus. For example, after selection against AgMNPV,Anticarsia gemmatalis
reverted to the original levels after a few generations without virus treatment [72,
73]. On the other hand,C. pomonella resistance to CpGV-M remained stable for over
30 generations without virus treatment [74]. The existence of viruses in latent forms
has also been shown to contribute to resistance, since they can be activated by several
stressors including other viruses or virus strains which are genetically variable and
subject to selection for changes in virulence.

4.2 Interplay Between Developmental, Environmental
and Genetic Factors to Resistance Development

The interaction between these three major factors contribute to resistance develop-
ment by affecting the insect’s defense mechanisms to viral attack. First, resistance
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to virus infection can develop at any stage of virus infection following the initial
viral attack. The most common route of baculoviruses entry is per os through the
midgut lumen followed by the attachment, entry and establishment of infection in the
midgut columnar cells and later the entry of virus particles into hemocoel to initiate
secondary infections. Although there are several defense mechanisms that can act at
any stage of the infection process, majority of the defences are activated during the
initial viral invasion which prevents successful entry of the virus to the susceptible
midgut cells. This contributes to resistance development to peroral infection and can
greatly be affected by the developmental factors. For example, one of the insect’s
defense mechanism against viral invasion involves discharge of infected midgut cells
into the gut lumen at each larval molting stage and their replacement with new cells.
In addition, this type of defense (discharge and regeneration of columnar cells) can
be influenced by genetic factors since in some insect populations, such as B. mori
infected with cytoplasmic polyhedrosis virus (CPV), the regenerated columnar cells
became re-infected while, Hyphantria cunea larvae infected with the BmCPV, the
regenerated cells became immune to subsequent infection [60, 75].

On the other hand, environmental factors can interact with both genetic and devel-
opmental factors and influence the initial defense mechanism; light can influence the
cell composition of the midgut epithelium, temperature can induce cellular discharge
while both light and nutrient levels can affect the synthesis of antiviral agents. Tem-
perature and photoperiod can affect the metabolic rates of an insect via hormone
production and affect the rate of virus infection. For example, in two populations of
Pieris brassicae larvae subjected to the same nutritional stress presented difference
in response to GV infection; one population showed increase in susceptibility while
the other showed resistance. This shows a correlation between the threemajor factors
affecting the expression of resistance in that, as an insect develops a high virus dose
is required to initiate a lethal infection, however, there are defense mechanisms that
exist to counterattack the infection which are genetically (host or viral) influenced
and may be subject to environmental stimuli [76].

The effects of the environmental factors in the field application appear to cause
small changes in response since they involve aspects of nutrition or climate that are
uncontrollable. Genetic factors are associated with the developmental factors which
mainly cause age-related resistance. The genetic factors are subject to selectionwhich
can affect long term procedures for baculovirus application since a relatively small
change in response could alter the cost effectiveness of viral control. For instance,
frequent application of baculoviruses at high dose can increase the risk of resistance
build-up by destabilizing any coevolved host-virus balance and therefore promote
spread of resistance. As stated earlier, the age-related (developmental) resistance
likely develops into resistant individuals than into susceptible ones. While the resis-
tance may develop in an early instar larva, the selection pressure is usually stronger if
late instar larvae were exposed to virus. Hence, in many cases the most cost-effective
method of baculoviruses application in the field is against the early larval instars of
the pests which reduces the risk of selection for increased resistance as well as early
protection to the crops [60, 65, 77].
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5 Future Perspectives for the Use of Insect Viruses
as Biocontrol Agent

The specificity and the production of secondary inoculum make baculoviruses and
other insect viruses attractive alternatives to chemicals insecticides and ideal com-
ponents of Insect Pest Management systems due to their lack of unwanted negative
effects on nontargeted beneficial insects including other biological control organ-
isms or any negative impact on the environment and the ecosystems [78–80]. In
addition, the use of insect viruses as bioinsecticides is compatible with many other
components of biological control agents such as insect predators and parasitoids or
other insect pathogens such as entomopathogenic bacteria or fungi in the frame of
integrated pest-management. In addition, the fact that insect viruses are unable to
infect mammals, including humans, makes them very safe to handle and attractive
candidates as alterative biopesticides to avoid the use of the harmful chemical pesti-
cides. However, despite the above-mentioned advantages, insect virus biopesticides
products still represent a small fraction of the insect pesticides market, mainly due to
certain limitations such as the narrow host range, the slow killing and loss of effect
due to the exposure to UV light in the sun and recently the development of resistance
in the host insect against the used viruses. Therefore, the future for the continuous
use of the insect viruses will depend on the success to overcome these limitations.

The narrow host range can be faced through the use of biopesticide composed
of virus mixture to increase the range of effectiveness of one product that can be
used against several pests which will increase the market value of such product. The
development of formulation which include protectant materials against UV could
increase the sustainability of the viral product that can tolerate the UV effect and
therefore increase the virus persistence [81, 82]. The use of recombinant bocaviruses
that include the deletion of virus genes that delay the virus killing (e.g. the deletion of
the ecdysteroid UDP-glucosyltransferase (egt) gene) or the expression of toxins that
accelerate the killing effect has been developed for some viruses. However there are
several challenges facing the large-scale production of these viruses as fast killing
of the host affect negatively the amount of produced virus from infected host [7–9].
Finally, the use of the correct virus (or amixture of virus) strains in the biopesticides to
overcome the development of resistant against the virus in the host population might
help to face the resistance challenges [68]. The success in facing the abomination
limitation will shape the future use of insect viruses as biopesticides to control the
major insect pests.
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Biological Control of Phyto-pathogenic
Bacteria

Hassan Abd-El-Khair

Abstract The pathogenic bacteria can attack many plants causing different symp-
toms include necrosis, tissue maceration, wilting and hyperplasia and resulting dis-
eases and damage to crops. The bacteria enter the host plant through natural openings
or wounds and then it colonized locally intercellular spaces and systematically the
vascular system of host. Virulence of bacterial pathogen was increased by increase
of bacterial metabolites production viz. enzymes, toxins and/or plant hormones often
under control of quorum sensing mechanisms. Application of effective chemicals or
resistance sources against bacterial plant diseases are limited because of copper com-
pounds may cause phytotoxic or rusting to plants as well as antibiotics application
has not enough disease control. Therefore, the biological control can be successfully
applied for crop protection against bacterial pathogens, where the biological control
depended on the use of natural enemies viz. bacteria, fungi and viruses which they
was common in any agricultural system.

Keywords Agricultural system · Pathogenic bacteria · Fungi · Bacteria ·
Biological control

1 Introduction

Phytopathogenic bacteria can be controlled by different methods such as cultural
practices, crops rotation, resistant varieties, soil sterilization, seed-disinfection, foliar
spray of copper and zinc compounds and hot water treatment [1, 2]. Application of
chemicals is generallymuch less successful for controlling bacterial diseases than the
fungal diseases. Applications of traditional bactericides such as copper compounds
are limit for controlling bacterial plant diseases, where their application may cause
phytotoxic or rusting. The accumulation of copper in the soil causes decline in plants
vigor; inhibited of others microflora and strains of bacteria may be become resistant
[2, 3]. The antibiotics, such as streptomycin sulphate, was applied for controlling
bacterial diseases, e.g. fire blight disease in pome fruits, black rot disease in cabbages,
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bacterial spot disease in peach, wildfire disease in tobacco, canker disease in citrus
and some diseases in ornamental plants, but not against crown gall byA. tumefaciens.
Application of antibiotics has not enough to control plant bacterial diseases may be
due to non-persistence, side phytotoxic effect, the highest costs and development of
resistance in bacterial populations as well as after few days of spraying, the antibiotic
in the content plants of antibiotic gradually decreased and necessary spray weekly
repeated [4, 5].

Therefore, the biological control may be one of the crop protection methods
which are relatively new for controlling bacterial plant pathology in the field. For
good biological controlling of the bacterial disease should knew the disease cycle,
where bacterial diseases develop rapidly when the environmental conditions were
conducive for disease development. Seed dressing or coating with a biological con-
trol agent as well as dipping the seedling in a bioagent suspension are the visible
methods to deliver a agent onto plant surface [6]. The biological control also can
be alternative tool for controlling of bacterial plant diseases; especially chemicals
couldn’t control the crown gall disease (Agrobacterium tumefaciens) and fire blight
disease (Erwinia amylovora). The biological control also occurs in nature, where
bio-control agents can be reduced the inoculums density of many plant pathogens
such as fungi, bacteria, virus, viroid and nematode. The natural products by biologi-
cal control agents also have led to the development of “biorational” pesticides, where
the biological agents have different mechanisms included; competition, antibiosis,
parasitism, plant growth stimulation and induce systemic resistance as well as it
considered as environmentally friendly measure [7, 8].

In this book chapter will indicate the common phytopathogenic bacterial species
able to cause plant diseases and focuses on new biological control approach by
showing the mechanisms of bio-control agents; the beneficial effects of common
bio-control agents and field application of biological control agents.

2 Phytopathogenic Bacteria

The phytopathogenic bacteria cause many several plant diseases throughout the
world. The common bacterial symptoms i.e. blights; spots on leaves or fruits, dead-
ening of tissue on leaves, stems or trunk of trees; soften on roots or tubers and galls
stems or crown roots [9, 10]. Survival of plant pathogenic bacteria can be occurred
in nature on plant debris, in or on seeds as well as in soils, where infected seeds or
any plant part can be sources of bacterial inoculums. Bacteria can be sucked into
the plants through stomata, hydathodes, lenticels, wounds formed on roots, stems
or leaves and through specific feeding placements of insects. Diagnosis of bacterial
diseases depends on characteristic symptomatology, infectious agents’ isolation and
physiological, biochemical or molecular characters [11, 12]. The phytopathogenic
bacteria are single-cell microorganism, in range of 1–2 µm in sizes and couldn’t see
with un-aided eye. All plants bacterial pathogenic are Gram-negative, short rod in
shape, singly or in pairs, except Streptomyces are filamentous and Corynebacterium



Biological Control of Phyto-pathogenic Bacteria 301

formed rod shape as Y or V shape. The pathogenic bacteria moved by the flagella
as well as it characterized by produce clear colonies on nutrient agar medium. The
bacterial colonies differed in their size, shape, form of edges, elevation and color.
Most of pathogenic bacteria are aerobic, while someone is anaerobic. Some bac-
teria produced a fluorescent pigments on the surface of king B agar medium, viz.
fluorescent pseudomonads, while other bacteria can produce characteristic volatile
compounds, as odor, in rotten potatoes such as soft rot Erwinia [13, 14]. The most
common plant bacterial pathogens will be presented in the following paragraphs.

2.1 Agrobacterium tumefaciens

Agrobacterium tumefaciens causes the crown galls disease [15] more than 140 plant
species of eudicots, especially viz. almond, apples, cherry, pears, peach, raspberry
and roses. It is rod-shaped and Gram-negative bacterium. The disease gains its name
from the larges galls which typically occur at the crown of the plants. The bacterial
cellular of A. tumefaciens can be saprophytically live up to two years in soils. The
galls bacteria chemotactical move into the sites of wounds and through host cells,
when a nearby is the wounds caused by insect feeding near of soil line, transplanting
injury and/or any other wounds [16, 17]. Insertion of small segments of DNA (as T-
DNAplasmid) into the plant cells, where it randomly incorporated at location into the
plants genome causes galls symptom. The resulting tissues are white and/or creamy
color and the plant cell may be having one or more nuclei. The tumors are formed on
the roots and/or stems of the plants by tissues continue to enlarge, depended on site of
original wounds. The bacterial cells are occupied in the intercellular spaces around
the periphery of galls, while it not found in center of enlarging tumors. Degradation
of the tumors release bacterial cells back into soil, where it carries away with soil
and/or water, or remains in soil for next season of growth [18–20].

2.2 Dickeya (dadantii and solani)

Dickeya genus isGram-negative bacterium in the family Enterobacteriaceae.Dickeya
is the resulted from re-classificay of 75 Pectobacterium (Erwinia) chrysanthemi
strains as a newly genus. Many species of Dickeya spp., viz. Dickeya dadantii are
plant bacterial pathogens. The families members are facultative anaerobic, sugars
fermentation to lactic acid, reductase nitrates, while not formed oxidases.D. dadantii
moved by a motile by peritrichous flagella, nonsporing, straight rod-shaped cell with
rounded ends.D. dadantii could cause plant disease symptoms viz. blights and soften,
where the bacteria produces a lot of pectinase enzymes could macerate and break
down the plantmaterials of cellwalls. Dickeya solani causes diseases of blacklegs and
soften to potatoes. The symptoms caused by bacterium are often indistinguishable
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about those caused by Pectobacterium. But the symptoms are the most virulent and
caused disease at low inoculum level [21–23].

2.3 Erwinia amylovora

A severe fire blight could affect apples, pears and some members of the family
Rosaceae [24]. It is Gram-negative bacterium in the family Enterobacteriaceae, rod
shaped and motile with peritrichous flagella. Pears are the most susceptible, than
other rosaceous plants [25, 26]. The name of fire blight disease because of the bac-
terium affects the pear branches have persistent the blackened leaves and the tree
appears as scorched by fire. E. amylovora also is greatly historical important to
phyto-bacteriologists, where it was the first bacterium demonstrated that the bac-
teria could cause plant diseases. The fire blight Symptoms were firstly recorded in
close orchard in New York City, and then the bacterium spreads westward and/or
across continents, during the 20th century. The bacterium is often found in a watery
polysaccharide matrix, called ooze as well as it produces characteristic colonies
(small, mucoid, domed, round and glistening). E. amylovora strains are having a
fermentative metabolism, oxidase negative and catalase positive [3, 5, 27–29].

2.4 Pectobacterium carotovorum and Pectobacterium
atrosepticum

Pectobacterium carotovorum (Pcc) is a Gram-negative bacterium in the family
Entero-bacteriaceae as a member of the genus Erwinia [30]. The species is a plant
pathogen with a diverse host range, including many agricultural plant species. It
produces pectolytic enzymes that hydrolyze pectin between individual plant cells.
Pectobacterium atrosepticum (Pca) is a species of Gram-negative bacterium of the
family Enterobacteriaceae. It is a plant pathogen causing blackleg of potato. Pcc
caused soften disease to several plant crops, while Pca caused the blackleg disease
to potatoes. The soft rot disease affects many cruciferous and other crops causing a
watery, soft, foul-smelling rot. Pca is found in temperate countries and in highland
areas in the tropics [29, 31–33].

2.5 Pseudomonas syringae Pathovars

Pseudomonas syringae is a member of the genus Pseudomonas. It is a rod-shape
and Gram-negative moved with polar flagella. The bacterium could infect wide
ranges of plant species and includes more than 50 bacterial pathovars. The syringae
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group gave negative reaction for oxidase and/or arginine dihydrolase and positive
reaction for levan production. Many bacterial strains could secrete the plant toxin
syringomycin (lipodepsinonapeptide) and produce fluorescene pigments on King’s
B medium due to product the siderophore pyoverdin [34]. Several pathovars of P.
syringae, i.e. P. syringae pv. aceris infect maple Acer species; P. syringae pv. actini-
diae infect kiwifruit; P. syringae pv. aptata infect beets; P. syringae pv. atrofaciens
and P. syringae pv. lapsa infect wheat; P. syringae pv. dysoxylis infect the kohekohe
tree; P. syringae pv. japonica infect barley; P. syringae pv. panici infect Panicum
grass species; P. syringae pv. papulans infect crabapple; P. syringae pv. phaseoli-
cola causes halo blight of beans; P. syringae pv. pisi infect peas; P. syringae pv.
syringae infect Syringa, Prunus and Phaseolus species, P. syringae pv. glycinea
infect soybean and P. syringae pv. delphinii [35–37].

2.6 Ralstonia solanacearum

R. solanacearum is soil borne bacterium, Gram-negative, an aerobic, nonspore form-
ing and moves by polar flagella. The bacterium causes bacterial wilts by colonizing
the xylem of ranges of plant species such as tomato, pepper, eggplant and Irish potato.
The bacterium usually enters the plant through wounds by swimming with flagella
and chemotaxically attracted toward exudates of roots. The pathogen also gets into
the xylems through natural openings. The bacterium is able to systematically move
and multiply within susceptible hosts, after invading, and then the wilts symptoms
was occurred. After extensive colonization by bacterium; the wilts symptom usually
occurs as the most visible pathogenic effect [38–40].

2.7 Xanthomonas oryzae

The genusXanthomonas is amember of the familyXanthomonadaceae. X. oryzae pv.
oryzae is Gram-negative and rod-shape. The bacterium could produce extracellular
polysaccharide and yellow soluble pigments (xanthomonadin). X. oryzae pv. oryzae
could cause blight disease to of rice, as the important rice disease, in many countries
such as Asia, Australia, Africa, Latin America, the Caribbean and the USA. The
disease symptoms firstly appear as pale to grey green on the leaves of young plants
and as water-soaked streaks near the leave tips or margins. The lesions coalesce and
then become yellowish-white with wavy edges. Then, the whole leaves may infect
and become whitish or grayish in color and then die. Systemic infection resulted as
wilts, desiccate of leaves and death in young rice transplants. The leaves of older
rice plants become yellowish and then die. The plants of rice plants may infect
with bacterium by rice seeds, stems or roots which left behind after harvest or by
alternative host weeds [41–43].
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2.8 Xanthomonas campestris Pathovars

Xanthomonas campestris pathovars are members in the genus Xanthomonas of the
family Xanthomonadaceaeis. The bacterium is a rod-shape and Gram-negative. The
bacterial species can cause varieties of plant diseases, includes black rot disease in
cruciferous and wilts disease in turfgrasses [44]. The pathovars of bacterium can be
classified based on the host plants into: Xanthomonas campestris pv. begoniae; X.
campestris pv. campestris; X. campestris pv. cannabis; X. campestris pv. carota; X.
campestris pv. corylina; X. campestris pv. graminis; X. campestris pv. glycines; X.
campestris pv. malvacearum; X. campestris pv. mori; X. campestris pv. pelargonii;
X. campestris pv. phaseoli; X. campestris pv. prunii; X. campestris pv. sesame, etc.
[45–47].

2.9 Xanthomonas axonopodis

The Xanthomonas genus currently contains about 20 of bacterial species includes
axonopodis. The axonopodis pathovars causes economic important diseases on sig-
nificance plant hosts. Xanthomonas axonopodis pv. manihotis could induce combi-
nation symptoms such as angular leaves lesions, blights, wilts, stems exudate and
stems canker [48]. The bacterial species indicate high specific degrees and some
species could split into multiple pathovars based on specific host. Xanthomonas
axonopodis subsp. citri causes important canker disease on citrus trees viz. lime,
oranges, lemons and pamelo. Xanthomonas axonopodis (syn. campestris) pv. vesi-
catoria (Xanthomonas euvesicatoria orXanthomonas perforans) causes the bacterial
leaf spot disease, where the infection with pathogen begin after transplanting and
this disease may lost the citrus yields. Xanthomonas axonopodis pv. punicae also
causes bacterial blights of pomegranate [47, 49].

2.10 Xylella fastidiosa

Xylella fastidiosa is an aerobic, Gram negative which it is transmitted exclusively
by xylem fluid feeding sap insects. The bacterium could cause economically loss
in many agricultural important plants, includes almond, blueberry, citrus, coffee,
grape, oleander, peach, plum causing economic serious diseases such as bacterial
leaf scorch (oleander and coffee), peach phony disease, grape Pierce’s disease and
variegated chlorosis disease of citrus.X. fastidiosa cause disease symptoms on plants
includes margins necrosis, leaves abscission, dieback, growth delayed in the spring
and decline of vigor become lead to death. For example; grapevine Pierce’s disease
causes leaves yellowing and then the leaves die. The disease leaves concentric zone
series of discolored tissues and fruit clusters which may be wilting and drying up.
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Citrus variegated chlorosis also could infect the commercial oranges. On the upper
side of leaves, the disease causes chlorotic areas with corresponding brown, while
on the lower side formed gummy lesions [50–52].

3 Mechanism of Biocontrol Agents

The biological control may be resulted from different interaction types among
microorganisms (Table 1). Understanding the mechanisms of the interactions
between biocontrol agents and pathogens may indicate the create conditions con-
ducive for successful or improvement of biological control strategies [53, 54]. Many
ofmicroorganismviz.Trichoderma spp.,Bacillus subtilis, Pseudomonas flourescens,
Erwinia herbicola, Bacillus thuringiensis and Agrobacterium radiobacter can be
widely used as bio-control agents against bacterial plant diseases. A. tumefaciens
biologically controlled when plant materials dipg in cells inculums of A. radiobacter

Table 1 Types of interspecies antagonisms leading to biological control of plant pathogens [58]

Type Mechanism Examples

Direct antagonism Hyperparasitism/predation Lytic/some non-lytic
mycoviruses
Ampelomyces quisqualis
Lysobacter enzymogenes
Pasteuria penetrans
Trichoderma virens

Mixed-path antagonism Antibiotics 2,4-diacetylphloroglucinol
Phenazines
Cyclic lipopeptides

Lytic enzymes Chitinases
Glucanases
Proteases

Unregulated waste products Ammonia
Carbon dioxide
Hydrogen cyanide

Physical/chemical interference Blockage of soil pores
Germination signals consumption
Molecular cross-talk confused

Indirect antagonism Competition Exudates/leachates consumption
Siderophore scavenging
Physical niche occupation

Induction of host resistance Contact with fungal cell walls
Detection of
pathogen-associated,
molecular patterns
Phytohormone-mediated
induction
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(K84 strain), while E. amylovora can be controlled by using E. herbicola, P. fluo-
rescens and avirulent strainsP. syringae [24].P. fluorescens gave promising inhibitory
effects against X. vesicatoria and Clavibacter michiganensis subsp. michiganensis
(bacterial cankers andwilts diseases of tomatoes, respectively) [55, 56].P. fluorescens
also can be considered as a biocontrol agent against bacterial wilt disease in potato
and tobacco and fire blight disease on peach and apple [57].

3.1 Antibiosis

Many microbes produce and secrete one or more compounds, such as low-molecular
weight compounds or antibiotics, which may have direction activities against other
microorganisms (Table 2). Antibiosis may play an important role for suppressing
the plant pathogenic bacteria. The biocontrol agents are able to produce volatile

Table 2 Some antibiotics produced by bio-control agents and their applied for controlling plant
diseases

Sources Antibiotics Plant disease References

Agrobacterium
radiobacter

Agrocin 84 Crown gall Kerr [67]

Bacillus
amyloliquefaciens
FZB42

Bacillomycin,
fengycin

Wilt Koumoutsi et al. [68]

Bacillus cereus
UW85

Zwittermicin A Damping-off Smith et al. [69]

Bacillus subtilis
AU195

Bacillomycin D Aflatoxin
contamination

Moyne et al. [70]

B. subtilis QST713 Iturin A Damping-off Kloepper et al. [71]

Bacillus subtilis
BBG100

Mycosubtilin Damping-off Leclere et al. [72]

Pantoea
agglomerans C9-1

Herbicolin Fire blight Sandra et al. [73]

Pseudomonas
fluorescens F113

2, 4-
diacetylphloroglucinol

Damping-off Shanahan et al. [74]

P. fluorescens 2-79
and 30-84

Phenazines Take-all Thomashow et al.
[75]

P. fluorescens Pf-5 Pyoluteorin,
pyrrolnitrin

Damping-off Howell and
Stipanovic [76]

Lysobacter sp strain
SB-K88

Xanthobaccin A Damping-off Islam et al. [77]

Trichoderma virens Gliotoxin Root rot Wilhite et al. [78]

Burkholderia cepacia Pyrrolnitrin,
pseudane

Damping-off and rice
blast

Homma et al. [79]
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antibiotics such as aldehydes, alcohols and ketones and hydrogen cyanide (HCN)
as well as nonvolatile antibiotics such as polyketides i.e. 2,4-diacetylphloroglucinol
(DAPG) and mupirocin; heterocyclic nitrogenous compounds, i.e. phenazine deriva-
tives: pyocyanin, phenazine-1-carboxylic acid (PCA) and hydroxyphenazines and
pyrrolnitrin (Prn) as phenylpyrrole antibiotic [59, 60]. Bacillus spp. produces vari-
eties of antibiotic lipopeptides e.g. bacillomycin, iturins, surfactin and Zwittermicin
A [61],Bacillus cereus (UW85 strain)was able to produce the antibiotic zwittermycin
and kanosamine [62]. The genetically engineering ofWCS358r strain (Pseudomonas
putida), produces DAPG and phenazine, highly suppresses the wheat take-all dis-
ease in the fields [63]. P. fluorescens (2–79 strain) has antagonistic affect against
take-all disease in wheat by producing a phenazine antibiotic. P. fluorescens (CHA0
strain) produces antibiotic substances including DAPG, hydrogen cyanide and pylo-
luteorin that able to suppress take-all disease in wheat. Among other bacteria, by
A. radiobacter (K84 strain) produce antibiotic agrocin K84 for bio-controlling of
crown gall caused by A. tumefaciens strains. Chaetomium globosum; Trichoderma
harzianum and Trichoderma spp. produce chaetomin; peptaibols and pyrones [64–
66].

3.2 Competition

The microbes could successfully colonize the phyllospheres and rhizospheres by
effective competition on the available nutrients, where nutrient competition has an
important role in disease suppression. Infectionwith plant pathogens occurs only after
stimulants by plant hosts, where the specific stimulant for germinating of pathogen
spores may be came from seeds germination or grown roots. The stimulantion factors
maybe including volatile components such as ethanol and acetaldehyde or fatty acids.
The competition on nutrients, in the rhizpshere, may occur when the biocontrol
agent could decrease the substances availability limiting the pathogen growth. The
competition on iron in alkaline soils, for example, becomes limiting factor for growth
microbes in this soil [80]. The fluorescent pseudomonads viz. P. fluorescens and P.
putida could produce special siderophores, which have very high affinity to iron,
becoming limited resource by others. P. putida when colonize the roots system was
able produce agglutinin (glycoprotein).P. fluorescens strains produced iron-chelating
salicylic acid, at low iron available, may induce systemic resistance againstFusarium
wilt disease in radish. The plant surfaces of plant hosts supply nutrients include plant
exudates, leachates or senesced tissues. The nutrients also may obtain from the waste
products of insects or from the soil [81–83].

3.3 Hyperparasitism

The hyperparasitism means that the pathogens are directly attack with specific bio-
control agent which could kill it or it propagule. The first stage of mycoparasitism
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is the chemotropic growth, where the biocontrol agent could grow toward the target
fungus. The second stage is recognition; include specific interaction between lectin
of pathogen or carbohydrate receptors on biocontrol agent surface. The third stage is
attachment by cell wall degradation such as chitinases and b-1, 3-glucanase [84]. The
final stage is penetration, where the biocontrol agent could produce structures like
appressoria for penetrating the cell wall of pathogenic fungus [85]. Many mycopara-
sites occur on a wide range of fungi which play an important role in disease control.
Trichoderma lignorum (Trichoderma viride) able to parasitize hyphae ofRhizoctonia
solani to control damping off of citrus seedling as well as other Trichoderma species
for controllingRhizoctonia bataticola andArmillaria mellea. Recently, T. harzianum
and T. hamatum marketed as wound dressings as decay inhibitors in ornamental and
forest trees Coniothyrium minitans and Sporidesm.

3.4 Cell-Wall Degrading Enzymes

Many bio-control agents produce extracellular hydrolytic enzymes that can interfere
with pathogen growth and activities. The biocontrol agents were able to produce the
lytic enzymes, which hydrolyze wide varieties of polymeric compounds, includes
chitins, celluloses, hemicelluloses and proteins. These enzymes secrete by microbes
resulted as suppression of activities of plant pathogens.Serratiamarcescens produces
chitinase, while Lysobacter andMyxobacteria produce lytic enzymes, where Chitins
and b-1, 3-glucan themajor constituent of cellularwall of fungi.P. fluorescens (CHA0
strain) produces antibiotics, siderophores and hydrogen cyanide. A chitinase (ChiA
strain) deficientmutant of S.marcescens inhibited elongation of fungal germ tube and
reduced Fusarium wilts of pea seedlings in greenhouse conditions. The transgenic
bacterium, when ChiA strain inserted into Escherichia coli, could reduce incidence
of Southern blights disease (Sclerotium rolfsii) in beans [86, 87].

3.5 Induction of Systemic Resistance

The inducible systemic acquired resistance (ISR) in plants can induce by plants
inoculation with necrogenic pathogen, non-pathogen, certain natural compounds
and synthetic chemicals. The defenses induction in plant hosts may be locally and/or
systemically in the nature, depend on the types, sources and amounts of stimulation.
The responses of defense may be include the physical thickens of cells wall by lig-
nification, callose deposition, low-molecular-weight substances accumulation (e.g.,
phytoalexins) or various proteins synthesis (e.g., chitinase, glucanase, peroxidase and
others pathogenesis-related (PR) proteins) [88, 89]. The first ISR pathway, mediated
by salicylic acid compound, can be produce by pathogens infection and leads to the
PR proteins expression. The second phenotype of ISR, mediated by jasmonic acid
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and/or ethylene, can be produce by application of some non-pathogenic rhizobac-
teria. This defense system can be resulted by plant growth-promoting rhizobacteria
(PGPR)which colonized the plants and effectively controlled plant diseases by induc-
ing ISR. These strains could colonize the plant roots resulted the control against
foliar plant diseases [90]. PGPR inoculation was effective for controlling angular
leaves spots disease (Pseudomonas syringae pv. lachrymans) and bacterial wilts
disease (Erwinia tracheiphila). The phytoalexins amounts were increased in inoc-
ulated plants, when inoculated with P. fluorescens (WCS417r strain), compared to
non-bacterized plants [91]. P. fluorescens (CHA96 strain) could induce PR-proteins
(e.g., endo-chitinase and b-1, 3-glucanases) in the intercellular fluid of plant leaves
[92]. The lipopolysaccharide with the Oantigenic side chain produced by P. fluo-
rescens (WCS374 strain strain) could induce systemic resistance in radishes against
Fusariumwilt disease [83].P. fluorescens (CHA0 strain) effectively controlledwheat
take-all disease (Gaeumannomyces graminis var. tritici). The CHA0 strain can pro-
duce metabolites that may stress the plant when the metabolites are delivered into
the plant cells [92].

4 The Beneficial Effect of Common Biocontrol Agents

4.1 Bacillus Species

Bacillus is a genus of spore-forming, Gram-positive and rod-shape. The genus Bacil-
lus was able to produce phytostimulation viz. cytokinins in the rhizosphere. B.
subtilis strain synthesise zeatin riboside-type cytokinins, dihydrozeatin-riboside and
isopentenyl-adenosine. The tissues of roots and shoots of lettuce plants, when inocu-
lated with Bacillus (Bacillus amyloliquefaciens and B. subtilis), contained a greater
amount of cytokinin. It has high levels of other plant hormones such as indolyl-3-
acetic acid and abscisic acid, than untreated plants. Bacillus megaterium was able to
reduce iron and make it available to the plant. The PGPR produced volatile organic
compounds including aldehydes, ketones and alcohols that responsible for inducing
root development. Other volatiles, such as 1-octen-3-ol and butyrolactone, might also
participate in this plant–bacteria interaction. The beneficial effect of PGPR is due
to a single compound or the synergistic activity of several compounds [72, 93, 94].
Strains of Bacilluswere able to synthesise lipopeptide-type compounds viz. lipopep-
tides from the fengycin, surfactin and iturin families which have effectively suppres-
sive against pathogens [95, 96]. Production of lipopetide antibiotic, by mutated B.
subtilis (M40 strain), has highly antagonistic effect than B. subtillus (wild strain)
against Erwinia carotovora var. carotovora [97]. Bacillus spp. viz. B. amyloliquefa-
ciens, B. cereus, B. subtilis, Bacillus pasteurii, Bacillus pumilus, Bacillus mycoides
or Bacillus sphaericus were able to induce ISR mechanisms, plant defence systems,
aganist various pathogens such as fungi, bacteria, viruses and nematodes [98]. B.
subtilis strain FB17 produces acetoin (3-hydroxy-2-butanone) that it is responsible
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for triggering ISR in plants. Bacillus volatile compounds that trigger ISR in plants
are dependent on ethylene and jasmonate pathways, but independent of salicylic acid
[71, 99].

4.2 Pseudomonas Species

Pseudomonas is a genus of non-spore-forming, Gram-negative and rod-shape. Pseu-
domonas is natural bio-control agent living in disease-suppressive soils and it’s able
to rapidly grow and good colonise, where the rhizosphere is a highly competitive
ecosystem for spaces and foods. Bacterium is able to produce various compounds
such as antibiotics, polysaccharides and siderophores. P. fluorescens (WCS417Rr
strain) plays an important role for root colonisation of tomato plants, or tissue penetra-
tion and aswell as living as endosymbionts.Pseudomonas synthesis the siderophores,
as important factor for the colonization of plant roots, especially under iron-limiting
conditions. The siderophores can prevent soil pathogens from iron uses, where it is
an essential element for growth of many micro-organisms. Pseudomonas protected
the potato plants by a good production of pseudobactin-type siderophores [8, 100,
101].

Pseudomonas strains are capable to synthesis a wide spectrum of antibiotics that
characterised by their suppressive activities against plant pathogens. Pseudomonas
synthesis several compounds such as Plt; PCA; DAPG; Prn; HCN and bacteri-
ocin [102]. The fluorescent Pseudomonas (CHAO strain) produces more than 10
compounds with pathogen biocontrol activity and plant-growth promotion, such as
DAPG, Plt, Prn, HCN, indoleacetic acid, salicylic acid, pyochelin and siderophores
[103]. Pseudomonas also induces systemic resistance in plants, where P. fluorescens
(EP1strain), P. putida (5-48 strain) and P. fluorescens can protect sugarcane, oak
and tomato plants against soil borne pathogens. Pseudomonas chlororaphis synthe-
sis the 2R, 3R-butanediol compound is responsible for triggering ISR in tobacco
plants. P. chlororaphis (O6 strain), similar to B. subtilis (GB03strain) induced sys-
temic resistance in plants by 2R, 3R-butanediol, where it played an important role
in plant–bacteria communication [104].

4.3 Trichoderma Species

Trichoderma spp. isworldwide occurrence and easily isolated fromsoil.Trichoderma
are rapid growth and production of numerous conidia that play an important role in
characterization this genus. Trichoderma spp. was able to parasitize on other fungi
and produce toxin. The mycoparasitism processes includes the coiling of pathogens
hyphae, penetrate and dissolute the cytoplasm of host. T. lignorum when compete
with R. solani on nutrient medium, the mycoparasitism mechanism is favored. T.
virens, produce a new antibiotic, highly inhibits Phytophthora species and Pythium
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ultimum [105]. Trichoderma species can compete for space and nutrients to grow
in the rhizosphere, where Trichoderma koningii strains are excellent root colonizers
against R. solani on cotton seedlings. Trichoderma species could inhibit the fungi
growth in vitro tests. The rootsegments treated with T. virens, soil heavily infestation
withMacrophomina phaseolina, only T. virens grows from the roots on agar medium
at room temperature [106].

Trichoderma species produce chitinases and/or glucanases enzymes which sup-
press the plant pathogen, where these enzymes breaking down the polysaccharides
and chitin of fungal cell walls. T. harzianum also was produced proteases, where
these enzymes break down hydrolytic enzymes into peptides or their constituents
of amino acids and reduced the act capacity on cells of plants [107]. Trichoderma
species can induce systemic resistance in inoculating roots of cucumber seedlings,
where spores of T. harzianum began the defense responses of plants in roots and
leaves of cucumber plants. The plant response was marked by an increase the perox-
idase and chitinase activities as well as increased the callose deposition in the inner
surfaces of cells wall. T. harzianum also induced pathogenesis-related proteins in
cucumber roots [108].

5 Field Application of Biological Control Agents

The successful applied biological control of different phytobacterial species will be
presented in the following subsections.

5.1 Agrobacterium tumefaciens

Control of pathogenicA. tumefaciens strains began thorough nursery stock,where the
pathogen infested soils must be planted by non-susceptible varieties of monocotyle-
donous crops, such as corn or wheat, for many years. Application ofA. radiobacter is
inexpensive and effective means for controlling the crown gall disease development
due to produce antibiotic agrocin 84 by A. radiobacter (K84 strain). The bacteriocin-
sensitive pathogenic strains were effectively controlled, but insensitive pathogenic
strains are not biological controlled [109]. Garrett [110] also revealed that crown
gall can be biological controlled by a bacteriocin of non-pathogen A. radiobacter
(84 strain) in the rhizosphere of susceptible plants. In vitro tests, the live cells of
strain 84 have inhibition effect aganist A. tumefaciens and inhibited the galls forma-
tion in cherry leaves scars. The dipping of the new rootstock in strain 84 inhibited
the crown gall in a field experiment. On the other hand, the heat-killed bacterial cells
had no effect. Application of A. radiobacter (K84 strain) also could protect young
Chrysanthemum plants against Agrobacterium pathogen. The trials indicated that
the efficiency of cuttings treatment by immerged in a suspension of strain K84, for
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controlling pathogen strains [111]. Non-pathogenic A. tumefaciens was successfully
applied as biological control agent against crown gall in grapevines [112].

The effectiveness of A. radiobacter strains i.e. K84, 0341 and non-agrocin-
producing mutant (K84 Agr) was applied for controlling of crown galls in stone fruit
rootstocks. Strains of K84 and 0341 could control crown galls on plum trees when
two A. tumefaciens strains (resistant to agrocin 84) inoculated in the soils. Strain K84
could control the disease on peach trees when strains of A. tumefaciens (sensitive or
resistant to agrocin 84) inoculated in the soils. The effectiveness of K84 strain was
higher against the sensitive strain. Strains of K84 and K84 Agr could control crown
galls on plum or peach tres in soil treated by A. tumefaciens (sensitive or resistant to
agrocin 84) strains [113]. Both strains K84 and K1026 of A. radiobacter controlled
the sensitive strains in peach seedlings. The K1026 strain-treated plants showed no
galls with resistant strains, while some galls notice in plants treated with K84 strain.
Agrobacteria, recovery of from galls, revealed that all bacterial isolates of controls
and K1026 strain or the most isolates of K84 strain-treated plants, showed the same
characteristics of inoculated strains in experiments with sensitive and resistant strains
[114, 115].

A. radiobacter (K84 strain), its genetically modified (GEM strain) and K1026
strain were tested for their effectiveness against local Tunisian strains (C58 and
B6 strains). Strain K84 was effective against all crown gall isolates in tomato and
tagetes, except of B6 strain. The strains GEM and K1026 were very effective against
all isolates. The antagonists more effectively controlled crown gall disease on bit-
ter almond-tree rootstocks, than quince BA29 and peach_almond GF677 rootstocks
under field conditions [116]. The bacterial strains of grapevine or K84 strain (A.
radiobacter biovar 2) suppressed the galls in stems of tomato seedlings, when inoc-
ulated withA. tumefaciens biovar 3. All A. radiobacter strains reduced incidence and
size of gall than pathogen only. Strain VAR03-1 reduced the galls formation and size
on roots of grapevines [117]. A nonpathogenicAgrobacterium vitis (VAR03-1 strain)
significantly reduced the tumors numbers and the severity of disease in grapevine,
rose and tomato when planted in soils infested with both A. vitis, Agrobacterium
rhizogenes and A. tumefaciens. Strain VAR03-1 and nonpathogenic A. rhizogenes
(K84 strain) had almost identical inhibitory effects on crown gall of rose and tomato.
The inhibitory effect of VAR03-1strain on grapevine was superior to K84strain as
well as VAR03-1strain greatly controlled crown galls due to A. vitis in grapevine
fields [118].

Isolates of A. radiobacter, i.e. UHFBA-8, UHFBA-11 and UHFBA-12, com-
pletely inhibited gall formation onto tomato stems by Agrocin production. Root dip
treatment of peach rootstocks with UHFBA-11 isolate has more reduction aganist
crown gall incidence than untreated. Isolate UHFBA-8, as roots dipping treatment,
reduced the crown galls incidence in cherry rootstock Colt, compared to untreated
plants.A. radiobacter isolate viz. UHFBA-8 and 11, as Rifampicin resistant mutants,
efficiently colonized the root system of peach and Colt throughout growing season.
A. radiobacter produced many mechanisms of biological control such as efficient
colonization of roots, binding and physical blockages of infection sites and agrocin
production [119]. B. megaterium, Pseudomonas asplenii, Pseudomonas fragi (two
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isolates), Pseudomonas viridilivd, Paenibacillus polymyxa,Curtobacterum sp.,Cur-
tobacterum sp. and Curtobacterium flaccumfaciens had inhibitory activity against
A. tumefaciens in vitro tests. C. flaccumfaciens highly reduced the crown gall inci-
dence in shoots of rose and leaves of kalanchoe, than galling in fruits of squash. P.
asplenii, P. viridilivd and P. polymyxa could reduce the crown galls incidence of in
leaves of kalanchoe and/or fruits of squash than rosees shoot. P. fragi isolates highly
reduced the galling in squash fruits than shoots of rose or leaves of kalanchoe. Isolate
B. megaterium could completely suppress the galls development in shoots of rose
[120].

5.2 Dickeya (dadantii and solani)

Dickeya spp. is necrotrophic bacteria that infect large numbers of economic plant
species [121]. Out of 1165 rhizobacteria, 18 antagonistic bacteria (Pseudomonas or
Bacillus) could inhibit the growth of Dickeya spp. and Pectobacterium spp. in vitro
tests. The most isolates suppressed maceration of potato tuber slices causing by Pec-
tobacterium spp. strains. Despite the poor efficacy was recorded againstDickeya spp.
on potato slices [122]. The bacteriophages, as Myoviridae or Siphoviridae family’s
members, inhibited the growth of D. dadantii strains (antibiotic resistant) in vitro.
No disease progression was detected inDickeya infected plants treated with bacterio-
phage. These results suggested that Dickeya strains can be the biological controlled
[123].

From successive screenings of 10,000 bacterial isolates, 58 strains (Pseudomonas
spp. and Bacillus spp.) could inhibit the growth of Dickeya spp. and/or Pectobac-
terium spp. The biocontrol agents decreased the growth of Dickeya sp. and Pecto-
bacterium sp. pathogens in vitro tests. In greenhouse assays, the antagonstics also
reduced the soft rot incidence on potato plants when artificially inoculated withDick-
eya dianthicola. P. putida (PA14H7 strain) or P. fluorescens (PA3G8 and PA4C2
strains) repeatedly decreased the blackleg severity prevent D. dianthicola transmis-
sion to daughter tubers [124]. Serratia plymuthica A30, potato endophyte, could
protect potato plants against blackleg caused by Dickeya or Pecto-bacterium in the
storage or the filed conditions. These results suggest that potato tubers treatment with
S. plymuthica after harvest can reduce the soften severity in storage and prevent the
soften bacteria transmission to daghter tubers in field application [125].

5.3 Erwinia amylovora

Fire blight disease is difficult to control by chemicals, where the strategies of control
combination among different measures, to eliminate the disease sources, to prevent
the plant infection.E. herbicola (Eh252 strain) a nonpathogenic epiphytic bacterium,
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when sprays onto blossoms of apple before E. amylovora inoculation, reduced inci-
dence fire blight [126] as well as E. herbicola, P. fluorescens and avirulent strains P.
syringae can biological control of fire bight disease [5]. P. fluorescens (A506 strain)
significantly reduced the E. amylovora colonization in pear under greenhouse condi-
tions [127]. Pantoea agglomerans (E325 and C9-1strains) and P. fluorescens (A506
strain) suppressed the growth of E. amylovora and reduced the disease incidence,
as single treatment [128]. P. agglomerans (Pa21889 strain), B. subtilis (BsBD170
strain) and Rahnella aquatilis (Ra39 strain) significantly reduced blossom blight of
apple [129]. Talc-based formulation of P. agglomerans (Eh-24 strain) reduced the
blighted blossoms percentage on pears infected with E. amylovora [130]. P. fluo-
rescens (A506 strain), P. agglomerans (C9-1 and E325 strains) and B. subtilis (QST
strain) reduced the blossom infection in Eastern United States [131].

Of 120 antagonistic epiphytic bacterial isolates, four representative strains P. flu-
orescens, P. agglomerans, P. putida and S. marcescens showed the maximum growth
inhibition against E. amylovora under laboratory. P. agglomerans and P. fluorescens
were more promising than P. putida and S. marcescens. The selected bacteria highly
reduced the disease in field experiment, where P. agglomerans was the most effec-
tive antagonist, while the least effective was S. marcescens [132]. Streptomyces sp.
(C1-4 strain) suppressed fire blight disease symptoms in the leaf tissues of apple
and pear shoots [133]. P. agglomerans (P10c strain), when applied a twice signif-
icantly, reduced fire blight incidence and showed a positive evolution of survival
ability in the stigma in field application [134]. Pseudomonas graminis (49M strain)
protected apple blossoms and shoots against fire blight, than P. fluorescens (A506
strain) and Pantoea vagans (C9-1strain) in greenhouse. Therefore, it can be applied
a new biopesticide against fire blight [135]. From 114 bacterial isolates; nine bac-
terial strains (2328B-5, 2328B-3, 2025-1, Ach1-1, 2074-1, 2321-5, Ach2-1, 2066-7
and 2025-11) gave antibacterial activity against E. amylovora in vitro tests [136]. P.
agglomerans, fluorescent Pseudomonas sp., Enterobacter sp. and Serratia sp. were
able to reduce the disease severity of E. amylovora on immature fruits or flowers
[137].

5.4 Pectobacterium carotovorum and Pectobacterium
atrosepticum

Pseudomonas fluorescens (F113 strain), which produces DAPG, inhibited Erwinia
carotovora subsp. atroseptica in vitro strain. The F113 strain (wild-type) or F113Rif
strain (the spontaneous rifampicin-resistant mutant) could inhibit the E. carotovora
subsp. atroseptica growth in vitro and prevented soften on wounds of potato tubers
under in vivo conditions. The strain F113Rif could reduce the E. carotovora subsp.
atroseptica population of in soil and on potato tubers in unplanted and planted soil,
respectively. The results indicated that P. fluorescens (F113strain) is a promising
biocontrol agent against E. carotovora subsp. atroseptica [138]. Pretreatment of
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the melon cotyledons with P. fluorescens has antagonistic effect aganist Erwinia
carotovora subsp. carotovora infection and reduced their deleterious effect on fresh
and dry weights of melon seedlings [139]. Sterptomyces plicatus (101 strain) and
Streptomyces sp. (OE7 strain) controlled soften on potatoes, where it can apply in
programs of integrated controls against soften pathogens of potatoes [140, 141].

B. subtilis and T. harzianum reduced the activity of pectolytic enzymes (viz. PG
and PME) produced by E. carotovora subsp. carotovora in vitro tests [142]. The
field experiment was designed by Abd El-Khair and Haggag [142], in a randomized
complete block, for testing the bactericidal activity of B. subtilis and T. harzianum
against soft rot erwiniae. Application of T. harizanum and B. subtilis could protect
the daughter potato tuber against soften when assayed at harvest time, where the per-
centage of softening tubers were zero, than untreated plants (Table 3). T. harzianum
improved the plant height, number of leaves and potato yield, followed B. subtilis.
When the harvest tubers stored at 3 months of storage, T. harzianum could protect
stored potato, where the lowest potato decay was recorded, followed by B. ubtilis.
These results demonstrated that T. harzianum and B. subtilis treatments can be effi-
cient method for disinfected potato tubers by field applied to produce the healthy
potato tubers stored for long time (Table 3).

B. subtilis has a positive reaction against E. carotovora and decreased the soft
rot disease severity [143]. Pseudomonas aeruginosa (pY11T-3-1 strain) reduced the
occurrence of soften on tubers or fruits potatoes, peppers, tomatoes, cucumbers and
eggplants. The strain may be provide a more environment and economic alternatives

Table 3 Effects of Trichoderma harzianum and Bacillus subtilis on percentages of soften potato
tubers at harvest and after storage and on growth and yield parameters under field application [142]

Parameters Treatments

Trichoderma harzianum Bacillus subtilis Control

Soften % at harvest 0.0b 0.0b 20.0a

Soften % after storage
(3 months)

10.0c 22.2b 62.5a

Tubers weight losses % after
storage (3 months)

26.9c 47.7b 72.9a

Growth parameters

Stem height (cm) 62.7b 59.7c 54.3d

Increase % 10.0 16.0 –

Leaves no./pit 43.0b 37.3c 22.7d

Increase % 89 65 –

Tuber yield parameters

Tuber weight (g) 89.0a 83.0b 79.8c

Increase % 11.5 4.0 –

Tuber yield (kg) 0.89a 0.75b 0.64c

Increase % 39.5 17.1 –
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for controlling soil borne pathogens [144].Yeasts viz. Rhodotorula spp. (Rh1 and
Rh2) and Saccharomyces cerevisae (Sc1) reduced the soft rot incedince caused by P.
carotovorum subsp. carotovorum in Chinese cabbage [145]. P. putida suppressed E.
carotovora infection, where N-Acyl homoserine lactones serve as the vital quorum-
sensing signal that regulate the virulence of the pathogenic bacterium [146].

Mean followed by the same letter in each row are not significantly differed using
L.S.D. teat (P = 0.05).

Bacillus spp.;B. thuringiensis, B. cereus, B. subtilis, B.megaterium andB. pumilus
also showed a good activity against growth of P. carotovorum subsp. carotovorum
using disk method [147]. Pseudomonas isolates significantly inhibited the growth
of P. carotovorum in vitro experiments as well as good prevention of soft rot dis-
ease on Valerian rhizome under greenhouse conditions [148]. Lactobacillus sp. (E-
45strain) andBacillus (E-65 strain) significantly inhibited the growthofE. carotovora
subsp. carotovora in vitro. Strain E-65 has the stronger antagonistic activity against
pathogen in vitro and stored potatoes [149]. P. putida controlled E. carotovora in
carrots, where P. putida mixed with neem cake gave the best reduction of E. caro-
tovorawith a significantly increase in the carrot yield under field conditions [150]. P.
fluorescens and B. subtilis had significant anatgonstic effect on E. carotovora subsp
carotovora isolates infected Sponta potato tubers, than B. thuringiensis in pot experi-
ments [151].Gliocladium sp. (T.N.C73 strain) also could inhibit the bacterial growth
in disc diffusion tests [152]. Bacillus amyloliquefaciens subsp. plantarum controlled
soften bacteria in green peppers or Chinese cabbages in vivo assays [153].

Trichoderma pseudokoningii (SMF2 strain) induced systemic resistance, against
soft rot disease in Chinese cabbage, by producing Trichokonins through the activa-
tion of salicylic acid signaling pathway [154]. T. virdi, P. fluorescens and B. subtilis
showed the stronger antagonistic activity against E. carotovora, respectively [155].
Sandipan et al. [156] revealed thatP. fluorescens showed themaximumgrowth inhibi-
tion against E. carotovora subsp. carotovora, than T. viride in potatoes. Trichoderma
asperellum reduced the negative effect caused by E. carotovora on the young orka
seedlings [157]. Streptomyces diastatochromogenes sk-6 successfully reduced soft
rot disease in stored potatoes, as pretreatment of potato tubers, and it protects the
potato tubers against phytopathogenic bacteria in the early period of their reproduc-
tion [158]. P. carotovorum, causing potato tuber soft rot, uses N-acyl-l-homoserine
lactones (AHLs) to control the production of virulence factors via quorum sensing
(QS). Some bacteria produce enzymes to inactivate the AHLs signals of pathogenic
bacteria. Bacillus sp., Variovorax sp., Variovorax paradoxus and A. tumefaciens
showed putative AHLs activity for controlling the production of virulence factors
by P. carotovorum, where AHLs-degrading endophytic bacteria can be utilized as a
novel biocontrol agent of potato tuber soft rot in Vietnam [159]. Streptomyces spp.
showed the strongest effect in vitro and in pots experiment, followed by P. fluores-
cence, B. subtilis or P. aeruginosa, respectively. The severity of soften disease also
was the lowest disease severity values with Streptomyces spp., P. fluorescence, B.
subtilis or P. aeruginosa, respectively [160].



Biological Control of Phyto-pathogenic Bacteria 317

5.5 Pseudomonas syringae Pathovars

P. agglomerans could suppress the basal kernel blight development (P. syringae pv.
syringae) in barley fields, where the efficacy of biocontrol strain was affected by
time and rate of application [161]. Six strains of P. syringae pathovars were effective
against P. syringae pv. glycinea in vitro and in planta. The epiphytic behaviors of the
antagonistic P. syringae (22d/93 strain) and its two antibiotic-resistant mutants were
not significantly different in soybean fields, where the pathogen development was
significantly reduced during the whole growing season [162]. B. subtilis controlled
P. syringae pv. tomato in infecting Arabidopsis roots in vitro and in soil application
by producing surfactin as lipopeptides, where surfactin role in biological control
was tested with a B. subtilis mutant (M1strain) against P. syringae infectivity in
Arabidopsis. B. subtilis, when colonize the roots produces lipopeptide level could
sufficient kill P. syringae [163]. The antagonistic activities of 206 bacterial isolates,
inculdes 62 and 35 genus obtained from phyllosphere of pome trees, were tested
against P. syringae pv. syringae (tip leaf necrosis disease) in vitro and in vivo tests.
Strains of RK 84, 85, 113 or 154 (P.agglomerans); RK164 strain (Leclercia adecar-
boxylata); RK142 strain (P. putida); RK114strain (Curtobacterium flaccumfaciens);
RK135strain (Erwinia rhapontici); RK137strain (Alcaligenes piechaudii); RK102
strain (Serratia liquefaciens) and their combinations significantly reduced diseases
development [164].

The phages namely Ph1, Ph2 and ph1+2 reduced the disease severity of halo
blight disease (P. syringae pv. phaseolicola), than P. fluorescence and P. putida.
These phages may be useful tool for controlling of halo blight pathogen in green-
house, where mixed phages was more effective than single treatment [165]. In vitro
tests, 21 strains of Bacillus spp. could display antagonistic effect on P. syringae pv.
syringae in citrus. Antagonistic bacteria confirmed their antimicrobial effect on P.
syringae under greenhouse conditions, where it able to reduce the stem necrosis at
10 weeks after P. syringae inoculation [166]. The endophytic bacteria, which recov-
ered fromLeptospermum scoparium, medicinal plant produces essential oils showing
antimicrobial activity, showed antagonistic effect against P. syringae pv. actinidiae
(bacterial canker disease) in kiwifruit in vitro. The endophytic bacteria were able
to produce multiple antibiotics, such as phenazine, DAPG and hydrogen cyanide.
Three of endophytic bacteria transmissmated by wounds inoculation to kiwifruit
could inhibit P. syringae pv. actinidiae colonization and reduced disease severity in
two different commercial cultivars [167]. B. amyloliquefaciens (SS-12.6 or SS-38.4
strains) and B. pumilus (SS-10.7 strain) produced crude extracts of lipopeptides able
to biological control of P. syringae pv. aptata in sugar beet [168].
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5.6 Ralstonia solanacearium

Among of fluorescent psedumonads (125 strains) and non-fluorescent bacteria (52
strains); P. fluorescens (Pfcp strain) suppressed the bacterial wilt pathogen in treated
banana, eggplant and tomato plants, than Bacillus spp. (B33 and B36 strains) [169].
All the tested bio-control agents also reduced the bacterial wilt disease to various
degrees, where the degree of disease suppression by other microbes varied with the
time of application [170]. Of 118 rhizobacteria, six strains, i.e. RP87, B2G, APF1,
APF2, APF3 and APF4 had well inhibitory against bacterial wilt pathogen in vitro
screening. Treatments of soil or seedlings of tomato with strains of APF1 or B2G
significantly reduced disease incidence and increased the fresh and dry weight of
tomato plants under greenhouse conditions as well as the two antagonstic strains
are promising in field applications [171]. Out of the 50 fluorescent Pseudomonas
isolates; Pf S2, Pf Wt3 and PfW1 isolates only showed inhibition against the growth
of R. solanacearum in potato in vitro tests and under greenhouse conditions. The
isolates increased the plant growth viz. plant height and dry weight [172].

Antagonistic microbes likeMycorrhizal fungi, Streptomyces sp. and Trichoderma
sp. play an important role in biological control of R. solanacearum [173]. Of 73 iso-
lated antagonists, eight were controlled bacterial wilt in tomatoes and peppers in vitro
and in vivo tests, where all treatments significantly reduced disease symptoms. B.
megaterium, Candida ethanolica, Enterobacter cloacae and Pichia guillermondii
highly suppressed the disease and increased plants height and fruits weight [174]. Of
six selected isolates had antagonistic or suppress effect against R. solanacearum in
dual culture assays, Staphylococcus epidermidis and B. amyloliquefaciens showed
significantly lower disease incidence than control in greenhouse [175]. B. subtilis,
Enterobacter aerogenes, P. fluorescens and P. putida, were isolated from rhizosphere
of tomato, increased seed germination over untreated control except E. aerogenes.
P. fluorescens highly reduced bacterial wilts of tomatoes in greenhouse conditions,
followed by P. putida, B. subtilis and E. aerogenes, respectively. In field trails, P.
fluorescens caused the highest wilt disease reduction, while P. putida exhibited the
lowest [176].

Field application of B. subtilis, Trichoderma hamatum and Trichoderma album
were made for controlling the incidence or severity of bacterial wilts caused by
Ralstonia solanacearium byAbdEl-Khair and Seif El-Nasr [40].B. subtilis,T. album
and T. hamatum were applied separately, as potato tuber-pieces or soil treatment in
potato cv. Nicola, during the summer growing season (February/May of 2007). After
of 30 days of planting, the treatments could significantly reduce the bacterial wilts
disease severity (WS) and protect the potato plants against the disease (Table 4). As
tuber pieces treatment; B. subtilis and T. hamatum reduced theWS to 4% and disease
control (DC) reached to 80%, than WS (8%) and DC (60%) with T. album. In soil
treatment, T. hamatum could prevent completely bacterial wilt disease, where the
disease incidence was zero, than WS (2 and 6%) and DC (90.0 and 70.0%) with B.
subtilis and T. album, respectively. After sixty days of planting, both T. hamatum and
T. album reduced the WS to 20.0% and DC was 47.4% as tuber pieces treatment,
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Table 4 Effects of bio-control agents application on wilt disease severity caused by Ralstonia
solanacearum in potato under field conditions [40]

Bio-control
agents

Percents of bacterial wilt severity (WS) and disease control (DC)/days

30 60

BWS PDC BWS PDC

Tuber
pieces

Soil Tuber
pieces

Soil Tuber
pieces

Soil Tuber
pieces

Soil

February–May of 2007 season—potato cv. Nicola

Bacillus
subtilis

4.0c 2.0c 80.0 90.0 22.0b 20.0b 42.1 47.4

Trichoderma
album

8.0b 6.0b 60.0 70.0 20.0c 18.0c 47.4 52.6

Trichoderma
hamatum

4.0c 0.0d 80.0 100.0 20.0c 20.0b 47.4 47.4

Control 20.0a 20.0a – – 38.0a 38.0a – –

October–January of the 2007/2008—potato cv. Diamante

Bacillus
subtilis

2.0b 0.0b 85.7 100.0 8.0b 8.0b 50.0 50.0

Trichoderma
album

0.0c 0.0b 100.0 100.0 8.0b 0.0c 50.0 100.0

Trichoderma
hamatum

0.0c 0.0b 100.0 100.0 0.0c 0.0c 100.0 100.0

Control 14.0a 14.0a – – 16.0a 16.0a – –

Mean followed by the same letter in each column, in each expermint, are not significantly differed
using L.S.D. teat (P = 0.05)

than WS (22.0%) and DC (42.1%) with B. subtilis, respectively. In soil treatment, T.
album reduced the WS to 18.0% (DC 52.6%), than the WS 20.0% (DC 47.4%) with
bothB. subtilis and T. hamatum. The treatments also improved the growth parameters
of potato plants cv. Nicola such as plant height, stem number/pit and leaves number
(Table 5). T. album highly improved the plant height, followed by B. subtilis and T.
hamatum, whereas T. hamatum highly increased the stem number/pit and number of
leaves, than B. subtilis or T. album. The treatments also increased the tested tuber
yield parameters (Table 2).

In another experiment, the samebio-control agents applied aswhole tuber dressing
or soil treatment with whole potato tubers cv. Diamante during winter growing sea-
son (October/January of 2007/2008). The treatments could protect the potato plants
and improve growth and yield parameters (Tables 4 and 5). After 30 days of planting,
T. hamatum and T. album protected completely the potato plants against wilt disease
infection, when applied as whole tuber dressing or soil treatment (Table 4).B. subtilis
could protect completely the as soil treatment, while the bacterium reduced BWS
(2.0%) and PDC (85.7%) as whole tuber treatment. After 60 days of planting, T.
hamatum protected the potato plants with a rate of 100% against the disease when
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applied as whole tuber dressing, followed by DC 50 with B. subtilis and T. album. In
soil treatment, T. album and T. hamatum were resulted 100% disease control, while
B. subtilis gave DC 50%. B. subtilis significantly increased the potato height, than T.
album or T. hamatum with significant differences were recorded among biocontrol
agents and the control except between T. hamatum and T. album in tuber dressing. T.
album significantly improved the stems number, while both T. album and B. subtilis
gave the best leaves number on potato plants in both tuber and soil treatments, respec-
tively. T. album and T. hamatum gave the highest yield in tuber and soil treatments,
that B. subtilis treatment (Table 5).

P. aeruginosa (T1 strain), Pseudomonas sp. (AM12 strain), Pseudomonas sp.
(AM13 strain), Pseudomonas sp. (BH25 strain) and P. putida (R6 strain) had antag-
onistic effect against R. solanacearum (Tom5 strain) isolated from a wilted tomato
plants. In bioassays; BH25 strain reduced the pathogenic effects caused by Tom5.
BH25 strain also could improve the fresh and dry weights and seedlings vigor index
[177]. From 298 rhizobacteria isolates were common in rhizospheres or rhizoplanes
of tomatoes or eucalyptus; nine isolates (UFV-11, 32, 40, 56, 62, 101, 170, 229 and
270) suppressed bacterial wilt disease in vitro or in vivo experiments. The UFV-56
isolate (B. thuringiensis) or UFV-62 isolate (B. cereus) could suppress wilts devel-
opment in eucalyptus at the early stage [178]. Application endophytic bacteria can
induce biological control aganist plant diseases, where the bacteria associated with
plant roots could exert atagonstic activities which directly or indirectly prevent the
plant development by solubilize minerals in soil, phytohormones synthesises, soil
borne pathogens suppressive and/or induce systmic resistance [179]. B. amyloliq-
uefaciens (DSBA-11 and DSBA-12 strains), isolated from rhizospheric of wilted
tomato plants, had the best antagonistic effect and plant growth promoting ability.

These strains DSBA-11 and DSBA-12 showed the highly antagonistic activ-
ity, than B. subtilis (DTBS-5 strain), B. cereus (JHTBS-7strain) and B. pumilus
(MTCC-7092strain), against R. solanacearum in vitro conditions. B. amyloliquefa-
ciens (DSBA-11strain) showed the maximum growth inhibition of R. solanacearum,
followed by DSBA-12 and B. subtilis strains. Strain of DSBA-11 has better phos-
phorus solubilizing ability and indole acetic acid production, than other strains of
Bacillus spp. in vitro conditions. The minimum bacterial wilt disease incidence in
cultivar Pusa Ruby was recorded with DSBA-11 strain, followed by DSBA-12 strain
after 30 days of inoculation. The bio-control efficacy was higher in DSBA-12 strain
treated plants, followed by treated with MTCC- 7092 strain, under glasshouse con-
ditions [180].

5.7 Xanthomonas orzyae

Methods of controlling rice bacterial blight are limited in effectiveness, where usage
the chemical pesticides causing toxic effects on the main consumers, kills non-target
organisms and environment contamination. Application of bio-control agents has
efficiency and safety for humans and other non-target organisms as well as they
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leave no toxic residues in foods. Especially, we need to apply environment- safe
tools to reduce the grain yield losses in rice resulted from X. oryzae pv. oryzae infec-
tion [43, 181].Aspergillus ochraceus,Aspergillus flavus,Aspergillus niger,Fusarium
pallid-oroseum,Fusarium chlamydosporum,Micrococcus sp.,Penicillium janthinel-
lum, Pseudomonas acidovorus and Streptomyces sp., isolated from rice leaves, could
inhibit X. oryzae pv. oryzae in vitro [182]. In planta experiments, the effect of endo-
phytic Streptomyces spp. against bacterial leaf blight disease was non-significantly
differed about those in controls. But, the treated rice plants could significantly pro-
duce taller or higher tiller numbers, than control plants. The biocontrol mechanisms
of Streptomyces spp. may due to produce chitinase, phosphatase and siderophore
[183]. Streptomyces toxytricini significantly reduced X. oryzae pv. oryzae-related
yield loss in infected rice cultivars in field, than the rice yield in healthy rice cultivars
[184]. The endophytic strains as B. amyloliquefaciens (A1, A3 and A13 strains), B.
subtilis (A15 strain), Bacillus methylotrophicus (A2 strain) and two rhizospherial
Bacilli (D29 and H8 strains) showed a high antagonistic activity against X. oryzae
pv. oryzae in vitro tests. Four bacterial strains significantly increased the inhibition
rate against the pathogen in greenhouse as well as the fresh and dry weight in treated
plants of rice. The tested strains produce siderophores, indole-3-acetic acid, and able
to solubilize of phosphate [185].

A total eight isolates of non-pathogenic phyllosphere (actinomycetes) were posi-
tively controlled X. oryzae pv. oryzae in vitro as well as its significantly reduced the
disease severity [181]. P. fluorescens (RR8 strain) has strong antibacterial activity
against X. oryzae pv. oryzae in vitro studies, where the bacterium can be serve as
potential biocontrol agent against bacterial blight disease [43]. Out of 512 bacte-
ria, isolated from the rice rhizosphere, P. aeruginosa showed antagonism against X.
oryzae pv. oryzae as well as it able to solubilize phosphorus and produce phyto-
hormone indole acetic acid and siderophores in vitro tests. Strain BRp3 suppressed
different strains of bacterial pathogen in rice. The crude extract of BRp3 contains
siderophores i.e.1-hydroxy-phenazine, pyocyanin or pyochellin; rhamnolipids; 4-
hydroxy-2-alkylquinolines or novel 2, 3, 4-trihydroxy-2-alkylquinolines might be
responsible for antagositic effects on bacterial pathogen [186].

5.8 Xanthomanas campestris Pathovars

Twenty isolates of cabbage phylloplane yeasts showed an antibacterial effect on
X. campestris pv. campestris in the fields, where the disease severity was highly
reduced with isolates LR32, LR42 and LR19 strain, respectively [187]. Both R14
strain (B. subtilis), C116 strain (B. pumilus), RAB7 strain (Bacillus megaterium pv.
cerealis) andC210 strain (B. cereus) had antagonistic effects againstX. campestris pv.
campestris (LFR-3 strain) in vitro [188]. The endophytic B. subtilis (BB strain) was
tested for controlling black rot disease (X. campestris pv. campestris) in cabbages,
cauliflowers, rapes and broccolis during three growth seasons. Strain BB controlled
the black rot disease in all crops of Brassica in the seasons of short rainy or dry.
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Application of biological control was effectively reduced the disease in broccoli,
in main rainy season in clay loam soil and sandy loam soil, than cabbage or rape
[189]. Bacillus spp. was significantly reduced the incidence or severity of black rots
in cabbages under field conditions, when the bacteria applied through the roots, than
through the seeds or foliage application. The promising antagonists includeB. cereus,
Bacillus lentimorbus and B. pumilus strains [190]. Application of R. aquatilis (two
strains), as soil, seeds, roots or leaves treatments, reduced susceptibility of tomato
toward X. campestris pv. vesicatoriawhich produced irregular yellow-necrotic areas
on plants. R. aquatilis, foliar application, effectively reduced the pathogen. The seed
treatment also produced the highest fresh and dry weight, than foliar, soil or root
treatments [191].

Four Bacillus isolates had as positive effect of antibiosis and hemolysis on all
strains ofX. campestrispv. campestris causing crucifers black rot disease. The antimi-
crobial and hemolytic activities correlation revealed that the lipopeptides cause the
mechanisms of antibiosis, where Bacillus isolates can produce bioactive or surfac-
tant compounds at late growth phase [192]. Three Bacillus strains, isolated from
the peppers rhizosphere grews in greenhouse or field, suppressed the populations of
X. axonopodis pv. vesicatoria, as well as decreased the disease development, when
applied single and mixed, in experiments of greenhouse and field, respectively. The
treatments increased the growth parameters such as stem diameter, root elongation,
root and shoot dry weight and yield responded to the treatments in the field experi-
ments as successful biological control of bacterial spot disease [193]. The compost’s
suppressive effect on X. campestris pv. vesicatoria growth mainly due to biotic
factors, where sterilised compost samples were not effective. The suppressive char-
acteristics of agroindustrial-based compost were mixed with a strain of B. pumilus
(MSW231strain) was effective against X. campestris pv. Vesicatoria [194].

5.9 Xanthomonas axonopodis

Citrus canker incited by X. axonopodis pv. citri is a serious disease of acid lime all
over the world. The citrus canker disease was controlled by application of antibiotics
and some agrochemicals as spraying treatments, but little work applied the biological
management. Management of the bacterial angular leaf spot disease caused by X.
axonopodis pv. malvacearumm using of synthetic chemicals was recently discour-
aged because of nature hazardous or environment pollution. Among seven strains;
MMP and Pf1 strains (P. fluorescens) highly inhibited of X. axonopodis pv. mal-
vacearum (bacterial blight of cotton) in vitro tests. Strains of MMP and Pf1 strains,
as talc formulation, has the best inhibiting ofX. axonopodis pv.malvacearum growth.
The Pf1 strain, as wet seeds treatment, significantly improved the seeds germination
and vigour of cotton seedlings. Pf1 strain, as seeds treatment, significantly suppressed
the blights incidence, than foliar application of. Application of MMP or Pf1 strains
induced a new peroxidase [195]. Of 453 isolates of bacterial flora of citrus leaves in
Iran; 26 strains inhibited growth of X. axonopodis pv. citri in vitro conditions. The
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bacterial strains were identified as P. fluorescens, Pseudomonas viridiflava and P.
syringae, while the last group as Bacillus spp. based on physiological and biochemi-
cal characteristics [196]. Pseudomonas sp. could protect eucalyptus seedlings when
applied before or after X. axonopodis inoculation in greenhouse experiments, where
the numbers of lesions on leaves was lower than in untreated control plants. High
antibiotic activity against X. axonopodis and leaf blight suggests that it has poten-
tial to control the disease in eucalyptus seedlings [197]. Single spray of aqueous
suspension of B. subtilis resulted in a satisfactory decline of the disease [198].

The secondary metabolites of Pseudomonas sp. (LN strain) were effective on
citrus canker disease (Xac 306 strain). The free-cells supernatant of LN strain was
firstly treated with methanol (AMF), followed by ethyl acetate (AEF) and then it
fractionated by vacuum liquid chromate-graphy (VLC). The activity of all fractions
tested on bacterial growth by using Xac 306 well agar diffusion test or minimum
inhibition concentration. Cytotoxicity effect studies demonstrated that the tested
concentrations of EAF, VLC2 and VLC3 the fractions had non genotoxic effect.
The fraction of VLC3 significantly reduced the incidence of canker lesions in citrus
only [199]. The formulated isolate phages (CF and SM) were reduced the disease
severity of halo blight (X. axonopodis) in pepper in greenhouse and field conditions
respectively, compared with unformulated phages.

Application of skim milk and corn flour increased the phage longevity and phage
population in greenhouse and open field respectively. These formulated phages may
be useful as a tool to biocontrol of halo blight disease [200]. From forty actinomycete
strains, isolated from natural sources, eight strains had high antagonistic activity
against X. axonopodis pv. punicae causing oily spot disease in pomegranate. The
extracted compounds belonged to aminoglycosides fromStreptomyces violaceusnige
produces themaximum inhibition on isolates of pathogens. The extracted compounds
or S. violaceusnige could effectively prevent the Xanthomonas growth on inoculated
fruits of pomegranate in vivo [201]. Of 14 strains of the genus Paenibacillus; only
two strains only had inhibitory effects against X. axonopodis pv. malvacearumm
(The bacterial angular leaf spot disease in cotton), compared to the control [202].
A total of 53 bacteria isolated from pomegranate phylloplane were identified as
Bacillus, Alcaligenes, Myroides, Brevibacterium, Pantoea, Proteus, Enterobacter,
Lysinibacillus, Paenibacillus and Stenotrophomonas species. About 27 phylloplane
bacteria revealed potential bio-control ability against pathogen in vitro evaluation.
Assay of secondary metabolites from 14 phylloplane bacteria, B. subtilis (P49) and
Bacterium fjat (P31) exhibited maximum inhibition of pathogen growth. Field appli-
cation of B. subtilis and Bacterium fjat recorded maximum disease reduction on
leaves, followed by on fruits, respectively [203]. Bacillus spp., Pseudomonas spp.,
Rhodococcus and the combinations controlled X. axonopodis pv. phaseoli. It is clear
that the use of combinations of these organisms increased the efficacy of the biocon-
trol of several strains [204].
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5.10 Xylella fastidiosa

A current control strategy for X. fastidiosa includes exclusion of bacterium or vec-
tor, Vector control, systemic insecticides where secondary spread is important [205].
The population of X. fastidiosa occurred as cultural of endophytic bacterium in
branches or leaves of healthy plants sweet oranges or in tangerine (Citrus reticu-
lata cv. Blanco) plants were assessed by Lacava et al. [206]. Endophytic bacteria
identified as belonging to the genus Methylobacterium. The X. fastidiosa growth of
stimulated by Methylobacterium extorquens, while it inhibited by Curtobacterium
flaccumfaciens in vitro. The endophytic viz. B. pumilus, C. flaccumfaciens, E. cloa-
cae,Methylobacterium spp. (i.e.M. extorquens,M. fujisawaense,M. mesophilicum,
M. radiotolerans andM. zatmanii), Nocardia sp., P. agglomerans and X. campestris
were tested against X. fastidiosa, the causal Citrus variegated chlorosis (CVC). A
relationship betweenCVCsymptoms and isolation frequencyMethylobacterium spp.
revealed that the genus was frequently isolated from symptomatic plants.

The frequent of C. flaccumfaciens significantly frequently isolated from asymp-
tomatic plants than CVC-symptoms plants, while P. agglomerans was frequently
isolated from tangerine or sweet oranges were asymptomatic, symptomatic or show-
ing CVC symptoms [52, 207]. X. fastidiosa (six strains) was applied for biological
controlling of natural Pierce’s disease progression. Strain EB92-1 only (obtained
from elderberry) provides good controlling on disease in flame seedless or Cabernet
sauvignon, while Syc86-1 strain did not ineffect in the vineyard tests. Strain PD95-6
grape was lower severity of disease in flame seedless, than nontreated vines. Strain
PD91-2 of grape could delay symptoms on Cabernet sauvignon for 12–18 months.
Benign inoculation of susceptible grapevines with X. fastidiosa strains, especially
strain EB92-1 can biological control of Pierce’s disease in commercial vineyards in
Florida and where the disease occurs [208].

6 Conclusion and Future Prospects

For good control of bacterial plant diseasesmust correct identify the plant disease and
their pathogens by known the pathogen’s life cycle and how it relates to the cycle of
disease development. This information is needed to develop a suitable management
program that attacks the pathogen at the weakest point in it life cycle. The devel-
opment of alternative approaches to control pathogens of crops utilizing bio-control
agents is necessary to reduce risk pesticides. Application of biological control for
control phytopathogenic bacteria depended on the use of natural enemies. To success
of biological control, the bio-control agent must grow very fast, the environment is
favorable for their growth and development and it must be applied at pre-planting or
prior to the onset of disease.
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The bio-control also agents had different mechanisms such as antibiosis, competi-
tion, hyperparasitism, cell-wall degrading enzymes and induction of systemic resis-
tancewhich play an important role for controlling plant diseases, where inducing sys-
temic resistance protects plants not only against the attacking pathogen, but against
other types of pathogens. Therefore, the biological control successfully applied for
controllingmany bacterial plant diseases as safe alternative tools replace the chemical
bactericides which hadmammalian toxicity and environmental pollution. Especially,
some commercial bio-pesticides products, I.e. BlightBan A506 (Pseudomonas fluo-
rescens A506, Nufarm, Inc.; Kodiak (Bacillus subtilis strain GB03,Gustafson LLC)
and Plant Shield (Trichoderma harzianum strain KRL-AG2, BioWorks, Inc) were
occurred.
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Biocontrol Agents for Fungal Plant
Diseases Management

Younes M. Rashad and Tarek A. A. Moussa

Abstract Plant fungal diseases are the most destructive diseases where the fungal
pathogens attack many economic crops causing yield losses, which affect directly
many countries’ economy. The great Irish Famine in 19th century was due to potato
(a great portion of Irish diets) was attacked by an oomycete pathogen Phytophthora
infestans causing late blight disease which destroyed the potato crop for several years
(1845–1852). Since this date the plant fungal diseases have a great attention from
the researchers. Control of fungal diseases using different fungicides has dangerous
effects on human beings as well as animals by precipitating in the plant tissues and
then transfer to human and animals causing many health complications. Hence, the
biological control of plant pathogenic fungi became the most important issue, due
to the chemical risk to control the fungal diseases. From 1990’s the importance of
using microorganisms was increased as biocontrol agents to decrease the chemical
uses and their hazardous for human and animal health topics. In this chapter, using
of different microorganism as biological control agents of plant fungal diseases were
reviewed, as well as using chemicals in controlling fungal diseases and their effects
on plants, environment and common health impacts.

Keywords Fungal pathogens · Biological control · Chemical control · Biocontrol
agents

1 Introduction

Fungi are non-chlorophytic, spore-forming, eukaryotic organisms.Most of the fungal
species are saprophytes. So, about 20,000 species out of more than 100,000 fungal
species are parasites causing diseases in crops [1–4]. Most of plants may be attacked
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by one or more species of fungal pathogens. On the other hand, the fungal species
can attack only one plant species (Specialist) or many plant species (Generalist).

In the last century, most of diagnostic characters used in the identification of the
phytopathogenic fungi were not evidently accurate, so any identifying character such
as type of fruiting body, spores can scope the search for a particular phylum. Most
diagnosis depends on visual signs and symptoms for diagnosis of fungal diseases [5];
therefore, there were many problems and difficulties in combating these pathogens.
It is very important to identify the plant fungal pathogens to know their taxonomic
groups, which affects significantly for managing these pathogenic fungi.

This chapter is concerned with the use of biological control agents instead of
chemical control against the fungal plant pathogens. The biological control has many
advantages in relation to soil fertility, plant, animal and human health.

2 Fungal Pathogenesis

Fungal pathogenesis is the stage of disease in which the pathogenic fungus is in close
association with the tissue of host. There are three stages:

1. Inoculation: the transfer of pathogenic fungus to the infection area, in which the
plant is invaded (the infection area may be natural openings such as stomata,
hydathodes, or lenticels), wounds or unbroken plant surface.

2. Incubation: the period between the invasion of the pathogenic fungus and the
symptoms appearance.

3. Infection: the appearance of symptoms associated with the establishment and
pathogen spread.

Fungal pathogens cause symptoms which may be general or localized. In most
cases, necrosis of host tissue, stunting, distortions and plant tissue abnormality and
organs changes as a result of fungal infections [6].

One of the important pathogenic fungi characteristics, is virulence (infection abil-
ity). There are many properties of a fungal pathogen that contribute the ability to
spread and destroy the tissue. Most of the virulence factors are enzymes to destruct
plant cell walls [7–9], toxins which are cell killers, exopolysaccharides to block the
path of cell fluid [10, 11], and many substances which interfere cell growth. The
pathogenic species differ in virulence and hence the substances which involved in
the invasion and destruction of host tissue.

3 Control of Fungal Diseases

The fungal plant diseases control is critical to the safe food production, and it cause
serious problems in the use of land for agricultural, water, and other inputs. Plants
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carry inherent disease resistance in both natural and cultivated systems, so control
of fungal diseases is successful for many crops [12].

3.1 Chemical Control

Along the years, many chemicals have been used to control fungal plant pathogens.
Some of these have been substituted as cheaper, effective, or less hazardous sub-
stances [13]. Pruning cuts, stumps and wounds can be protected against fungal
pathogens by painting with special chemicals on the surfaces exposed to environ-
ment. Plant structures such as tubers, cuttings, rhizomes, bulbs and corms which
used in vegetative propagation, are often immersed in chemicals before planting. In
case of trees fungal infections, fungicide was injected inside trees or by pouring into
a hole made into the tissues.

Most of chemicals have been used as fungicides, where they interfere with many
metabolic processes in fungal cells. The biological activity of a fungicide is restricted
to its metabolism in the fungal cell and the chemicals that are transported within the
plant was affected bymetabolism of the plant cell.Many fungicides have low toxicity
to mammals [14].

Antibiotics are chemical substances produced bymicroorganismswhich are capa-
ble of injuring or destroying living organisms. They have been used worldwide to
control bacterial and fungal diseases where many ordinary plant protection methods
have failed. On the contrary, there are few antibiotics are used to control plant fungal
diseases [15].

The development of resistant strains of fungi to chemicals was discussed in the
1970s and the community became aware with health and environmental impact of
these chemicals in l980s and 1990s. The use of agricultural chemicals causes signif-
icant public health problems [16]. The worry about the risk of humans and domestic
animals poisoning, livestock products contaminations, their impact on the beneficial
insects, hazardous residue in food products, ecological imbalances at the level of
microorganism and the possibility of contamination of water with subsequent fish
loss and buildup of residues in groundwater. For that reasons, fungicides should be
avoided and be used only in the heavy infection situations [17].

El-Abyad et al. [7] concluded that under pyradure stress, the virulence of sugar
beet pathogens Rhizoctonia solani and Sclerotium rolfsii was reduced in vivo and
in vitro. The reduction in the virulence ofR. solani and S. rolfsiiwas due to decreased
inoculum potential of the two pathogens under pyradure stress in situ and production
of cell wall degrading enzymes in vitro. Under salinity stress, the resistance shown
by the sugar beet cultivars against infection by R. solani and S. rolfsii was to be due
to the maturation of cell wall composition of these cultivars with age [8].
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3.2 Biological Control

Owing to the hazardous effects inflicted by chemical fungicides on non-target organ-
isms and the surrounding environment, many researchers have focused during the
last few decades on finding an alternative option for control of fungal plant diseases,
that is, biological control. The broad definition of biological control is “suppression
of pathogenic organisms and reducing their effects on hosts as well as favoring the
crops beneficial organisms using wild or modified organisms, genes, gene products,
or biological induction of systemic resistance” [18]. Biological control agents include
many antagonistic microorganisms such as fungi, bacteria, or viruses [19].

3.2.1 Bacteria as Biocontrol Agents

Numerous bacterial species are extensively utilized as biological control agents to
control of several phytopathogenic fungi. In addition, these bioagents have many
beneficial effects on the treated plants. Members of many bacterial genera, epiphytic
and/or endophytic, are used in this concern. The most common bacteria utilized
as bio-control agents include some species of the genera Bacillus, Pseudomonas,
Streptomyces, Rhizobium, Burkholderia, Gluconobacter, Azoarcus, Herbaspirillum,
and Klebsiella [20, 21].

Bacillus spp.

Bacillus Cohn (Firmicutes, Bacillales, Bacillaceae) is a genus of gram-positive, aer-
obic, rods (bacilli) bacteria, which can form spores, and comprises 377 species and
8 subspecies [22]. Members of this genus have a wide distribution and found in
soil, decaying matter, water, air, in/on living plants and animals, and in some severe
habitats [23]. Bacillus spp. have a great importance and been involved in many uses
in agricultural, industrial, and pharmaceutical applications such as production of
diverse antibiotics, lipopeptides, enzymes, and bioactive secondary metabolites [24,
25]. Several antibiotics are known to be produced by Bacillus spp. such as fengycin,
sublichenin, subtilosin A, gramicidin, sublancin, bacillomycin, tochicin, bacitracin,
polymyxin, bacilysocin and neotrehalosadiamine [26, 27]. A broad set of hydrolytic
enzymes are produced also by Bacillus spp. like chitinases, β-1,3(4)-glucanase, pro-
teases, and lipases [28, 29]. The high capability of Bacillus spp. for production of
these diverse of structurally and functionally different antagonistic substances make
them pioneers in the field of the bio-fungicides. Moreover, most of Bacillus spp. uti-
lized as biocontrol agents possess a growth enhancing activity on the host plant. Of
the world biopesticides market, commercial B. thuringiensis-based products share
about 90% [30].

Several studies have elucidated the use of Bacillus spp. in the biological control
of different pathogenic fungi [28, 31–33]. The most common Bacillus spp. utilized
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in biocontrol of plant diseases include B. subtilis, B. thuringiensis, B. fortis, B. amy-
loliquefaciens, B. vallismortis,B. pumilus,B. sphaericus,B. cereus,B. licheniformis,
B. polymyxa, B. megaterium, B. mycoides, B. mojavensis, and B. pasteurii [25, 34].
Chen et al. [35] investigated the antifungal activity of the potent strain B. velezen-
sis LM2303 which achieved a control efficiency of 72.3% against wheat Fusarium
head blight caused by F. graminearum, in the field. Moreover, this strain showed
antagonistic potency in vitro against different pathogenic fungi. Genomic mining
of B. velezensis LM2303 results in identification of 13 biosynthetic gene clusters
encoding for antimicrobial substances (fengycin B, iturin A, surfactin A, butirosin),
as well as siderophores (bacillibactin and teichuronic acid). Furthermore, encoding-
genes responsible for root colonization, growth enhancement, and immune system
induction were identified. Generally, the direct biocontrol mechanisms exerted by
Bacillus spp. against the phytopathogenic fungi include antibiosis via biosynthesis
of various antifungal substances (antibiotics, lipopeptides, enzymes), competition
for space and/or nutrients by colonizing the plant surface or production of various
siderophores, while, the indirect mechanisms include induction of the plant systemic
resistance leading to triggering many fungitoxic substances such as phenolic com-
pounds and defense-related enzymes, as well as plant growth promotion via inducing
the biosynthesis of plant growth regulators [34].

Pseudomonas Spp

Pseudomonas Migula (Gammaproteobacteria, Pseudomonadales, Pseudomon-
adaceae) is a genus of aerobic, gram-negative, rods, motile bacteria, which cannot
form spores, and contains 254 species and 18 subspecies [22, 36]. Pseudomonas
spp. can resist diverse biotic and abiotic extreme conditions, use numerous organic
substances, and exhibit high metabolic and physiological diversity. Owing to their
elevated resistances, they can inhabit a wide range of habitats such as soil, aquatic
environments, and air, in/on plants or animals [37]. This distribution is ascribed to
the capability to synthesize a long list of antagonistic substances enabling them to
compete with the surrounding microbiota such as phenazines, pyochelin, rhizoxins,
pyrrolnitrine, hydrogen cyanide, 2,4-diacetylphloroglucinol, and pyoluteorin [38].
Although some members of the genus Pseudomonas are phytopathogenic, many are
of great benefit providing the plant with protection against the attacking pathogens.

The biocontrol mechanisms utilized by Pseudomonas spp. include rivalry for
nutrients and space, biosynthesis of antagonistic substances and enzymes, or by trig-
gering plant immune system against various pathogenic fungi [39]. Furthermore,
some Pseudomonas spp. promote the plant growth, and inhibit soil-borne pathogens
[40]. Roles of Pseudomonas spp. in enhancing the plant growth include biosynthesis
of growth regulators, nitrogen fixation, phosphate mineralization, as well as seques-
tering iron by secretion of siderophores [41]. Many Pseudomonas spp. are widely
utilized as bioagents against many fungal diseases and commercially represent a big
sector in the biopesticides market. Aielloa et al. [42] studied the biocontrol ability of
the endophyte P. synxantha DLS65 against the postharvest brown rot of stone fruit
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in vitro and in vivo. A considerable growth suppression of both fungi was achieved
by using P. synxantha in vitro. In addition, a significant reduction in the disease
symptoms was also reported in the storage even after 20 days at 0 °C. The rivalry for
nutrients or space, secretion of fungitoxic substances or volatile organic compounds
were named to be a projected as biocontrol mechanisms by P. synxantha.

Streptomyces spp.

StreptomycesWaksman and Henrici (Actinobacteria, Actinomycetales, Actinomyc-
etaceae) is a bacterial genus which include aerobic, filamentous, gram-positive
species that produce fungus-like mycelia and aerial hyphae with branches that carry
chains of spherical to ellipsoidal spores [43]. Currently, this genus comprises 848
species and 38 subspecies with annual increase in the species number [22]. Mem-
bers of genus Streptomyces have wide distribution and found in various habitats such
as soil, water, decaying vegetation, endophytic, epiphytic, even in extreme habitats
such as deep-sea sediments, volcanic soils, frozen soils, and desert soils [44, 45].
Streptomyces spp. are highly recognized as antibiotics, enzymes, and bioactive sec-
ondarymetabolites producers [46, 47]. Indeed, antibiotics produced by Streptomyces
genus represent the largest share, approximately two-thirds, of the known antibiotics
so far, and their number has exponentially increased every year [48, 49]. The most
common antibiotics identified from Streptomyces spp. are streptomycin, pimaricin,
neomycin, phenalinolactones A-D, cypemycin, warkmycin, and grisemycin [50, 51].
Various enzymes are also reported to be produced by Streptomyces spp. like chiti-
nases, proteases, peroxidases, β-1,3 glucanases, laccases, and tyrosinases [46, 52,
53]. Furthermore, a large set, around 7600, of bioactive compounds synthesized by
Streptomyces spp. like anticancer, antiviral, antihypertensive, immunosuppressive,
and antioxidant were also reported [54].

Biocotrol of phytopathogenic fungi using members of genus Streptomyces has
been extensively investigated by various researchers [55–57]. Different species are
common in this concern such as S. lydicus, S. vinaceusdrappus, S. griseoviridis, S.
griseorubens, S. tsusimaensis, S. griseofuscus, S. spororaveus, S. tendae, S. humidus,
S. hygroscopicus, S. caviscabies, S. philanthi, S. sindeneusis, and S. flavotricini [58–
61]. Of sixteen endophytic actinobacteria screened for their fungitoxic effect against
pathogenic mycoflora, S. asterosporus SNL2exhibited the strongest antifungal activ-
ity in vitro, especially againstF. oxysporum f. sp. radicis lycopersici, the causal agent
of tomato root rot [62]. Moreover, application of this isolate led to a considerable
reduction the severity of tomato root rot by 88.5%. In another study, the fungitoxic
activity of the cultural secondarymetabolites produced by S. griseorubens E44Gwas
evaluated in vitro on the growth and ultrastructure of mycelial cells of F. oxyspo-
rum f. sp. lycopersici [63]. Investigations using the transmission electronmicroscope
showed many noxious effects in the fungal mycelia after treatment with the culture
filtrate at 400 μL.

The ultra-cytochemical study revealed the digestion of chitin of the cell wall after
the exposure to the bacterial filtrate, indicating the production of the lytic enzyme
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chitinase by S. griseorubens E44G as a biocontrol mechanism. The biocontrol modes
of action utilized by Streptomyces spp. include physical contact (hyperparasitism),
rivalry for space/nutrients, antibiosis via biosynthesis of hydrolytic enzymes, antibi-
otics and fungitoxic substances [56]. Indirect mechanisms via triggering plant resis-
tance, and/or improving the plant growth may be involved also [57]. However, the
biocontrolmechanisms used by a biocontrol agent are affected by the other conditions
like soil type, temperature, pH, humidity, and existence of surrounding microorgan-
isms [61].The S. aureofaciens filtrate was inhibited the germination of F. solani and
in vivo seed coating was the most efficient method for controlling the pathogenicity
of F. solani by S. aureofaciens [64].

Rhizobium spp.

Members of Rhizobium Frank (Alphaproteobacteria, Rhizobiales, Rhizobiaceae) are
aerobic, rod-shaped, gram-negative, motile, non-spore producing, nitrogen-fixing
bacteria, which comprises 112 species. Rhizobium spp. are widely distributed and
found as free-living in soil or colonize legumes roots formingnodules, nitrogen-fixing
symbioses [22, 65]. Members of genus Rhizobium are categorized according to their
associated leguminous plant, and growth rate. The most known species include R.
leguminosarum,R. phaseoli,R. trifolii,R. lentis,R. japonicum,R. aggregatum, andR.
sullae. In addition to nitrogen fixating and growth enhancing effects (phytohormones
biosynthesis), Rhizobium spp. are well known as biological control agents against
numerous pathogenic mycoflora like Rhizoctonia solani, F. solani, F. oxysporum,
Macrophomina phaseolina, Sclerotinia sclerotiorum, Pythium sp. and Sclerotium
rolfsii [66–68].

The antagonistic modes of action utilized by Rhizobium spp. include rivalry for
space and nutrients by secretion of siderophores, in addition to antibiosis via produc-
tion of antibiotics such as bacteriocins and trifolitoxin, lytic enzymes, and fungitoxic
substances such as hydrogen cyanide. Furthermore, triggering of plant immune sys-
tem against attacking pathogens is widely reported for many species of Rhizobium
via induction of hypersensitivity responses, defense-related genes, and production of
antifungal compounds andmolecules [69]. Volpiano et al. [70] investigated the antag-
onistic activity of different Rhizobium strains toward S. rolfsii in vitro and in vivo.
A mycelial growth inhibition up to 84% in vitro and a significant decrease in the
incidence of collar rot of common bean by 18.3 and 14.5% in the pot and field exper-
iments were reported by strains SEMIA 439 and 4088. In addition, the antagonistic
mechanism through volatile compounds by strain SEMIA 460 was also reported.
Hemissi et al. [71] investigated the antifungal potential of some Rhizobium strains
against R. solani in vitro and the incidence of Rhizoctonia root rot of chickpea under
greenhouse conditions. Among the 42 tested Rhizobium strains, 24 isolates exhib-
ited varied extent of antifungal activity against R. solani in vitro. Biosynthesis of
fungitoxic substances and phosphorous solubilization were recognized as biocontrol
mechanisms by some tested Rhizobium strains. In addition, a considerable disease
reduction was recorded by applying these strains.
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Others

Other genera including Burkholderia, Gluconobacter, Azoarcus, Herbaspirillum,
and Klebsiella are known also as antifungal agents against phytopathogenic fungi,
and plant growth-promoting rhizobacteria [72, 73]. Many Burkholderia species
are known to produce antifungal substances like phenazine iodinin, and hydrolytic
enzymes. Rivalry for space and/or nutrients with other microorganisms and trigger-
ing plant immunity against pathogens were also reported. Anti-spore germination
activity by Burkholderia spp. was recorded against spores of Penicillium digitatum,
S. sclerotiorum, Aspergillus flavus, A. niger, Phytophthora cactorum, and Botrytis
cinereal [74]. Detoxification and degradation of the virulence factor of a pathogen
is another biocontrol mechanism utilized by some bacterial biocontrol agents. Some
strains of B. cepacia and B. ambifariahave the ability to hydrolyze the mycotoxin
fusaric acid, responsible for root rot and wilt diseases, which produced by some
pathogenic Fusarium spp., as well as inhibit their mycelial growth [75]. Detoxifica-
tion of fusaric acid by K.oxytoca was reported also via biosynthesis of detoxificating
proteins that attach to the toxins [76].

The biocontrol activity of B. gladioli pv. agaricicola was studied against Verticil-
lium dahliae, in vitro and in situ on tomato [77]. A significant fungitoxic effect was
recorded by the bacterial strain ICMP12322 in vitro against the pathogenic fungus.
In addition, a considerable disease reduction was achieved by application of this
strain in the pot experiment. In another study, Bevardi et al. [78] reported a potent
antagonistic activity byG. oxydans against the bluemold fungusP. expansum.Apro-
nounced inhibition in the fungal growth up to 95%was achieved in vitro test. In vitro
biocontrol activity of three growth-promoting rhizobacteria Azospirillum brasilense
SBR, Azotobacter chroococcum ZCR, and K. pneumoneae KPR was investigated
against the pathogenic mycoflora F. oxysporum, S. sclerotiorum, and Pythium sp.
and in pots on cucumber [79]. A significant inhibition in fungal growth up to 100%
in vitro and 56% decrease in the damping-off incidence were recorded by applying
the tested bacterial biocontrol agents.

3.2.2 Fungi as Biocontrol Agents

Many antagonistic fungi have been extensively utilized as bio-fungicides against
various phytopathogenic fungi. Owing to their widespread occurrence, persistence,
multifunctional antifungal activities against plenty of pathogenicmycoflora, and rela-
tive ease of culturing andmaintenance in vitro, they have attained a broad approbation
in this concern. The most common fungi used as bio-control agents include members
of the genera Trichoderma, Gliocladium, Clonostachys, Penicillium, Chaetomium,
Myrothecium, Laetisaria, Coniothyrium, and arbuscular mycorrhizal fungi.
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Trichoderma spp.

Trichoderma Pers. (Ascomycota, Sordariomycetes, Hypocreales) is a prevalent fun-
gal genus of increasing interest due to their diverse bioactivities, global distribu-
tion, varied metabolites production, and competitive and reproductive potentiality.
Members of Trichoderma found mostly in all types of ecosystems as soil-borne, on
decaying plant materials, endophytic, epiphytic, on other fungi, and/or in aquatic
habitats [80–83].

Many species of Trichoderma genus are geographically limited, some are widely
distributed, while, few have a cosmopolitan distribution [84]. According to Bissett
et al. [85], more than 250 of Trichoderma spp. have been listed. However, in the
recent few years, more than 45 new species have been described [86–93]. Species
of genus Trichoderma can synthesis several hydrolytic enzymes and antimicrobial
substanceswhich provide themwith ecological dominance under varied environmen-
tal conditions and the ability to perform many biological functions. One of the most
important characteristics of Trichoderma spp. is the high and numerous potentialities
to antagonize a broad spectrum of fungal phytopathogens which qualify them as the
most common bio-control agents. Indeed, commercial Trichoderma-based products
represent more than 50% of fungal bio-fungicides market.

During the last years, use of Trichoderma spp. as bio-fungicides against various
phytopathogenic fungi has attracted high scientific attention [94–96]. For example,
El-Sharkawy et al. [97] studied foliar application of two isolates of T. harzianum and
T. viride as bio-fungicides against wheat rust under greenhouse conditions. A signifi-
cant anti-spore germination of Puccinia graminis uredospores was recorded in vitro.
Under greenhouse conditions, a considerable reduction in the disease measures and
improvement of wheat growth and yield parameters were reported. The antifungal
activity was attributed to their production of some antifungal secondary metabolites.
The antifungal potentiality of T. harzianum WKY1 against Colletotrichum subline-
olum, causative of sorghum anthracnose, was studies by Saber et al. [98]. In vitro, a
pronounced growth inhibition in the mycelia of C. sublineolum was recorded as well
as a decrease in the disease severity under greenhouse conditions.

Both direct and indirect biocontrol mechanisms evolved by Trichoderma species
have been discussed including rivalry for space or nutrients, antibiosis, and myco-
parasitism. In addition, triggering of plant immune responses and enhancement of
their growth were also reported [99]. However, predominance of one mechanism
does not mean that the others are not contributed to the antagonistic behavior of
the bioagent. Production of a large set of enzymes like cellulases, amylases, lipases
and pectinases, as well as secondary metabolites such as siderophores, in addition to
their high reproductive capacity provides Trichoderma spp. with antagonistic ability
to compete the fungal pathogens for space and/or nutrients [100].

Biosynthesis of numerous antifungal lytic enzymes [101], as well as various
antibiotic, secondary metabolites, volatile, and nonvolatile antifungal compounds
by Trichoderma species are well known and recognized. In addition to phenolic
compounds, production of various antibiotics like, trichodermol, viridian, gliovirin,
harzianolide, harzianum A, trichodermin and koninginins has been also reported
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[102]. However, it is difficult to differentiate between competition and antibiosis in
agar plate. The inhibition zones result from antibiosis are indistinguishable from
those produced by the nutrients shortage.

Mycoparasitism (obtaining nutrients from the fungal pathogen) may be con-
tributed to the antagonistic behavior of some Trichoderma spp. [103–105]. How-
ever, the ability to parasitize pathogenic fungi is not a simple process; it involves
specificity between both fungi. It depends primarily on the chemical attraction by
the pathogenic fungus and the cell signaling in Trichodermawhich includes recogni-
tion (sensing their prey), as well as capability for production of lytic enzymes [106].
A successful mycoparasitic process involves chemical recognition by Trichoderma
sp. to their prey fungus, chemical attraction, connection, coiling around their fun-
gal prey and penetrating them mechanically through sending appressoria into the
prey mycelium or chemically through secretion of cell-wall hydrolytic enzymes, and
sometimes secretion of some antifungal secondary metabolites [107].

Moreover, some Trichoderma spp. are identified as endophytes [108–111] that
can trigger the plant systemic acquired resistance against attaching pathogens [109].
Moreover, they induce plant tolerance against drought and salinity [112]. Up-
regulation of different defense-related genes are also reported as a response to the
endophytic Trichoderma, in addition to some phytochemicals [113]. In this regard,
Park et al. [110] recorded amarkedly inhibition in the disease development in ginseng,
caused by B. cinerea and Cylindrocarpon destructans, as a response to application
of the endophytic T. citrinoviride.

Gliocladium spp.

Gliocladium spp. (Ascomycota, Sordariomycetes,Hypocreales) are frequently found
as soil-borne, endophytes, epiphytes, on other fungi, on plant debris, freshwater, and
coastal soils [59, 114, 115]. Gliocladium spp. have a worldwide distribution and
exceptional ecological versatility. They inhabit numerous ecosystems like tropical,
temperate, subarctic, and desert areas [116]. Species of this genus are reported as
producers of a vast range of secondary metabolites which exhibit different bioactiv-
ities such as antifungal, antibacterial, nematicidal, anti-tumour activities, as well as
hydrocarbons and their derivatives (myco-diesel), and ligninolytic enzymes [117–
120]. Taxonomically, many Gliocladium spp. were reclassified and moved to the
genusClonostachys due to significant molecular andmorphological differences from
the type form of Gliocladium spp. For instance, G. catenulatum is renamed to C.
rosea f. catenulata, and G. roseum is renamed to C. rosea f. rosea [121, 122]. Fur-
thermore, other species were transferred to the genus Trichoderma such as G. virens
which is now classified as T. virens.

Species of the genus Gliocladium are widely known as bio-fungicides for many
pathogenic mycoflora. The most common species used as biocontrol agents are C.
rosea f. rosea (syn. G. roseum), C. rosea f. catenulata (syn. G. catenulatum), and T.
virens (syn. G. virens). Gliocladium spp. have a potent antagonistic activity against
various fungal mycopathogens like P. ultimum, B. cinerea, F. graminearum, F. udum,
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Phytophthora cinnamomi, P. citricola, Alternaria alternata, Verticillium spp. and
Chaetomium spp. [123–125]. Borges et al. [126] recorded significant biocontrol
efficiency for C. rosea against tomato gray mold. Application of C. rosea recorded
100%biocontrol efficiency in stem and≥90% in the entire tomato plant. Tesfagiorgis
et al. [127] recorded a disease reduction (90%) in powdery mildew of zucchini when
treated with C. rosea under greenhouse conditions.

Production of different antagonistic metabolites by Gliocladium spp. has been
reported such as gliotoxin and viridin by G. flavofuscum [128]. According to the
type of the antibiotic produced by strains of T. virens they can be differentiated into
two groups (P and Q). Members of group P synthesis gliovirin which poses narrow
antifungal spectrum activity, primarily, against oomycetes [129], while, members
of group Q synthesis gliotoxin which poses a broad range of antifungal as well as
antibacterial activities [130]. Another species of Gliocladium has been reported as a
producer of a set of volatile antifungal substances against P. ultimum and V. dahliae.
Of them, the antifungal antibiotic annulene was identified [131]. Mycoparasitism
against different fungal pathogens was also reported as a proposed biocontrol mode
of action of Gliocladium spp. [132, 133]. In a recent study, 199 candidate mycopar-
asites isolated from agricultural soils in southwestern Greece, of them, the isolate
Gliocladium sp. G21-3was themost aggressivemycoparasite and a competent antag-
onist against sclerotia of S. sclerotiorum [134].

Penicillium spp.

Penicillium Link (Ascomycota, Eurotiomycetes, Eurotiales) is a diverse genus which
contain more than 400 species with a cosmopolitan distribution. Penicillium spp. are
found as soil-borne, on decaying crops, on wood, fresh and dry fruits, water, and in
indoor air. They are well known as organic materials decomposers, causative of food
spoilage, producers of mycotoxins and enzymes, air allergens, and/or causative of
postharvest decay of some crops [135].Members of genusPenicillium arewidely rec-
ognized as synthesizers of diverse bioactive substances such as antibiotics, antitumor
agents, nephrotoxin, and ergot alkaloids [136].

Some Penicillium species are known as bio-fungicides against fungal diseases.
The endophytic P. oxalicum T 3.3 exhibited an aggressive antifungal activity against
anthracnose of dragon fruit, caused by Colletotrichum gloeosporioides. Production
of β-glucanase and chitinase was reported for this biocontrol agent [137]. Sreevidya
et al. [138] reported a remarked biocontrol activity ofP. citrinum against botrytis gray
mold of chickpea in the greenhouse and field. The antifungal activity was attributed
to their production of mycotoxin citrinin. In addition, production of lytic enzymes
like protease and glucanases were also reported. The biocontrol activity (75%) of
P. citrinum was reported on charcoal rot of sorghum under greenhouse condition
[139]. De Cal et al. [140] reported a markedly decrease in the powdery mildew of
strawberry in vitro and in vivo via application of P. oxalicum.
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Chaetomium spp.

Chaetomium spp. Kunze (Ascomycota, Sordariomycetes, Sordariales) are filamen-
tous fungi which exist as soil-borne, air-borne, endophytic, epiphytic, on any cellu-
lose containing materials, and on plant debris. It comprises more than 160 described
species with a cosmopolitan distribution [141]. Some of these fungi act as bio-
fungicides to control numerous pathogenic mycobiota like A. raphani, A. brassici-
cola, and P. ultimum. Zhao et al. [142] reported a potent antagonistic activity by
the endophytic C. globosum CDW7 against rape sclerotinia rot, caused by S. scle-
rotiorum. Seven secondary metabolites were identified from their culture filtrate
including the antifungal metabolites flavipin, chaetoglobosin A-E and Vb, for which
their antagonistic potential was attributed. Hung et al. [143] reported also an in vitro
mycelial growth inhibition ofP. nicotianae by 50 ~ 56%when grew against the antag-
onists C. globosum, or C. cupreum in biculture tests and against their crude extracts.
Furthermore, C. cupreum parasitized P. nicotianae and degraded their mycelia after
30 days of incubation. In pot experiment, use of Chaetomium spp. lowered the dis-
ease severity of citrus root rot by 66–71%. Chaetomium species have been reported
as producers of lytic enzymes which involved in the mycoparasitism [144, 145]. In
addition, numerous antifungal secondary metabolites were reported from the cul-
ture filtrates of Chaetomium spp. like flavipin, chaetoviridins, chaetoglobosins, and
rubrorotiorin [142, 146, 147].

Myrothecium spp., Laetisaria spp., and Coniothyrium Minitans

Myrothecium spp. Tode (Ascomycota, Sordariomycetes, Hypocreales) are filamen-
tous fungi that poses a universal distribution and found as soil-borne or on plants. It
comprises more than 35 described species [148].Myrothecium spp. are recognized as
producers of various bioactive substances such as trichothecenesmycotoxins (roridin
A, verrucarin A, and 8beta-acetoxy-roridin H) [149, 150], as well as lytic enzymes
like proteinases and lipases [151]. Some ofMyrothecium spp. have a potential antag-
onistic behavior against several fungal phytopathogens, weeds, insects, and nema-
todes [152, 153]. Barros et al. [154] reported a biocontrol activity of Myrothecium
sp. against S. sclerotiorum in vitro and in vivo experiments. A considerable decrease
in the soybean mold disease up to 70%was recorded by application of the biocontrol
agent.

Laetisaria Burds. (Basidiomycota, Agaricomycetes, Corticiales) is a genus of
4 species with widespread distribution. The soil-borne fungus L. arvalis is well
recognized as a bio-fungicide against some pathogenic mycoflora. Among the 28
biocontrol agents tested by Brewer and Larkin [155], the isolate L. arvalis ZH-1
significantly reduced the disease incidence of potato black scurf by 60%. In another
study, soil treatment with L. arvalis led to a markedly decrease in tomato damping-
off, caused by P. indicum, recording 72% seed germination [156]. Furthermore,
Bobba and Conway [157] reported the competition for nutrients as an antagonistic
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mechanism by L. arvalis against the pathogenic fungus S. rolfsii in the competitive
colonization experiment.

Coniothyrium minitansW. A. Campb. (Ascomycota, Dothideomycetes, Pleospo-
rales) is a worldwide distributed fungus. It is a naturally obligate mycoparasite on
sclerotia of the fungal pathogens S. sclerotiorum, S. minor, S. trifoliorum, and S.
rolfsii [158, 159]. In this regard, Chitrampalam et al. [160] studied the antifungal
activity of C. minitans on S. minor, the causal of the lettuce drops, in vitro and
in vivo. A total sclerotial mortality was recorded in the culture plates. In the field
experiment, a significant reduction in the lettuce drop was achieved; this reduction
was correlated with a reduction in the existence levels of the sclerotia. During the
mycoparasitic process by C. minitans, the outer pigmented layer of the sclerotia has
been mechanically penetrated and enzymatically using lytic enzymes [161]. How-
ever, the antibiosis mechanism via production of the antifungal secondary metabolite
macrosphelide A was also reported [162].

Arbuscular Mycorrhizal Fungi (AMF)

AMF are soil fungi (Mucoromycota, Glomeromycotina) which comprise about 300
species in 3 classes, 5 orders, 15 families and 38 genera [163, 164]. They are obligate
endophytes that live in mutualism with roots of 80% of the vascular plants [165].
AMF are found in all terrestrial ecosystemswith varied extent of pH, salinity, organic
matter, and environmental conditions. They have a cosmopolitan distribution, where
they have been reported from all continents [166]. In the arbuscular mycorrhizal
association, the fungus attains carbon from the photosynthesis of the plant, while
the plant takes many advantages from the fungus. AMF supply the mycorrhizal
host with water, and minerals via their extra radical hyphal network. Moreover,
AMF improve the plant growth and metabolic processes, increase their resistance to
drought, salinity, heavy metals, as well as enhance their immunity against various
pathogenic mycobiota [167].

Many researchers have extensively studied the biocontrol activity of AMF to
control different types of phytopathogenic fungi like A. solani, Aphanomyces eute-
iches, Cercospora arachidicola, Cercosporidium personatum, Erysiphe graminis,
F. solani, F. verticillioides, Gaeumannomyces graminis, M. phaseolina, P. cacto-
rum, P. aphanidermatum, R. solani, S. cepivorum, and V. dahliae [168–172]. Olowe
et al. [173] investigated biocontrol activity of Glomus clarum and G. deserticola
against maize ear rot. A considerable reduction in the disease effects on the plant
growth parameters was recorded by application of AMF. El-Sharkawy et al. [97]
investigated the biocontrol of wheat stem rust by using AMF and Trichoderma spp.
under greenhouse conditions. A markedly decrease in the disease measures as well
as enhancement in the growth and yield parameters were recorded. Moreover, an
induction in the activities of some defensive enzymes and total phenol content were
also recorded. The likely biocontrol mechanisms exerted by AMF comprise direct
rivalry with other soil-borne pathogenic fungi for nutrients, space, and colonization
sites, changing of the soil microbial composition in the rhizosphere area [174, 175].
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Furthermore, AMF may indirectly decrease the losses resulting from the disease
by damage compensation, growth improvement and triggering the plant immunity
against the phytopathogens attack [170, 172]. In this regard, Abdel-Fattah et al. [176]
reported triggeringmultiple defense-related reactions in bean plants against infection
with Rhizoctonia root rot as a result of application of AMF. Some ultrastructural and
biochemical responses were recorded including cell-wall thickening, cytoplasmic
granulation, increase in the cell organelles number, nuclear hypertrophy, and accu-
mulation of fungitoxic compounds (phenolics) and triggering of defensive enzymes
activity. However, achieving a genetic polymorphism (86.8%) as well as triggering
of the transcriptional expression level of defense-related genes were also reported
[177].

3.3 Induction of Systemic Resistance and Defense-Related
Genes in Plant

Plants have a strategy against fungal infection by evolving multiple immune mecha-
nisms [178, 179]. Thefirst immune response is started by the recognition of pathogen-
associated molecular patterns conserved (PAMPs), like lipopolysaccharides, flag-
ellin, chitin and glycoproteins by what is called Pattern-Recognition Receptors
(PRRs) which located on the surface of cell [180]. The understanding of PAMP stim-
ulates PAMP-triggered immunity (PTI), including oxidative burst, MAPK (mitogen-
activated protein kinase) activation, deposition of callose, defense-related genes
induction, and antimicrobial compounds accumulation [181–183]. The pathogens
can successfully suppress PTI by secreting different effectors, like small RNAs and
proteins to suppress host PTI in the host cells [184–186]. On the other hand, plants
have secreted resistant proteins to recognize the specific effectors of pathogen, lead-
ing to an effector-triggered immunity (ETI), whereas ETI is more rapid and powerful
than PTI and stimulates comparable defense responses set as in PTI but in an accel-
erated and powerful way [178, 179, 183, 187].

The starting of PTI or ETI from the infected loci often stimulates resistance
induced in tissues that give resistance against a wide range of pathogens [39]. This
systemic acquired resistance (SAR) is often correlated with level of salicylic acid
(SA) increased and regulate the activation of pathogenesis related (PR) genes and
comprises one or more long-distance signals that increase the capacity to enhanced
defensive in intact parts of plant [188]. Also, beneficial microbes in the rhizosphere
can induce systemic resistance (ISR). In most cases, ISR is SA-independent and
develops without accumulation of PR proteins. P. fluorescens is still able to induce
ISR that does not synchronize with enhanced SA levels.
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4 Case Study

In Egypt, many researchers concerned with the biological control of fungal diseases,
my research group studied many bioagents for control of many plant fungal diseases
such as Streptomyces spp. [64, 189], Pseudomonas spp. and Bacillus spp [190–192]
and some fungal species such as Gliocladium spp., Paecilomyces spp., Penicillium
spp. and Trichoderma spp. [189]. The Trichoderma harzianum was used widely as
a bioagent, which observed the most potent organisms among bacterial and fungal
species used against sugarbeet pathogen R. solani in the study carried out byMoussa
[189] and shown in Table 1. The mechanism of T. harzianum to control the fun-
gal pathogens was by mycoparasitism on the pathogen hyphae and observed using
scanning electron microscope (SEM) (Figs. 1, 2 and 3).

Hyphal interactions between T. harzianum and R. solani were observed by scan-
ning electron microscopy. T. harzianum attached to the host by hyphal coils (Figs. 1,
2 and 3).

Table 1 Control of sugar
beet root rot disease caused
by R. solani with different
antagonists

Antagonist Disease incidence (%)

Seed coating Seed soaking Soil pre-
inoculation

Control 42.53a 71.43 75.68aa

Bacteria

Bacillus
cereus

14.85defg 66.4bc 48.18a

B. subtilis 10.67efgha 81.2a 52.91a

Fungi

Gliocladium
deliquescens

15.51def 51.9c 20.68b

Paecilomyces
marquandii

8.8fghb 52.3c 50.93a

Penicillium
vermiculatum

10.12efgh 65.5bca 50.93a

Trichoderma
harzianum

6.48 h 62.9bc 17.16b

T. koningii 13.53efg 69.5ab 48.18a

T. pseu-
dokoningii

25.94b 63.6bc 52.9a

T. viride 25.63bc 60.5bc 48.18a

aValues within a row followed by the same letter are not signifi-
cantly different at 5% level according to Duncan’s multiple range
test (DMRT)
bValues within the column followed by the same letter are not
significantly different at 5% level (based on DMRT)
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Fig. 1 Scanning electron micrographs of Trichoderma harzianum hyphae interacting with those of
Rhizoctonia solani in which hypha of T. harzianum coiling around and penetrating one of R. solani.
Partial degradation of host cell wall can be observed (X 8500) [190]

Fig. 2 Scanning electron
micrographs of Trichoderma
harzianum hyphae
interacting with those of
Rhizoctonia solani in which
hooks of T. hrzianum
attached to hyphae of R.
Solani (X 2000) [190]

Fig. 3 Scanning electron
micrographs of Trichoderma
harzianum hyphae
interacting with those of
Rhizoctonia solani in which
appressorium-like structure
formed by T. harzianum,
attached to a hyphae of R.
solani with partial
degradation of host cell wall
(X 8500) [190]
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In another case study, the research was developed to study the effect of bioagent
on the host plant as well as fungal pathogens. Some bacterial species were known
as plant growth promoting rhizobacteria (PGPR) which secret some compounds to
enhance plant growth, it was found that all growth parameters of Cucumi ssativus L.
cv. Market were increased in absence and presence of the fungal pathogen P. aphani-
dermatum in greenhouse experiment as shown in Table 2. On the other hand, the use
of P. aeruginosa and B. amyloliquefaciens separately inhibit the fungal pathogen P.
aphanidermatum [191]. Another study on the biocontrol of F. graminearum which
attacks wheat, in which it was concluded that the use of B. subtilis and Pseudomonas
fluorescens increased the growth parameters of wheat and suppress the growth of F.
graminearum, also P. fluorescenswas the most efficient than B. subtilis or in mixture
[192].

In a recent study conducted by the authors, the biocontrol activity of a mixture
of arbuscular mycorrhizal fungi was investigated against Rhizoctonia root rot of
common bean, caused by Rhizoctonia solani Kühn, under natural conditions. The
obtained results exhibited a considerable reduction in the disease severity and inci-
dence by the mycorrhizal colonization. In addition, a significant enhancement of the
shoot and root lengths anddryweights, and the leaf areawas observed in the colonized
plantswhen comparedwith the control plants.Moreover, themineral nutrient concen-
trations and yield parameters were also improved. Transmission electronmicroscope
observations showed somedefense-related ultrastructural changes including cellwall
thickening and cytoplasmic granulation. The biochemical analysis of the colonized
plants showed an accumulation of the phenolic compounds, which have a fungitoxic
activity, and induction of the defense-related enzymes phenylalanine ammonia lyase,
peroxidase and polyphenoloxidase [176]. Furthermore, the molecular examination
indicated an induction of the transcriptional expression level of the defense-related
genes chitinase and β-1,3-glucanase as a response to the mycorrhizal colonization
[177].

5 Conclusion and Future Prospects

In this chapter, the authors tried to highlight the most important biological control
practices all over the world and focused on Egypt as a home country, it is found
that through the past century, the attention to biological control of economic crops
has increased from both the government and the researchers starting from the ordi-
nary application of biocontrol agents in contact directly to the soil and in form of
gelatin capsules to insertion of the resistance genes in the plant and produce what we
know today GM plants (genetically modified plants). In Egypt, the biological control
of different diseases becomes common due to the awareness of farmers about the
benefits of biocontrol applications.
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Production, Formulation and Application
of Fungi-Antagonistic to Plant
Nematodes

Ezzat M. A. Noweer

Abstract Nematodes are invertebrate roundworms that inhabit most environments
on earth. They comprise one of the largest and most diverse groups of multicultural
organisms in existence. Plant parasitic nematodes spend at least some part of their
lives in soil, one of the most complex environments. Their activities are not only
influenced by variation in soil physical factors such as temperature, moisture and
aeration but also by a vast array of living organisms, including other nematodes,
bacteria, fungi, algae, protozoon’s, insects, mites and other soil animals. The biolog-
ical component of the soil ecosystem is particularly important in limiting and more
or less stabilizing nematode populations. For biological control to be successful, it
must be supported by a backbone of basic ecological research. Nematophagous fungi
can be fungal egg-parasites, nematode-trapping fungi that capture nematodes using
modified hyphal traps, or endoparasitic that parasitizes the nematode by means of
small conidia or zoospores. The history of attempts to use predaceous fungi to control
plant- parasitic nematodes had been the subject of several reviews. Most research on
microbial agents that attack nematodes in soil has concerned fungi, especially those
that form traps to ensnare their prey. There are many attempts to production and for-
mulation of the nematophagous fungi to plant nematodes. Many factors affecting for
nematophagous fungi enhancement as Indigenous Nematophagous Fungi Present
in the Soil, Time after Nematicide Application and Ecological Habitat. Duration
of Cover Crop for Enhancing Nematophagous Fungi in Field Conditions. Biologi-
cal control agents are generally produced in commercial quantities by one of two
fermentation methods. The oldest and perhaps the simplest is solid substrate fermen-
tation, which involves growing the microorganism on the surface of a substrate (e.g.
bran) that has been impregnated with nutrients. However, for most other applica-
tions, it has been largely superseded by submerged culture fermentation, in which
micro-organisms are grown in a liquid medium. A number of types of formulation,
including dusts, granules, wet table powders and liquids have been used in biological
crop protection products, but granular formulations are generally considered to be
most suitable for micro-organisms that are to be applied to soil. The dry nature of
these formulations means that an antagonist of nematodes needs to have the capacity
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to survive desiccation, if it is to be seriously considered for commercial development
as a biological control agent. Granular biological products have traditionally been
produced by blending the organism with a carrier such as clay or ground corn cobs
and alien introducing a material to bind the organism to the carrier, but in recent
years there has been considerable interest in encapsulating biological control agents
in gallants such as sodium alginate. Formulation of microbial products in forms
which have extended shelflives and which can be applied to soil using conventional
farm equipment is likely to present a major challenge to those interested in com-
mercializing antagonists of nematodes. Organisms which cannot be dried without
loss of viability are likely to be difficult to formulate and are unlikely to retain their
activity in storage for more than a few months unless expensive storage conditions
are employed.

Keywords Plant nematodes · Nematophagous fungi · Formulation · Biological
products · Storage and application · Ecosystem · Microbial products

1 Introduction

Nematodes are invertebrate roundworms that inhabit most environments on earth.
They comprise one of the largest and most diverse groups of multicultural organisms
in existence. Plant parasitic nematodes spend at least some part of their lives in
soil, one of the most complex environments. Their activities are not only influenced
by variation in soil physical factors such as temperature, moisture and aeration but
also by a vast array of living organisms, including other nematodes, bacteria, fungi,
algae, protozoon’s, insects, mites and other soil animals. This biological component
of the soil ecosystem is particularly important in limiting and more or less stabilizing
nematodepopulations. In the last fewyears’man tended to reduce theuseof pesticides
to control pests for a safer environment. Theuses of these toxic substances accumulate
in the food and cause a serious potential hazard for human health. There can be
no doubt that the ‘Nematicide crisis’ has created a situation where an increase in
the resources allocated to research on biological control of nematodes is essential.
However, it is important that the area in which research is needed is not interpreted
too narrowly.

For biological control to be successful, it must be supported by a backbone of
basic ecological research. In this book chapter, we aimed to have a sound knowledge
of the population dynamics of nematodes, of the threshold levels needed to cause
economic damage, of the role that parasites, predators and other soil organisms play
in regulating nematode populations, and of the complex interrelationships that occur
between nematodes and other components of the soil ecosystem. In the long term,
the additional knowledge accumulated from such studies is likely to impact on many
areas of Nematology and may in fact prove more valuable than any new biological
control measures that might be developed.
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2 What Are Nematophagous Fungi?

Nematophagous fungi are fungi that feed on nematodes. These fungi can be fun-
gal egg-parasites, nematode-trapping fungi that capture nematodes using modified
hyphal traps, or endoparasites that parasitize the nematode by means of small coni-
dia or zoospores. There are various ways for soil-borne fungi to suppress nematode
multiplication. A detailed review of fungi as biocontrol agents against plant-parasitic
nematodes has been published by Kerry and Jaffee [1] and others. In summary, there
are fivemechanisms that fungi use to suppress nematodes. Some of these interactions
are direct whereas others are indirect.

The direct mechanism is performed by:

(1) Fungi that feed on nematodes directly, known as nematophagous fungi; fungi
interact with nematodes in an indirect manner by several mechanisms including.

(2) Fungi that kill nematodes by mycotoxin [2].
(3) Through the destruction of the feeding sites of sedentary nematodes in roots

[3].
(4) Fungi that are nonpathogenic to plants but compete with nematodes in roots and

significantly reduce nematode multiplication [4]. Many of these fungi are used
as potential nematode biocontrol agents.

The indirect mechanism is performed by:

(5) Mycorrhizal fungi improve the growth of nematode infected plants and may
also affect nematode development [5].

According to a survey of nematophagous fungi in Ireland by Gray [6],
nematophagous fungi were found in all of the habitats examined, among which,
permanent pasture, coniferous leaf litter, and coastal vegetation had the most fre-
quent incidence of nematophagous fungi. Other habitats examined by Gray included
coniferous leaf litter, old and partly revegetated dung, permanent grassland pasture,
cultivated land, moss cushions, decaying vegetation and compost, and peat land [6].
In addition, many other studies i.e., Barron [7] also supported the hypothesis that
nematophagous fungi are widely distributed and have great potential to be explored
as biocontrol agents.

However, as stated by Kerry [8]: “The successful introduction of such an agent
depends on whether a suitable niche for the microorganism exists or can be cre-
ated and until we know much more about the factors that affect the activity of
nematophagous fungi in soil, their full potential as control agents for nematodes
will not be realized”.
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3 Groups of Nematophagous Fungi According to Their
Feeding Habits

3.1 Nematode-Trapping Fungi

Facultative fungi that form trapping structure to trap nematodes, there are 6 types
of traps reported by Barron [7]. Traps come in many forms: adhesive hyphae, net-
works, knobs, rings, constricting rings and non-constricting rings.

Adhesive hyphae: e.g. Zygomycotina

Stylopage, Cystopage

Adhesive traps: e.g. Deuteromycota

Monacrosporium cionopagum (branches)
M. ellipsosporium (knobs)
Arthrobotrys oligospora (networks)

Non-adhesivetraps: e.g. Deuteromycota

Arthrobotrys dactyloides (constricting ring)
Dactylella leptospora (non-constricting ring)

Fungi that form traps:
Several species of soil-dwelling fungi produce traps to ensnare nematodes before

they infect them. Some trapping fungi can proliferate in soil in the absence of nema-
todes while others are more dependent on nematodes as a nutrient source for growth
(Figs. 1 and 2).

3.2 Facultative Parasitic Fungi Attacking Sedentary Stages
of Nematodes

These are facultative fungi that are commonly soil saprophytes, and are opportunistic
fungi isolated from the sedentary stages (female and egg stages) of sedentary nema-
todes such as Heterodera, Globodera, and Meloidogyne (Fig. 3). They do not form
specialized infection structures except appressoria. They can survive and proliferate
in soil in the absence of nematodes.

Eg. Hyphomycotina

Acremonium, Cylindrocarpon, Fusarium, Paecilomyces, Verticilium

The above images were scanned from the “Parasites and Predators of Plant-
Parasitic Nematodes” slide set that was prepared by the Education and Biological
Control of Nematodes Committees and issued by the Society of Nematologists in
1990.
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Adhesive hyphae 

Adhesive knob  

Adhesive network  

Constricting ring 

Fig. 1 Some types of traps, Kerry [8]

3.3 Endoparasitic Fungi

These are obligate parasitic fungi that have limited growth in soil outside the colo-
nized nematode cadaver. They can infect vermiform nematodes by producing adhe-
sive spores attached to cuticle of passing nematodes (Figs. 4 and 5).

Eg. Hyphomycotina

Hirsutella rhossiliensis
Drechmeria coniospora
Verticilium spp.

Some can infect vermiform nematodes by producing conidia spores that can be
ingested by nematodes (Fig. 6).

Harposporium anguillulae

Some can infect vermiform nematodes by producing motile zoospores that
encyst on the nematode’s surface (Fig. 7).

Eg. Oomycota

Myzocytium spp.
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Fig. 2 Adhesive traps networks Arthrobotrys oligospora, Kerry [8]

Fig. 3 “Fungal Parasites of Sedentary Females and Eggs” by the Nematologists Society-1990
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Fig. 4 Adhesive conidium’s
of Hirsutella rhossiliensis on
conidiophores, Timper and
Brodie [9]

Fig. 5 Conidium’s of H. rhossiliensis on the cuticle of a nematode with infection bulb inside the
body cavity, Jaffee and Muldoon [10]
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Fig. 6 Zoospores of Catenaria anguillulae (Oomycetes) encysted on Xiphinema americanum.
Signs of infection are apparent beneath the cuticle, Jaffee and Muldoon [10]

Fig. 7 Sporangium and discharge tube (through which zoospores swim into the soil solution) in
tail of Xiphinema americanum, Jaffee and Muldoon [10]

Lagenidium spp.
Chytridiomycota
Catenaria anguillulae

Some can infect sedentary nematodes when the nematodes were exposed on
the root surface.

Eg. Oomycota

Nematophthora gynophila
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4 Isolating of Fungi-Antagonistic to Plant Nematodes

4.1 Isolation of Fungi Using Nematode Water Agar (NWA)
Medium

Twenty grams of agarwere added to one liter of distilledwater and dissolved if needed
on a water bath. The medium was then poured in 10 ml aliquots into a series of glass
tubes and sterilization was made by autoclaving for 20 min at 15 lbs pressure. The
idea of using such a poor medium is to cut down the growth of other moulds such as
Mucorales and the more vigorously growing Hyphomycetes in order to give chance
to the more delicate growing nematophagous fungi. Addition of steriled nematodes
to culture plates stimulates trap formation in nematophagous fungi [11].

4.2 Isolation of Fungi Using Potato Dextrose Agar (PDA)
Medium

Potato dextrose agar (PDA) was prepared from 200 gm peeled and sliced potato +
20 gm D-Glucose + 15 gm agar + 100 ml distilled water. For isolating of fungi
from the nematode- infested soil samples, P.D.A medium was used according to
Harwing et al. [12]. Pure cultures from different isolates were grown on PDA slants
cultured in the dark at 25 °C using the single colon and hyphal tip technique [13].
The Propagating purified fungi cultures were renewed monthly.

4.3 Identification of the Isolated Fungi

Identification of the more vigorous fungi isolated on PDA medium was made by
examining inocula 2 days after inoculation as the growth of these fungi was quick.
Eight days after incubation, a single conidiophore from each culture was transferred
to PDA slants to purificate and incubates at 25 °C. After 15 days, all isolates were
stained with methyl blue and examined microscopically. Identification of fungi was
made according to Barnett [14] and Alexopoulos [15].

Identification of the more delicate fungi and nematophagous fungi grown on
NematodeWater Agar (NWA)mediumwas accomplished by referring to the detailed
descriptions and keys offered by Barnett [14], Alexopoulos [15] and Noweer [16].
Trapping system, septation of the hyphae, spores in clusters or single on conidio-
phores, shape of spores and number of spore cells were the bases of identification.
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4.4 Ecology of Nematophagous Fungi

An ecology study of nematophagous fungi conducted by Gray [17] revealed that dif-
ferent types of nematophagous fungi have different edaphic preferences. The sapro-
phytic NTF (formed adhesive nets) are found in soil with low organic matter and
low moisture due to their saprophytic nature. When nutrients or moisture condition
improved, the saprophytic NTF are able to compete with other soil organisms by
feeding on the expanding nematode population. In contrast, NTF that form rings are
more common in soil with high organic matter andmoisture. Endoparasitic fungi that
produce conidia are strongly influenced by organic matter. While most of the NTF
(except those that formed adhesive branches) are not affected by nematode densities,
Endoparasitic fungi that form injective spores are nematode-density dependent. In
general, the conidia-forming Endoparasitic were isolated from samples with com-
paratively high soil moisture and low pH. Little is known about edaphic preference
of the nematophagous fungi with unmodified adhesive hyphae, except that they are
more frequently recovered from soils with higher pH. Table 1 summarizes the soil
factors which affect different nematophagous fungi.

Base on their ecological preferences, nematode-trapping fungi (NTF) are sepa-
rated into two groups: saprophytic and parasitic NTF [18].

Saprophytic NTF—form 3-dimensional-network traps in response to the presence
of nematodes. Under low nematode population densities, they remain saprophytic.
Therefore, they are regarded as inefficient nematode-trappers.
Parasitic NTF—have low saprophytic ability, but form traps spontaneously. This
group consists of NTF that form constricting rings, adhesive branches and are more
effective nematode trappers than the saprophytic NTF [19].

Table 1 Effect of soil edaphic factors on distribution of nematophagous fungi, Gray [17]

Nematophagous fungi Organic matter pH Moisture Nematode densities

Nematode-trapping NSz* Low NS NS

Net Lowy Low Low NS

Ring Highx Low High NS

Adhesive hyphae NS High NS NS

Adhesive branch NS NS NS High

Adhesive knobs NS Low NS NS

Endoparasitic High Low High High

*zNS = effects of the edaphic factors is not significant
yLow = lower value of the edaphic factor is preferred by the group of nematophagous fungi
xHigh = higher value of the edaphic factor is preferred by the group of nematophagous fungi
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4.5 Occurrence and the Morphological Identity of Some
Antagonistic Fungi Isolated from Soils Infested
with Root-Knot Nematode

The study aims towards the studying of microbial agents that attack root-knot nema-
todes. Soils which famous by its heavy organic manure application riches in the
antagonistic fungi. Occurrence of nematode-antagonistic fungi in Abd-Elsamad vil-
lage, Giza, sandy soils which are well-known by its heavy organic manure appli-
cation were studying by collecting soil samples from fruit orchards, field crop
and vegetables during two consecutive years. Seven species of nematode-trapping
fungi Arthrobotrys conoides, A. dactyloides, A. oligospora, Dactylaria brochopaga,
D. Thaumasia var.longa, Dactylella gephyropaga and Stylopaga hadra were iso-
lated from the root-knot nematode-positive samples. All of these fungi were iden-
tified, described and photographed. Four nematode-endoparasitic fungi Catenaria
angiulella,Cephalosporiumbalanoides,Haptoglosa heterospora andHarposporium
anguillula were isolated from nematode bodies. All of these fungi were identified,
described andphotographedandVerticiliumchlamydosporiumwas isolated fromegg-
masses of Meloidogyne incognita (Figs. 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18 and
19), Noweer [16].

Fig. 8 (1–3): Stylopaga hadra, Noweer [16]

Fig. 9 (4–6): Arthrobotrys conoides, Noweer [16]
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Fig. 10 (7–10): A.dactyloides, Noweer [16]

Fig. 11 (11–13): A. oligospora, Noweer [16]

Fig. 12 (14–17): Dactylaria brochopaga, Noweer [16]
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Fig. 13 (18–21): D. Thaumasia var.longa, Noweer [16]

Fig. 14 (22–24): Dactylella gephyropaga, Noweer [16]

Fig. 15 (25–28): Catenaria angiulella, Noweer [16]



378 E. M. A. Noweer

Fig. 16 (29–32): Cephalosporium balanoides, Noweer [16]

Fig. 17 (33–36):Haptoglosa heterospora, Noweer [16]

5 Production, Formulation of Fungi-Antagonistic to Plant
Nematodes

5.1 The History of Using Fungi as a Biocontrol Agent
to Plant Nematodes

The history of attempts to use predaceous fungi to control plant- parasitic nematodes
had been the subject of several reviews.Most research onmicrobial agents that attack
nematodes in soil has concerned fungi, especially those that form traps to ensnare
their prey. The nematode-trapping fungi; the first nematode- trapping fungus, the
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Fig. 18 (38–45): Harposporium anguillula, Noweer [16]

Fig. 19 (46–49):Verticiliumchlamydosporium, Noweer [16]
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ubiquitous Arthrobotrys oligospora, was described by Fersenius [20]. Zopf [21]
observed that the fungus could capture motile nematodes and parasitize them.

The major genera of predacious fungi, Arthrobotrys, Dactylaria, Dactylella and
Monacrosporium, probably contain more than 100 species. Many of these have
been described by Drechsler [22] and Galuilina [23] have shown that the major-
ity or predatory fungi lies under four speices Dactylaria, Dactylella, Arthrobotrys,
Monacrosporium. In a survey conducted in Egypt by Aboul-Eid [24], who reported
that Arthrobotrys conoides, A. oligospora, Dactylaria brochophaga and D. thauma-
sia var, longa were found in organic-manure soils. Rao and Malek [25] found that
the fungi Arthrobotrys dactyloides, A. arthrobotryoides and Dactylaria thaumasia
slowed the population increase of Pratylenchus penetrans on alfa-alfa in the labora-
tory and greenhouse. Of the three tested fungi, A. dactyloides was the most effective
antagonist.

Mai and Chen [26] used the nematode trapping fungi Arthrobotrys superba, A.
dactyloides, A. arthrobotryoides, and Dactylella doedycoides to reduce the penetra-
tion of alfa- alfa roots by Pratylenchus penetrans sterilized soil. Nematode- destroy-
ing fungi play a major role in recycling the carbon, nitrogen, and other important
elements from the rather substantial of nematodes which browse on microbial pri-
mary decomposers.

In a greenhouse studies Godoy et al. [27] indicated that Peacilomyces lilacinus
andVerticilium chlamydosporium were effective in reducing M. arrenaria infesta-
tions. The classical work in that area was carried out by Linford et al. [28]. They
added chopped green pineapple tops to nematode infested soil in pots and estimated
nematode populations and the activity of the predaceous fungi. When certain soil
fungi are cultured they produce some toxic metabolites in the culture media. These
toxic metabolites have been used by different workers for nematode control [29–32].
Rosenzweiget al. [33] tested the ability of seven predator’s fungi to capture nine
different nematodes which included free living, ecto and endo plant-parasitic nema-
todes. They found that the fungi displayed no selectivity at all with each fungus being
able to trap and consume all the different nematodes tested.

Niblack and Hussey [34] reported that a nematode- trapping fungus, A.
amerospora, combined in three commercial preparations with Rhizobium japanicum
in oculum was evaluated for control of Heterodera glycines on soybean (Glycine
max) in the field and greenhouse. He found that A. amerospora was not considered
a probiocontrol agent for Heteroderaglycines on soybean.

Paecilomyces lilacinus has shown promise as a biological control agent several
nematode species [35]. Also, Dube and Smart [36] found that the fungus P. lilacinus
penetrated the nematode egg and destroyed the embryo; it also attacked and grew
inside developing females resulting in their death. Isolates known to be pathogenic
to nematode eggs have sometimes failed to provide any nematode control, despite
being present at relatively high populations [37]. Murray and Wharton [38] reported
that the nematode trapping fungus A. oligospora traps and invades all the free living
juvenile stages of the trichostrongyle nematode Trichostrongylms colubriformis.

In a greenhouse experiment conducted to evaluate the effect of nematophagous
fungi Arthrobotrys oligospora and pigeon droppings as a soil amendment on the



Production, Formulation and Application of Fungi-Antagonistic … 381

population dynamics of Meloidogyne incognita on Muskmelon, Ali [39] indicated
that was a trend towards nematode population decrease with greater efficiency when
the fungus was introduced into soil 2 weeks prior to planting and nematode inocu-
lation. Inoculums density of A. oligospora was positively correlated with number of
juveniles and galls per gram of root.

Voss and Wyss [40] investigated the potential of the nematophagous endopara-
sitic fungus Cetenaria anguillula as a control agent against several plant parasitic
nematodes, and special emphasis was placed on variability studies in which 19 iso-
lates were compared. For this purpose, an easy and reproducible biotest system was
developed in order to quantity the specific virulence of isolates under defined in vitro
conditions.

Afield inoculatedwithHeterodera schachtii for about 12year’s natural inhabitants
and continuously cropped with host plants exhibited a gradual decline in sugar- beet
cyst nematode damage. After a decade of cultivation, significant differences could
no longer be obtained between control plots and those treated with nematicides.
Soil analysis revealed a remarkable variety of fungal antagonists including parasites
of females and eggs; and at least 6 species of nematode- trapping fungi. There,
Arthrobotrys spp. was present at high densities and one or more could be isolated
from any 0.5 gm of soil. Averages of 44% of all cysts recovered following a cabbage
crop were infected by fungi and 57% of the eggs within these cysts were parasites
[41].

The effect of culture filtrates (CF) of F. oxysporium niveum, Macrphomina phase-
olina, Sclerotium battaticola and Trichoderma herzianum, obtained from infected
cantaloupe roots, on juveniles mortality and egg hatch of M. incognita was studied
by Ali and Barakat [42]. Their results indicated that, the culture filtrates of all the
tested fungi demonstrated toxic effect and killed the nematode juveniles and inhib-
ited the egg hatch to a varying degree. Also, numbers ofM. incognita juveniles, egg-
masses and root galls as well as disease severity of the pathogenic fungi were greatly
suppressed by the addition of the antagonistic fungus Trichoderma herzianum to the
soil.

Hertz [43] reported that conidia of A.oligospora germinated directly into adhesive
traps when applied close to cow faces on water agar plates, the conidial trap is
considered a survival structure enabling the fungus to overcome fungi stasis. Traps
adhere to the surface of passing nematodes, thus facilitating the spread of the fungus,
before penetration of the nematode cuticle and immobilization of the nematode take
place.

In a greenhouse experiment, Hoffmann and Sikora [44] tested the influence of
organic matter on the efficacy of nematode-trapping fungi in reducing the early
penetration of rape roots by Heterodera schachii. Field application of egg and larval
parasitic fungi and chemicals for controlling root- knot nematodes on somemedicinal
herb as mentioned by Park et al. [45]; they found that the number of root- gall, egg
mass and nematode density of Paeonia albiforawas suppressed in P.lilacinus treated
plots. The fungi A. dactyloides, A. oligosora, Macrosporium ellipsosporium, andM.
cionopagum, killed most of the Pratylenchus penetrans adults and juveniles added
to the fungus cultures [9].



382 E. M. A. Noweer

Ali et al. [46] reported that all antagonistic fungi A. oligospora, A. conoides sig-
nificantly reduced the number of hatching eggs. Anter et al. (1994) found that, in a
greenhouse experiment, A. conoides and A. oligospora showed the highest effect on
reducingM. incognita numbers during the first 4weeks.WhereasPaecilomyces lilac-
inus, Verticiliumchlamydosporiumand Trichoderma herzianum gave their maximum
effect, 8 weeks after planting. Reddy and Sharma [47] studied the effect of fungal
cultures and nematicides on larval penetration, root gall and egg- masses counts of
M. incognita on tomato. The results indicated that the fungal cultures (Paecilomyces
lilacinus, Aspergillus niger and Fusarium oxysporium) reduced the penetration of
M. incognita in all the treated plots in comparison to control. Also the root gall and
egg-mass production was low in all the treatments and were not different from each
other superior over control. A.oligospora and A. conoides showed high effect on
the activity of the second stage juvenile of M. incognita compared to the control
treatment [48].

The nematophagous fungus A. oligospora which can live saprophytic ally as
well as predatorily forms sticky reticulate traps in the presence of linig nematodes
to kill and consume them [49]. When the susceptibility of M. javanica and Het-
erodera schachtii to the nematode- trapping fungi Monacrosporium ellipsosporium
and M. cionopagum was compared by Jaffee and Muldoon [10], results indicated
that Meloidogyne spp. in general, were more susceptible than H. schachtii to M.
ellipsosporiumand M. cionopagum.

Granular formulations of Dactylella candida and Arthrobotrys dactyloides were
prepared by encapsulating different quantities of fungal biomass in alginate, or by
subjecting encapsulated biomass to further fermentation. Results of experimentswith
these formulations showed that the presence of nutrients and the quality and quantity
of biomass in granules determined their level of activity against nematodes [50].

Reddy et al. [51] reported that Trichoderma harzianum (2 and 4 g dosages) in
combination with neem (Azadirachta indica), Karanj (Pongamia pinnota) and castor
oil (Ricinus communis) cakes (at 20/40 g dosages) was effective in increasing the
growth of acid lime (Citrus aurantifolia) seedlings and reducing the population of
Tylenchulus semipenetrans both in soil and root experiments. The parasitization of
citrus nematode females with T. harzianum increased in the presence of the oil cakes.

Safullah [52] indicated that T. harzianum and Verticilium chlamydosporium,
previously isolated from Globodera rostochiensis, were tested against G. pallida
and G. rostochiensis males the toxic metabolites from the fungi, released into the
medium, killed males on agar plates. V. chlamydosporium was more effective than
T. harzianum. Aboul-Eid et al. [53] studied the effects of different fungal and bac-
terial treatments on Meloidogyne incognita infecting Tomato. They found that the
nematode trapping fungusDactylaria brochopaga the more effective on reproduc-
tion of root-knot nematode M. incognita.Arthrobotrys oligospora, A. Conaides,
Arthrobotrys sp., Dactylaria shelensis, Dactylaria sp. And Monacrosporium bem-
bicodes were tested by Duponnois et al. [54] for their trapping ability against
Meloidogyne mayaguensis. Most of the Arthrobotrys strains and one Dactylaria
strain decreased the development of the nematodes. The growth of the tobacco plants
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was consequently improved, but certain fungi have proper phytostimulant effects by
acting on the soil structure through commensalism mechanisms with the plant roots.

The effect of different fungal filtrates against Meloidogyne incognita and M.
javanica were studied in vitro by Sankaranarayanan [55]. The culture filtrates of
Trichoderma harzianum and T. kaningii recorded 100% mortality within 24 h of
exposure in both the nematode species. Culture filtrates of different fungi under
study, except T. harzianum(PDBCTH 7 and PDBCTH 8) againstM. incognita andT.
harzianum (PDBTH 8) against M. javanica, recorded 100% nematode mortality at
96 h of exposure. Abdel-Bariet al. [56]. Reported that the effect of different fungal
filtrates on Meloidogyne incognita larvae in laboratory bioassay tests. They found
that the fungus filtrate of Trichoderma viridi was the more effective on mortality of
root-knot nematodeM. incognita.Effect of temperature, PH and nematode starvation
on induction of rings ofDactylaria brochopaga was studied by Bandyopadhyay and
Singh [57]. The results showed that there was no ring formation at 10 and 35 °C.
The optimum PH for ring formation in presence of Hoplolaimus indicus was 7; the
percentage increasing with incubation time. The ring formation of D. brochopaga
in the presence of H. indicus andM. incognita was adversely affected by increasing
the starvation period of the nematodes.

Al-Shalaby andNoweer [58] tested the effects of Five Plant Extracts on the Repro-
duction of Root-Knot NematodeMeloidogyne incognita Infested Peanut under Field
Condition. They found that the neem extract was the more effective on reproduction
of root-knot nematodeM. incognita.Noweer andAl-Shalaby [59] assessed the effects
of SomeAromatic andMedicinal Plants as Amendments againstMeloidogyne incog-
nita on Peanut under Field Condition. They reported that all of the medicinal plants
as Amendments were effective on reproduction of root-knot nematode M. incog-
nita. Noweer [60] studied the efficacy of the nematode-trapping fungus Dactylaria
brochopaga and biofertilizers, on controlling the root-knot nematode Meloidogyne
incognita infecting Tomato. He found that addition of the fungus mixed with biofer-
tilizers were more effective on reproduction of root-knot nematodeM. incognita than
the biofertilizers or the fungus alone. Noweer and Hasabo [61] assessed the effect of
different management practices for controlling the root-knot nematodeMeloidogyne
incognita on squash. They reported that all of the management practices were effec-
tive on reproduction of root-knot nematode M. incognita. Hasabo and Noweer [62]
managed the root-knot nematode Meloidogyne incognita on eggplant using some
plant extracts. They found that all of the plant extracts were effective on reproduc-
tion of root-knot nematodeM. incognita especially the neem extract. Aboul-Eidet al.
[63] studied the effect of a nematode trapping fungus Dactylaria brochopaga onM.
incognita infesting olives and coconut palms in Egypt. They found that the fungus
were effective on reproduction of root-knot nematode M. incognita.

Noweer and El-Wakeil [64] assessed the combination of the entomopathogenic
nematode Heterorhabditis bacteriophora and the nematode-trapping fungi Dacty-
laria brochopaga and Arthrobotrys conoides for controlling Meloidogyne incog-
nita in tomato fields. They found that addition of the fungus mixed with the ento-
mopathogenic nematode were more effective on reproduction of root-knot nematode
M. incognita. Noweer and Dawood [65] evaluated the efficiency of propolis extract
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on faba bean plants and its role against nematode infection. The data revealed that the
propolis extract as soil drench reduced the juvenile-Meloidogyne sp.-population den-
sity per one kg soil and number of root-galls per one gm roots especially at the higher
concentration (1000 mg/L). Noweer [66] investigated using the Nematode Biocide
Dbx-1003 for controllingCitrusNematode InfectingMandarin, and Interrelationship
with Co inhabitant fungi; who found that addition of the Nematode Biocide Dbx-
1003 was effective on reproduction of Citrus Nematode. An Egyptian population of
Dactylaria brochopaga proved to be more effective as nematode-antagonist since it
negatively affected nematode population larvae through production of traps which
capture the larvae and dissolve nematode outer cuticle and digest the inner content
of the victim [16].

Noweer and Aboul-Eid [67] studied the Biological control of root-knot nema-
tode Meloidogyne incognita infesting cucumber Cucumis sativus L. cvs. Alfa by
the nematode-trapping fungus Dactylaria brochopaga under field conditions. They
found that the nematode-trapping fungus D. brochopaga alone or in combination
with yeast, molasses and vermiculite reduced the juvenile-Meloidogyne incognita-
population density per one kg soil and number of root-galls per one gm roots.
Noweer andAl-Shalaby [68] evaluated nematophagous fungiDactylaria brochopaga
and Arthrobotrys dactyloides againstMeloidogyne incognita infesting peanut plants
under field conditions. They found that population densities of M. incognita in soil
were significantly reduced in all treatments comparedwith control, aswell as gall for-
mation on peanut roots. Noweer [69] studied the effects of some nematode-trapping
fungi on the root-knot nematode Meloidogyne sp. infesting white bean Phaseolus
vulgaris and sugar beet Beta vulgaris sp.vulgaris under field conditions. He found
that the fungusDactylaria brochopaga affected the development and reproduction of
Meloidogyne incognita on white bean and sugar beet under field conditions.Aboul-
Eid et al. [70] evaluated the impact of the nematode-trapping fungus, Dactylaria
brochopaga as a biocontrol agent against Meloidogyne incognita infesting Supe-
rior grapevine. They found that all treatments significantly reduced M. incognita J2
in soil and number of root galls compared with the untreated control. Significant
yield increases have been observed with all treatments compared with the untreated
control. Spores suspension twice applications gave the highest yield production.

Noweer [71] studied in a field trial to use the nematode-trapping fungus
Arthrobotrys dactyloides to control the root-knot nematode Meloidogyne incog-
nita infesting bean plants. He found that the fungus Arthrobotrys dactyloides were
affected on the development and reproduction of Meloidogyne incognita on bean
plantsunder field conditions. The fungus, Verticiliumchlamydosporium is among the
most effective biological control agents against plant-parasitic nematodes.V. chlamy-
dosporium parasitizes eggs of root-knot and cyst nematodes [1]. Also, it infects
nematode eggs and sedentary females of cyst nematodes by hyphae produced on
actively growing mycelium [72]. Survival and spread of the fungus occur through
chlamydospores, micro conidia, and mycelium [1]. V. chlamydosporium colonizes
the rhizosphere, which facilitates the infection of egg masses protruding from female
root-knot nematodes on infected roots [73]. Noweer and Al-Shalaby [74] studied the
effect of V. chlamydosporium combined with some organic manure onMeloidogyne



Production, Formulation and Application of Fungi-Antagonistic … 385

incognita and other soil micro-organisms on tomato under field condition they found
that decreased the counts of Meloidogyne incognita juveniles in soil, as well as,
gall formation on roots. the fungus Dactylaria brochopaga or the fungus Verticilium
chlamydosporium was affected on the development and reproduction of Meloidog-
yne incognita on Eggplant plants variety Balady under field conditions especially for
the (F1 + F2AVYM). This was indicated by the lower numbers of juveniles in soil,
lower numbers of galls per 5 gm roots, the % reduction in population density of soil
larvae, in treatment of the nematophagous A. dactyloides.

Noweer [75] investigated the effect of the nematode-trapping fungus Dactylaria
brochopaga and the nematode egg parasitic fungus Verticilium chlamydosporium in
Controlling Citrus Nematode Infesting Mandarin, and Interrelationship with the Co
inhabitant Fungi. Data revealed that the mixed compound treatment greatly affected
the citrus nematode numbers both in soil and roots, in comparingwith those ofVydate
or induced by mixed compound was 97% and 70%; respectively in soil and roots.
Rates of reproduction increase of the citrus nematode also reached 3% and 30%
in both soil and roots; respectively. Vydate treatment resulted in a relatively lesser
percentages. Growth of the concomitant fungus, Trichoderma sp. was increased spe-
cially in the last samples of October 2017, however those of fungi;Aspergillus flavus,
Fusarium sp. And Rhizopus sp. was reduced, due to mixed compound treatment.
Aspergillus niger and Penicillium sp. were not affected by the presence of the mixed
compound. Vydate did not affect the co inhabitant fungi to a great extent.

6 Application and Safety Problems of Fungi-Antagonistic
to Plant Nematodes

6.1 Examples of Use of Cover Crops for Enhancement
of Nematophagous Fungi

Earlier studies by Linford et al. [28] and Cooke and Godfrey [76] demonstrated
that incorporation of cabbage leaves into the soil enhanced nematophagous fungi.
Later it was found that legume crops tend to enhance nematophagous fungi better
than other crops. Root-knot nematode numbers were suppressed when soil amended
with alfalfa was inoculated with Arthrobotrys conoides [77]. The efficient nematode
trapping fungal species, A. dactyloides and Monocosporium ellipsospora, appeared
only in micro plots amended with alfalfa [78]. When alfalfa meal was incorporated
into the soil, suppression of root-knot nematodes by nematode-trapping fungi (NTF)
increased. Pea rhizosphere enhanced the densities and species diversity of nematode-
trapping fungi better than white mustard or barley [79]. The population density of
the NTF and formation of conidia traps, structures that can overcome fungi stasis
were much higher in the pea rhizosphere than the root-free soil [79].
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6.2 Screening Cover Crops for Nematophagous Fungi
Enhancement

Three cover crops were evaluated for their NTF enhancement ability in a green-
house [80]. Soil from a pineapple field was either amended with chopped leaf tissues
of sunn hemp (Crotalaria juncea), rapeseed (Brassica napus), marigold (Tagetes
erecta) or pineapple (Ananas comosus) at 1% (w/w) and compared with soil treated
with 1,3-dichloropropene (1,3-d) or bare soil. Three months after cowpea seedlings
were planted into these soils, NTF numbers were higher in treatments receiving leaf
amendments as compared to 1, and 3-d treated soil or bare soil (Fig. 20). However,
only soil treated with sunn hemp had higher propgules of parasitic NTF (the most
efficient nematode trapper) than 1, 3-d and bare soil. Therefore, among the cover
crops tested, sunn hemp is recommended cover crop for NTF enhancement.

Other potential legumes tested for NTF enhancement were cowpea and velvet
bean (Mucuna deeringiana). A soil collected from South West Florida Research and
Education Center, University of Florida, Immokalee, FL was amended with chopped
leaf tissues of sunn hemp (SH), cowpea (CP) or velvetbean (VB) at 1% w/w for
7days in plastic pots and assayed for nematophagous fungal populationdensities. Soil
amendedwith higher C:N ratio crop biomass such as black oat (Avenasativa) and soil
without amendment (BS) were included as a control. At 21 days after plating (dap),
sunn hemp enhanced Dactylaria eudermata, a NTF forming three-dimensional nets
as compared to the control (P < 0.05). Cowpea enhanced the abundance ofCatenaria
anguillulae (P < 0.05), which is a zoosporic forming endoparasitic fungus that was
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Fig. 20 Nematode-trapping fungal population densities in soil treated with sunn hempNematode-
trapping fungal population densities in soil treatedwith sunn hemp (Crotalaria juncea, Cj), rapeseed
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(P ≤ 0.05), Wang et al. [80]
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found to attackmany species of plant-parasitic nematodes in Florida [81]. In contrast,
effect of velvetbean on nematophagous fungi was not significant (Fig. 21). Both sunn
hemp and cowpea enhanced Harposporium anguillulae (P < 0.05), but this fungus
mainly only infect free-living nematodes, with amouth cavity larger enough to ingest
the fungal conidia of H. anguillulae.
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7 Factors Affecting Cover Crops for Nematophagous Fungi
Enhancement

7.1 Indigenous Nematophagous Fungi Present in the Soil

Performance of sunn hemp in enhancing nematophagous fungi was consistently
promising in a series of the experiments using pineapple soils in Hawaii [80–83].
However, when effect of sunn hemp was examined in soils with distinct differences
in organic matter content, performance of sunn hemp for enhancement of nematode-
trapping fungi (NTF) varied. In Florida, sunn hemp increased NTF population den-
sities in the soil that was rich in organic matter (HYW) but not in a same series of
soil with lower organic matter (NYW) (Fig. 22). However, in another soil (Expt. II),
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Table 2 The initial organic
matter content (%)

Soil Initial organic matter content (%)

HYW 8

NYW 2.5

Expt II 2

(HYW, NYW, and Expt II) with different organic matter contents.
Columns with different letters indicate difference between sunn
hemp treatments according to analysis of variance
(P < 0.05). Cj+ and Cj− indicate with and without sunn hemp
amendment respectively

sunn hemp increased endoparasitic fungal population densities even though this soil
had low organic matter (Fig. 22). These results indicated that performance of cover
crop depends on the species of nematophagous fungi present in the soils.

Table 2 shows the initial organic matter content (%) as the followings:

7.2 Time After Nematicide Application

Some nematicide might be suppressive to activity of nematophagous fungi. Pop-
ulation densities of parasitic NTF were reduced in field recently treated with 1,
3-dichloropropene (1,3-D) (soil D205, Fig. 23) [82]. Ability of sun hemp to increase
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Fig. 23 Ability of sunn hemp to enhance population densities of parasitic nematode-trapping fungi
(NTF) as measured by an enhancement factor in six pineapple field soils with different time periods
after the last 1,3-dichloropropene (1,3-D) application. Cj+ and Cj− indicate with and without sunn
hemp amendment respectively, Wang et al. [82]
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Fig. 24 Number of propagules of nematophagous fungi per g of soil in soil treated or not treated
with sunn hemp amendment (Cj+ or Cj− respectively). In soil collected from Buck Island (BI),
Immokalee (IM) and Pine Acres (PA). * signified no propagules detected. No difference were
detected between Cj+ and Cj− for all the fungi (P > 0.05). pNTF = parasitic nematode-trapping
fungi, sNTF = saprophytic nematode-trapping fungi, Wang et al. [82]

population densities of parasitic nematode-trapping fungi (NTF) measured by an
enhancement factor (Fig. 23) increased as the time after the last 1,3-D treatment
occurred, except on MP282 soil which had a different soil texture than the other
soils. A high enhancement factor in the 10-years fallow soil indicates that enhance-
ment of NTF is not due to the planting of pineapple (Fig. 24).

7.3 Ecological Habitat

Three soils collected from distinctly different agricultural sites were used to exam-
ine the ability of sunn hemp to enhance nematophagous fungi. These soils were
collected from Buck Island (BI), a long-term pasture; Immokalee (IM), 10 years of
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Fig. 25 Nematode-trapping fungal population densities in a pineapple field. Plots were planted
with sunn hemp (Cj), rapeseed (Bn), or marigold (Te), or left fallow with weeds (W) or treated with
1,3-dichloropropene (1,3-D). Values in the table are means of 4 replications according to repeated
measure analysis over time from covercrop planting to 9 months after pineapple planting. Means
followed by the same letters were not different according toWaller-Duncan k-ratio t-test (P < 0.05),
Wang et al. [83]

vegetable cultivation amendedwith compost yearly; and PineAcres (PA), fallowwith
native weeds. Although sunn hemp can induce various species of nematophagous
fungi in BI, only population densities of Harposporium and Dactylaria brochopaga
were stimulated by sunn hemp amendment in IM soil. On the other hand, no
nematophagous fungi were enhanced by sunn hemp in PA soil (Fig. 25).

7.4 Duration of Cover Crop for Enhancing Nematophagous
Fungi in Field Conditions

Under field conditions, sunn hemp is recommended to be planted for 2–3 months
and then plowed under for maximum nitrogen (N) input into the soil. In a pineapple
field in Hawaii, sunn hemp was grown for 3 months and incorporated into the soil.
One month after incorporation, pineapple crowns were planted. Repeated measure
analysis of the population densities of nematode-trapping fungi (NTF) revealed that
NTF were higher in sunn hemp treated plots than weed fallow or plots treated with
1, 3-dichloropropene (Fig. 13). Population densities of NTF remained high in sunn
hemp treated plot 4 months after pineapple planting or 5 months after cover crop
incorporation. Although this effect is not sufficient to manage reniform nematode
infection on pineapple throughout the pineapple cycle (usually 18months to fruiting),
it suppressed the initial population densities of reniform nematodes. Further studies
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need to be conducted to search for post-plant treatment for reniform nematode man-
agement in pineapple. Continuous increase of NTF population densities for 5months
after sunn hemp incorporation is encouraging for short-term crop production.

8 Production, Standardization, Formulation, Storage,
Application, Registration and Safety Problems

In the past, most of theworkwith antagonists of nematodes has been directed towards
searching for potentially useful organisms and assessing the insult ability and effi-
cacy as biological control agents. Some of the nematode-trapping fungi and the
opportunistic egg parasite Paecilomyces lilacinus are now being used commercially
in a few countries but the quantities being produced and distributed are minimal.
Organisms such as Pasteuria penetransand Nematophthora gynophila have definite
biological control potential but they are relatively host-specific and cannot be readily
cultured. Consequently, research on these organisms is being concentrated on the
development of in vitro culture techniques.

Biological control research has not yet reached the stage where the problems of
mass production, standardization, formulation, storage, application and safety have
had to be considered in detail, but the time is rapidly approaching when such issues
will become major areas of activity. Modern fermentation technology is widely used
in the brewing industry and in the production of antibiotics,microbial insecticides and
biological herbicides and should be amenable to the mass production of antagonists
of nematodes. However, large-scale industrial production requires the development
of inexpensive alternatives to the complex media often used to culture nematode
antagonists in the laboratory. Ingredients such as peptone, yeast extract and many
exotic sugars are generally too expensive for use in commercial fermentations and less
expensive sources of nitrogen, carbon andother nutrientsmust be substituted. Sources
of carbohydrate that are suitable for commercial use include glucose, sucrose, starch
and hydrolyzed corn products, while potential sources of nitrogen include soybean
and cotton seed flour, casein and fish meal.

Biological control agents are generally produced in commercial quantities by
one of two fermentation methods. The oldest and perhaps the simplest is solid sub-
strate fermentation, which involves growing the microorganism on the surface of a
substrate (e.g. bran) that has been impregnated with nutrients. The substrate may
be placed in stationary trays or in drums that rotate continuously or intermittently.
Solid substrate fermentation has been used with some success in the production of
myco-insecticides and has proved particularly suitable for culturing fungi that do
not sporulate in liquid culture. However, for most other applications, it has been
largely superseded by submerged culture fermentation, in which micro-organisms
are grown in a liquid medium in large, sealed fermentation vessels, with the liquid
being kept agitated by the passage of sterile, littered air. Most micro-organisms with
potential for development as biological control agents against nematodes are likely
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to be produced using this method. Submerged culture fermentation is expensive, but
has the advantage that parameters such as nutrient level, oxygen concentration, air
t1ow, incubation temperature and pH can easily be controlled.

However, optimum operating conditions must be determined for each organism
being cultured, and this requires a major research effort at the time production is
increased to levels beyond those of a small-scale pilot plant.Unmodified fermentation
biomass is never likely to be suitable for direct sale as a crop protection product and
this material must therefore be formulated into a product that retains its viability in
storage, is convenient to use and relatively immune to user abuse. A number of types
of formulation, including dusts, granules, wet table powders and liquids have been
used in biological crop protection products, but granular formulations are generally
considered to be most suitable for micro-organisms that are to be applied to soil.
The dry nature of these formulations means that an antagonist of nematodes needs
to have the capacity to survive desiccation if it is to be seriously considered for
commercial development as a biological control agent. Granular biological products
have traditionally been produced by blending the organism with a carrier such as
clay or ground corn cobs and alien introducing a material to bind the organism to
the carrier, but in recent years there has been considerable interest in encapsulating
biological control agents in gallants such as sodium alginate. This process has proved
useful for producing granules in the laboratory, but has not yet been scaled-up to the
point where it can be used to produce microbial products in commercial quantities.

Although storage, handling and application problems may best be handled by
formulating biological control agents in granules, this formulation method will only
be suitable for organisms which have considerable powers of spread once they are
introduced into soil. Since it will never be possible to incorporate granules evenly
into soil and application rates have to he kept to realistic levels, antagonists will have
to be able to move from the granule to areas where target nematodes occur. Kerry
[8] showed that hyphae of Verticilium chlamydosporium grew approximately 1 cm
from alginate bran granules, which suggests that such granular formulations may be
suitable for this species. However, it is not yet known how the size and distribution of
granules in soil affects the performance of the fungus as a biological control agent.

9 Formulation of Microbial Products

Formulation of microbial products in forms which have extended shelf lives and
which can be applied to soil using conventional farm equipment is likely to present
a major challenge to those interested in commercializing antagonists of nematodes.
Organisms which cannot be dried without loss of viability are likely to be diffi-
cult to formulate and are unlikely to retain their activity in storage for more than a
few months unless expensive storage conditions are employed [8]. The 18-month
shelf-life needed by a commercial product as mentioned by Couch and Ignoffo [85]
is most likely to be achieved with the endospore-forming bacteria and those fungi
which produce thick walled oospores and chlamydospores. However, some other
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fungi havebeen stored for extended periods as hyphae with little loss of viability
[86]. Unfortunately there is little information on the viability of nematode antag-
onists in long-term storage. When spore-powder preparations of Pasteuria pene-
transwere assessed after ten years, storage at room temperature, spores attached
readily to juveniles of Meloidogyne javanica as confirmed by Stirling and Wach-
tel [87]. Although some spores were also able to initiate infection, spore viability
appeared to have declined during the storage period. The results of work by Cabanil-
lasi et al. [88] confirmed that it may be possible to develop long-term storagemethods
for Paecilomyces lilacinus, because the viability of formulations on wheat grains or
diatomaceous earth granules remained high after storage for eight weeks at 25 ±
2 °C (Fig. 26).

Regardless of the method of fermentation and formulation used, there is always
variability in the concentration and viability of organisms in various preparations
of a microbial product, and it is imperative that differences in potency between

Fig. 26 The viability of Paecilomyces lilacinus, Cabanillasi et al. [88]
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preparations are measured. Products of constant potency can then be produced and
their potency compared with that of other products. In one of the few attempts to
address this issue with a microbial nematicides, Stirling andWachtel [87] developed
a method of comparing the potency of different preparations of Pasteuria penetrans
by modifying the methods used by Burges and Thomson [89] for assaying microbial
insecticides. Test preparations were diluted with water; nematodes were added for
a standard time and the concentration required for 50% of the nematodes to have
spores attached was determined. Although this bioassay has proved useful, it has the
disadvantage of being based on the ability of spores to attach to rather than infect
nematodes. These parameters are not necessarily always related.

Comparisons of potency are less of a problem with organisms that have read-
ily terminable propgules. For example, where Cabanillas el al. [88] compared the
performance of five formulations of Paecilomyces lilacinus, the inoculums was stan-
dardized by determining the concentration of viable spores in each formulation and
then adjusting application rates so that the same number of viable spores was added
in each treatment.

In most field and glasshouse tests with biological control agents against nema-
todes, the antagonist has been cultured on a bulky substrate such as cereal grain
and introduced into soil on that substrate in amounts ranging from 1 to 20 t/ha.
Since such high application rates are never likely to be suitable lot use in com-
mercial agriculture, it is imperative that more realistic methods of application are
devised. Ideally, formulations are required which can be readily delivered through
conventional farm equipment designed for applying fertilizers and granular pesti-
cides.Diatomaceous earth granules impregnated with 10% molasses, lignite spillage
granules and alginate-clay pellets have proved suitable carriers for the biological con-
trol agents developed for use against soil-borne fungi, similar results were obtained
by Backman and Rodriguez-Kabana [90], Jones et al. [91], Fravel et al. [92], but
such formulation methods have only been tested on a limited scale with antagonists
of nematodes.

Commercially prepared liquid and granular formulations of Arthrobotrys
amerospora failed to control nematodes in the field in Florida as reported by Rhoadcs
[93], whereas Paecilomyces lilacinus formulated in alginate pellets or diatomaceous
earth granules showed promise against Meloidogyne incognita in laboratory and
micro plot experiments in North Carolina [88]. Although organisms with biologi-
cal control potential against nematodes have generally been tested by adding them
directly to the bulk soil mass, their introduction on seed or planting material may
be a more efficient and cost-effective method of application. Such application meth-
ods have been widely used in tests with biological control agents against soil-borne
pathogens and they warrant further testing with antagonists of nematodes.

Many nematode-susceptible vegetable crops are raised in seedling trays contain-
ing sterilized potting mix, and such systems should provide an ideal opportunity
to establish potentially useful biological control agents in the rhizosphere before
seedlings are transplanted. Verticilium chlumydosporiuinwas established in field soil
after it was grown on a substrate and incorporated into a peat growth medium but
there are no other reports of such strategies having been attempted with antagonists
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of nematodes. However, initial tests in which fungi and bacteria have been applied to
seed or to seed pieces for nematode control have yielded encouraging results. Some
control of Meloidogyne incognita and Globodera. Was obtained by dipping potato
tubers in Paecilomyces lilacinus, while rhizobacteria applied to sugarbeet seed sup-
pressed early root infection by Heterodera sp. However, the colonization of soil and
the rhizosphere by organisms applied in this manner requires more de-tailed inves-
tigation because showed that competition from the indigenous soil micro flora often
prevents seed-inoculated fungi and bacteria from colonizing the rhizosphere more
than 2 cm from treated seed.

The transposition ofmicro-organisms to plants or soil to provide protection against
pests and diseases brings biological control into the purview of government health
authorities and evidence of safety to users, to consumers of treated produce, to non-
target species and to the environment must be established. Such issues have largely
been ignored by those interested in developing biological control agents against
nematodes, but they will have to be addressed in the near future, because many
countries now have mandatory requirements for the registration of biological pesti-
cides [94].

Most parasites and predators of plant parasitic nematodes will biological control
potential have a restricted host range and should not pose much olla’s threat to non-
target organisms. The main non-target species that could be at risk are tile nematodes
which prey on other nematodes and those that are used for biological control of insect
pests. However, both these groups of beneficial nematodes differ from plant parasitic
species in size, distribution in soil, behavior and general biology and therefore may
not be affected markedly by biological control agents tiled are developed for plant
parasites. The possibility that micro-organisms used for nematode control are also
detrimental to plan is perhaps of more concern. Many of tiles bacteria and fungi are
intimately associated wilt roots and it will be necessary to establish that they are
not plant pathogens before they are widely used for biological control purposes. The
only antagonist of nematodes that has caused much Paecilomyces lilacinus concern
with regard to its mammalian toxicity is the egg-parasitic fungus This opportunistic
species causes eye infections and facial lesions in humans and infections in domestic
animals as confirmed by Chandler et al. [95], particularly when individuals have
suffered physiological stress or injury priority infection or when tile eye tissue lies
been weakened by previous surgery [96].

Such reports reaffirm the need for diligent testing of all biological products before
release, to ensuretliat they are safe to humans and have a minimal impact on the envi-
ronment [97]. SinceP. lilacinus has beenmass cultured inmany laboratories formore
than a decade without causing any obvious problems, the risks involved in working
with isolates that parasitizes nematodes may beminimal. Nevertheless, P. lilacinus is
likely to be categorized as a ‘relatively light risk’organism by most governments and
initiative lexicological testing is likely to be required before permission to use it lot
biological control purposes is granted. Most other nematode antagonists appear to
belong in amuch lower risk category and it is to be hoped that tile medical, veterinary
and plant pathological tests demanded by registration authorities are not as costly as
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to prevent or delay the use of these organisms in products. It provides a biological
alternative to nematicides.

10 Conclusion and Future Prospects

Most parasites and predators of plant parasitic nematodes will biological control
potential have a restricted host range and should not pose much olla’s threat to non-
target organisms. The main non-target species that could be at risk are tile nematodes
which prey on other nematodes and those that are used for biological control of insect
pests. However, both these groups of beneficial nematodes differ from plant parasitic
species in size, distribution in soil, behavior and general biology and therefore may
not be affected markedly by biological control agents tiled are developed for plant
parasites. The possibility that micro-organisms used for nematode control are also
detrimental to plan is perhaps of more concern. Many of tiles bacteria and fungi are
intimately associated wilt roots and it will be necessary to establish that they are not
plant pathogens before they are widely used for biological control purposes.

Formulation of microbial products in forms which have extended shelf life and
which can be applied to soil using conventional farm equipment is likely to present
a major challenge to those interested in commercializing antagonists of nematodes.

Biological control research has not yet reached the stage where the problems
of mass production, standardization, formulation, storage, application and safety
have had to be considered in detail, but the time is rapidly approaching when such
issueswill becomemajor areas of activity.Modern fermentation technology iswidely
used in the brewing industry and in the production of antibiotics, microbial insecti-
cides and biological herbicides and should be amenable to the mass production of
antagonists of nematodes. However, large-scale industrial production requires the
development of inexpensive alternatives to the complex media often used to culture
nematode antagonists in the laboratory. Ingredients such as peptone, yeast extract
and many exotic sugars are generally too expensive for use in commercial fermen-
tations and less expensive sources of nitrogen, carbon and other nutrients must be
substituted. Sources of carbohydrate that are suitable for commercial use include
glucose, sucrose, starch and hydrolyzed corn products, while potential sources of
nitrogen include soybean and cotton seed flour, casein and fish meal. Biological
control agents are generally produced in commercial quantities by one of two fer-
mentation methods (Solid substrate fermentation or Liquid culture fermentation).

A number of types of formulation, including dusts, granules, wet table powders
and liquids have been used in biological crop protection products, but granular for-
mulations are generally considered to be most suitable for micro-organisms that are
to be applied to soil. The dry nature of these formulations means that an antagonist
of nematodes needs to have the capacity to survive desiccation if it is to be seriously
considered for commercial development as a biological control agent. Granular bio-
logical products have traditionally been produced by blending the organism with a
carrier such as clay or ground corn cobs and alien introducing a material to bind
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the organism to the carrier, but in recent years there has been considerable interest
in encapsulating biological control agents in gallants such as sodium alginate. This
process has proved useful for producing granules in the laboratory, but has not yet
been scaled-up to the point where it can be used to produce microbial products in
commercial quantities. There are many trials to produce the granular formulations
for commercial microbial products in future to be applied to soils.
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Plant Viral Diseases in Egypt and Their
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Abstract Plant viruses pose a serious threat to agricultural production and incur
enormous costs to growers each year, both directly, in the form of yield and quality
loss, and indirectly, in the forms of time and funds spent on scouting and disease
management. Virus diseases cause plants crops losses annually in average of US$
60 billion. Accordingly, viral diseases need to be controlled for the sustainable agri-
culture and in order to maintain the quality and abundance of food production. More-
over, recently agriculture suffered from different problems such as; the contentious
changes in climatic factors globally, increasing the numbers of pathogens per year
and appearance of anew pests. Unfortunately, chemical control has negative impact
on the environment and on human health as well in addition it creates an imbalance
in the microbial biodiversity, which may be unfavorable to the activity of the benefi-
cial organisms and may lead to the development of pathogens-resistant strains. The
most important thing is that agricultural sustainability should be supported by eco-
friendly approaches such as discovery of new biocontrol agents capable to control the
plant viral diseases. To achieve this was inevitable to use the plant growth-promoting
microbes as effective biocontrol agents against plant viruses will hold the greatest
promise and is considered a pillar of integrated viral diseases management. We argue
that the use of growth-promoting microbes will preserve sustainable agriculture as
well as a clean environment free from pollution, which will be benefiting for both
the farmer and the consumer. So far, there are no such pesticides at the local level,
while at the international level there may be one or two products. We succeeded to
control some viruses infect potato by using the filtrates of seven Bacillus spp. mixed
with nanoclay, but the product is still under research and development.
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1 Introduction

Viruses are essentially obligate parasites with fairly simple, unicellular organized
only by one type of nucleic acid, either DNA or RNA. Mostly, all types of living
organisms including animals, insects, plants, fungi, and bacteria are hosts for viruses
[1]. These diseases have existed throughout the history, the archaeological evidence
both inEgyptianmummies and inmedical texts of readily identifiable viral infections,
including genital papillomas and poliomyelitis [2]. In fact, viruses continue to be
global threats to public health worldwide by causing AIDS, Chicken pox, Ebola,
Hepatitis A, Rabies, Polio, Pneumonia etc. [3]. On the other hand, viruses are a
major contributor of plant diseases resulting in losses in agriculture, forestry and
productivity of natural ecosystems [4, 5]. It well known that, both cultivated and wild
plants are susceptible to be infected by viruses. Meanwhile, the lack of recognition
is due to their insidious nature [4, 6], and often the viral disease is less conspicuous
than those caused by other plant pathogens [7]. Consequently, viral infection can
cause stunting, mosaic pattern, leaf rolling, necrosis, wilting, ringspot and other
developmental abnormalities leading to reduction in growth, decrease in vigour by
increased predisposition to attack by other pathogens and pests, lesser yields and
crop failure and finally decline in quality or market value [6, 8, 9].

In general, viruses are among the most important plant pathogens as near half
of the emerging epidemics have a viral etiology [10], in addition, viruses possess
some of the properties of living organisms, such as having a genome, which is able
to evolve and adapt to the changes of environmental conditions. Normally, some of
plant viruses possess single and double strand RNA genomes, single strand DNA,
dsDNA; the entire genome covered by coat protein. Moreover, the virus particles are
varying in their shape and size for example; isometric or rod-shaped, gemini and etc.

Regarding the virus transmission, viruses can be transmitted between plants either
biologically or mechanically. Insects play an important role in virus transmission
especially arthropods such as aphids, whiteflies, leaf and other hoppers, others may
be transmitted by plant parasitic nematodes and the entophytic fungi. Once inside the
plant, the virus replicates in individual cells by modifying and utilizing the plant’s
replication machinery, and spreads between cells progressively before entering the
vascular systems for long-distance systemic spread.

Globally, plant viruses are considered as one of themost problems of food security
and they are responsible for huge losses of crop production [11, 12]. Moreover, the
world’s population is increasing rapidly and world food production needs to be
commensurate with the demands of human consumption. So that, viral diseases are
needed to be controlled in order to maintain the quality and abundance of food
safety. Commonly, controlling viral infections is difficult and it is mainly based on
intensive pesticide and insecticide treatments that are usually used to control the
spreading of vectors. However, this method is harmful to the environment and it has
limited success because it leads for insecticide-resistant populations and in addition
to leaving pesticide residues that may affect the ecosystem, soil fertility, underground
water and human health [13, 14] leading to serious environmental problems. The use
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of plant growth-promoting bacteria (PGPR) or plant growth-promoting fungi (PGPF)
as biocontrol agents against plant pathogens is becomingmore popular in recent years
[15].Many researchers have documented that plant growth-promotingmicrobes (one
or more strains) and they reported that the handling of plant diseases was better
than the chemical control under field conditions [16–18]. These growth promoting
microorganisms are good contributor for the growth of plants and strengthening the
plant immune system resist the virus disease effects [17, 19, 20].

Interestingly, PGPR/PGPF have been widely known for their ability to colonize
plant roots and increase plant growth and yield through the uptake of nutrients and
the production of growth factors and vitamins. In addition, it can induce systemic
resistance or act antagonistically to several soil borne phytopathogens due to the
production of siderophores, bacteriosins and antibiotics [21, 22]. Besides its using
as anti-microbial agents, there are an increasing number of studies regarding its
potential action against viruses. Bacillus spp. have been reported to induce antiviral
responses against CMV in tomato, pepper and arabidopsis and as well against PVY
and PVX in potato plants [23–26]. Moreover, Pseudomonas spp. reduced disease
severity of TSWV and ToMoV in tomato and of BBTV in banana plants [18, 27, 28].

Raupach et al. [29] used the rhizosphere colorization of some bacteria induced the
systemic resistant systemic control for CMV in infected cucumbers and tomatoes.
Whenever, Kim et al. [30] used Acinetobacter sp. KTB3 for induction of the system
control against another viruses existed in Korea. It was reported that, TSWV is a
major pathogen for Solanaceae plants; the virus causes cruel losses in tomato crop,
which one of the most important crops for the Mediterranean agricultural economy
[31]. In particular, filtrates of Bacillus spp. bacterial strains were approached as
vaccine inoculants, meanwhile, it increase the efficacy of plant growth and induced
the field systemic disease protection [32].

Generally, PGPR and PGPF in addition that both are beneficial microorganisms,
they protect crops by activating an induced systemic resistance (ISR) via jasmonic
acid (JA)-dependent signaling pathway [33].

The main goal of this chapter is to shed light on the plant viral diseases that
affect plants and crops in Egypt and all over the world, how these viruses cause
great losses. The losses resulted from viral infection affects the production and the
crop yields which lead to hunger complained in the third world as a whole. In this
chapter we have identified several ways that may be used to eliminate most of these
viruses, which are effective as a protection and not a cure. These types of protection
depend on the alarming and activating the defense system in the plant to resist the
viral entrance and propagation followed by reduction the incidence of infection.
We presented several microbes, plant extracts, nanomaterials and etc., that are used
to reduce viral infection and ended the chapter with a local Egyptian trail, using
bacillus spp. filtrates mixed with nano-clay to protect potato from virus infection.
We recommend and acknowledged the usage of the bio-pesticides which considered
as a substitution for the chemicals pesticides.
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2 Strategies Used in Viral Disease Management

2.1 Protection by Selecting the Resistant Varieties

The use of virus-resistant cultivars is a cheap and effective approach to reduce the
economic loss caused by the plant viruses [34]. However; this alternative faces usu-
ally many obstacles, such as, the cultivar breakdown resistance which resulted from
whether a newmutant of specific virus was emerged and or the environmental condi-
tions affect the plant immune response and it became sensitive for the viral infection
[35], in addition the stability of plant resistance will varied according to the virus-
host interaction. In another word, it will depend on the ability of the host to resist
the newly emerged virulent strains from the virus population.

2.2 Management via Genetically Engineered Plants

The majority of virus-resistant transgenic plants can be considered the result from
using a part of the viral sequence in the plant cells leading the cell to be resistant
for the viral infection [36]. Among the viral proteins used are replicases, movement
proteins, proteases and,most often, coat protein [37, 38].Generally, themost common
viral DNA sequence which heavily used in transgenic plants is CaMV 35S promoter
[39], this promoter capable to express the transgenic proteins in GMO. Thus, these
transgenic proteins remain stable for a prolonged period based on their potential
bioavailability and persistence affecting the soil microorganisms directly [38, 40,
41]. However, some restrictions were noticed through using of GMCs, because it
was believed that genetic release from these modified organisms into the other non-
transgenic but they are closely related crops [42, 43]. With particular reference to
Egypt [44], some varieties of GM sweet potato that are resistant to potato weevils and
viral diseases, for example, SPFMV, and potato tubermoth (Phthorimaea operculella
Zeller) were produced during 1993. However, sweet potato is not yet commercialized
to avoid the loss of exporting in the European market [44].

2.3 Viral Disease Control Using Chemically Synthesized
Compounds

Chemical control is one of the most used schemes in controlling the majority of
plant diseases all over the world, but these pesticides have a serious effect on the
environment and the human and plant health. Accordingly, application of synthetic
chemicals like fertilizers, fungicides, herbicides, and pesticides, has been reported as
non-sustainable and having multiple harmful impacts on both human or animal and
plant health aswell as environmental well-being [45, 46].Most of these chemicals are
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pesticides and physical barriers that used for control of viral vectors [47, 48]. The non-
persistently aphid-borne viruses as PVY and SMV are transmitted within seconds or
minutes [49, 50], rendering pesticides useless. Under such circumstances, prospec-
tive alternatives to the use of chemical or synthetic inputs are environment-friendly
microbial inoculants that received widespread acceptance worldwide as biofertiliz-
ers, phyto-stimulants, and/or microbial biocontrol agents.

2.4 Biocontrol Strategy

The biocontrol strategy that depends on the using of the microbial agents is fit well
in the worldwide trend to produce vegetable crops which are safe for human and
animal health [51]. For that reason, the use of plant growth-promoting microbes
(PGPMs) as microbial inoculants in agriculture offers considerable advantages, due
to their competitive colonization and their abilities to suppress phytopathogens and
to enhance plant growth [15]. Therefore, PGPMs hold the prospect of reducing the
input of chemical fertilizers, pesticides, and artificial growth regulators, and their
inoculation can be regarded as an eco-friendly approach and biotechnological tool
for sustainable agricultural applications.

3 Plant Growth-Promoting Bacteria (Pgbr)

A mixture of Bacillus spp (MML2501and MML2551), Pseudomonas aeruginosa
(MML2212) and Streptomyces fradiae (MML1042) are formulated and significantly
reduced SNV disease up to 51.4% compared to control and eventually improved the
yield attributes in field conditions [52], some of the PGPR were used to eradicate the
CMV through the induction of ISR on tomato [23]. The biocontrol activity of some
bacterial strains Bacillus spp, Kluyvera cryocrescens, were significantly reduced
the mean percentage of symptomatic plants in the field experiments with disease
reduction reached from 32 to 58%.

Zehnder et al. [35] conducted a greenhouse screen of PGPR for the potential
to elicit ISR against Cucumber mosaic virus (CMV) on tomato. Each of the three
strains selected from the 26 tested significantly reduced the mean percentage of
symptomatic plants in each of five experiments, with disease incidence ranging from
88 to 98% in the nonbacterized controls and 32–58% for the PGPR-treated plants.
A significant reduction, from 50 to 80%, of TSWV incidence was recorded in the
various Bacillus amyloliquefaciens strain MBI600 application schemes tested. The
antiviral effect of MBI600 was proved robust under both plant growth chamber and
greenhouse conditions although higher disease reduction scores were achieved under
the former, presumably due to a better physiological state of the plants. Moreover,
single dry-potting medium amendment prior germination and foliar applications
performed equallywell to triple drench application against TSWV, offering flexibility
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in a potential incorporation of MBI600 in integrated pest management programs.
Moreover, MBI600 application against PVY resulted in reduced virus accumulation
at the early stages of the infection and delay of virus detection in apical leaves [31].

For resistance enhancement, De Meyer et al. [53] enhanced the resistance of
tobacco plants against TMV using Pseudomonas aeruginosa. While Park et al. [54]
and Han et al. [55] induced of systemic resistance against TMV using an antiviral
peptide fromPseudomonas chlororaphisO6, and an antiviral agent fromStrepcomces
noursei var xichangensisn, respectively. Ryu et al. [25, 56] protected Arabidopsis
thaliana plants against CMV infection using the PGPR Serratia marcescens and a
mixture of Bacillus subtilis GB03 and B. amyloliquefaciens IN937a. El-Dougdoug
et al. [57] showed that culture filtrate of Streptomyces isolates controls CMV in
Chenopodium amaranticolor. El-Borollosy and Oraby [58] using crude culture of
Azotobacter chroococcum induced systemic resistance against CMV in cucumber
plants. Khalimi and Suprapta [59] demonstrated that formulated P. aeruginosa as;
gel, powder, liquid, increased the plant growth and induced resistance against SSV
in soybean. Moreover, treatment of tobacco plants with Bacillus spp. enhanced the
expression of the PR genes, NPR1 and Coi1, and led to increased resistance to CMV
[60].

The study performed by Al Shami et al. [61] on the ability of Frateuria aurantia,
Bacillus megaterium and Azotobacter chroococcum in reducing the CMV disease
severity revealed that application with single bacteria may resulted in momentous
declined in disease severity compared with Bacillus megaterium or Azotobacter
chroococcumin. In contrary, Jetiyanon and Kloepper [62] reported that the mixed
treatments with three bacterial species gave the highest reduction in disease severity
and increased of free salicylic acid and peroxide activity contained in both CMV-
infected and healthy tomato plants. Consequently, application of PGPR isolates viz.,
B. amyloliquefaciens 937b and B. pumilus SE-34 reduced ToMoV incidence and
disease severity and provide protection of tomatoes against ToMoV under natural
conditions [27]. Further, the exploitation of PGPRs was found to be effective to
manage the cucumber mosaic virus of tomato and pepper [16], and BBTV in banana
[28]. Mann [63] applied cultures of Bacillus uniflagellatus and extracts from such
cultures to tobacco roots as soil drenches in an attempt to induce systemic resistance
to TMV.

On the other hand, systemic acquired resistance (SAR) for virus infections can
be induced in plants treated with certain Streptomyces strains [64]. Streptomyces
spp. was the source of many useful and consequently profitable antiviral agents [65].
Many antiviral substances were isolated from Streptomyces spp., i.e. borrelidin, clin-
damycin and fattiviracins [66–68]. Foliage treatment with the Streptomyces culture
filtrates resulted in high reduction of the level of disease severity of CMV infec-
tion [69], they got reduction in the diseases incidence ranged between 90 and 85%.
The same observation was recorded when the cell-free suspension of Streptomyces
rochei succeeded to inhibit TMV in leaves on Datura metel [70]. Galal and El-
Shirbiny [71] enhanced the resistance of Datura stramonium plants against PVX
using caeseorhodomycin (produced by S. caeseorhodomyces). However, Galal [64]
mentioned that treatment of cucumber plants with the filtrate of five Streptomyces
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strains, i.e. S. violatus, S. violaceuisniger, S. aureofaciens, S. nasri and Streptomyces
sp., resulted in induced systemic resistance against CMV when applied before virus
inoculation than after viral inoculation. He mentioned that soaking cucumber seeds
in culture filtrate of the Streptomyces strains for two hours gave the highest inhibition
of CMV infection.

El-Dougdoug et al. [57] used five identified Streptomyces species that they are
produce an antiviral component in the culture filtrate, non-phytotoxic and effective in
local as well as systematically control of CMV infection. The culture filtrate treated
part of the hypersensitive host; Chenopodium amaranticolor leaves showed 70.2,
71.4, 74.4, 80 and 82.6% inhibition of the production of local lesions compared to the
untreated part of the leaves for Streptomyces calvus, Streptomyces canarius, Strepo-
tomyces vinaceusdrappus, Streptomyces nogalater and Streptomyces viridosporus,
respectively. Accordingly, Yassin and Galal [72] reported that the filtrate of some
Actinomycetes had an inhibitory effect against TNV. Mohamed and Galal [65] found
that mixing each isolate of Streptomyces spp. with Potato virus Y inoculum com-
pletely inhibited the inducing of necrotic local lesions produced on Chenopodium
amaranticolor. Mixture of the Streptomyces isolates with the crude sap on infected
source of TMV reduced the number of necrotic local lesions formed on Datura
metel leaves [73, 74]. Bio-formulations ofmixtures of the rhizobacterial isolatePseu-
domonas fluorescens and endophytic Bacillus spp. at the time of planting and during
third, fifth and seventh month after planting of banana were effective in reducing the
incidence of BBTV under green-house (80%) and field conditions (52%) [28].

In a greenhouse experiment, two PGPR strains (Pseudomonas fluorescens FB11
and a Rhizobium leguminosarum bv. viceae FBG05 were examined either singly or
mixed as inducer for the plant immune system to resist the BYMV virus infected
faba bean [75]. The results demonstrated that each Pseudomonas and Rhizobium
singly showed a significant reduction in both percent disease incidence and virus
concentration.

Shoman et al. [76] study the capacity of foliage treatment of Bacillus globisporus,
Candida glabrata, Pseudomonas fluorescens, and Streptomyces gibsonii to protect
Phaseolus vulgaris plants from TNV infection. The results show that the culture
filtrates of the four-rhizosphere microbial isolates reduced TNV incidence in bean
plants. However, the filtrate of the two strains P. fluorescens and S. gibsonii when
approached on the plant reduced the TNV infection with percentage ranged from 92
to 97, respectively. Lee and Ryu [24] reported that leaf-colonizing Bacillus amyloliq-
uefaciens strain 5B6 that isolated from a cherry tree leaf was protected Nicotiana
benthamiana and pepper plants against CMV.

Sofy et al. [77] showed that R. leguminosarum bv. Viceae reduced 55% of BYMV
infectivity and decreased the level of disease severity with 36.6% related to infected
faba bean plants. Megahed et al. [78] reported that Bacillus circulans, and Pseu-
domonas fluorescens harzianum had the ability to reduce the mean number of local
lesions for ToMV infection on Datura metel plant. P. fluorescens showed the best
treatment on reduction of local lesions numbers 49.16, 57.66 and 58.47%ofmicrobial
liquid culture, microbial cells or spores and microbial culture filtrate, respectively.
WhileB. circulans reductions of local lesions numberswere 42.29, 46.83 and 47.35%
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of microbial liquid culture, microbial cells or spores and microbial culture filtrate,
respectively.

Pre-inoculation of the soil with the actinomycetes, Streptomyces pactum Act12,
agent resulted in reduction of the TYLCV virus incidence in the tomato plants and
increase the crop yield [79]. Pretreated of tomato plants with Enterobacter asburiae
BQ9 had increased fresh mass and delayed the appearance of TYLCV symptoms for
7 days [80]. Moreover, the symptoms that developed on leaves were milder and less
distinct than control. At 30 days after inoculation, the biocontrol efficacy of TYLCV
reached 58.7%. However, after 45 days the biocontrol efficacy decreased to 42% but
still provided significant disease reduction. The same observation was obtainedwhen
the potato seeds were coated with Bacillus vallismortis strain EXTN-1, a significant
decrease of disease severity caused by PVY and PVX in potato plants compared to
those in the untreated control [26].

Al-Ani et al. [81] study the activity of Pseudomonas fluorescens and Rhodotorula
sp. to protect potato plants against PVY disease development under field conditions,
and the results showed that the treatment of PVY-infected tubers with P. fluorescens
andRhodotorula sp revealed that such treatment increased the plant resistance against
viral infection a combined with incensement in the plant growth and its dry weight.
Maurhofer et al. [82] reported that growth of Nicotiana glutinosa, N. tabacum ‘Xan-
thi nc’ and N. tabacum ‘Burley 63’ in soil previously inoculated with Pseudomonas
fluorescens strain CHA0 resulted in a significant reduction in lesion number, diam-
eter and area after infection with TNV compared with TNV control. After 6 weeks
of infection, all the plants tested showed resistance in leaves to infection with the
virus. Kandan et al. [18] isolated some strains of Pseudomonas fluorescens from the
rhizosphere of tomato and studied their activity against TSWV. A maximum disease
reduction of 84% was observed in tomato plants treated with a mixture of three P.
fluorescens strains (CoP-1, CoT-1, CHAO) followed by strain CHAO alone, and the
strainmixture of CoT-1/CHAO compared to the untreated control plants. Ranasinghe
et al. [83] used some Pseudomonas spp. (i.e. P. fluorescens, P. putida, P. aeruginosa,
P. taiwanensis and Bacillus spp. isolates for the management of PRSV. The applica-
tion of the bacterial isolates either by seed or by root dip method reduced the severity
of PRSV symptoms on papaya leaves and fruits and increased root and shoot dry
weight and plant growth. The details of some applications of PGPB as biocontrol
agents for plant viral infections were listed in Table 1.

4 Plant Growth-Promoting Fungi (PGPF)

PGPF are a class of non-pathogenic, soil-borne, filamentous fungi that confer benefi-
cial effects on plants [84].Moreover, it was observed thatFusarium equiseti as PGPF
have high capability to induce the plant systemic resistance against cucumber dis-
eases [85]. Additionally, The PGPF, Penicillium chrysogenum, and its dry mycelium,
have been reported as potential inducers of protection from fungal or viral diseases
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Table 1 Plant growth-promoting bacteria (PGPB) used in plant viral biocontrol

Virus PGPB Tested plant Reference

BBTV Pseudomonas fluorescens,
Bacillus sp.

Banana [28]

BYMV Pseudomonas fluoresceni Faba bean [75]

R. leguminosarum bv. Viceae [75, 77]

CMV Serratia marcescens Arabidopsis thaliana [25]

Bacillus subtilis, B.
amyloliquefaciens

[56]

Streptomyces spp., S. calvus, S.
canarius, S. vinaceusdrappus, S.
nogalater, S. viridosporus

Chenopodium amaranticolor [57]

Azotobacter chroococcum Cucumber [58]

S. griseorebens, S. cavourensis [69]

Streptomyces spp.,S. aureofaciens
, S. nasri , S. violaceuisniger, S.
violatus

[64]

11 mixture bacteria [62]

Bacillus amyloliquefaciens Pepper, Nicotiana benthamiana [24]

Bacillus spp. Tobacco [60]

CMV Azotobacter chroococcum
Bacillus megateriu, Frateuria
aurantia

Tomato [61]

Bacillus amyloliquefaciens,
Bacillus pumilus, Bacillus
subtilus, Kluyvera cryocrescens

[23]

PRSVD Bacillus spp., P. aeruginosa, P.
fluorescens, P. putida, P.
taiwanensis

Papaya [83]

PVX S. caeseorhodomyces Datura stramonium [71]

PVY Streptomyces spp. Chenopodium amaranticolor [65]

Bacillus vallismortis Potato
Potato

[26]

Pseudomonas fluorescens,
Rhodotorula sp.

[81]

Bacillus amyloliquefaciens Tomato [31]

SNV Bacillus Licheniformis
Bacillus sp.
Pseudomonas aeruginosa
Streptomyces fradiae

Sunflower [52]

SSV P. aeruginosa Soybean [59]

(continued)
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Table 1 (continued)

Virus PGPB Tested plant Reference

TMV Streptomyces rochei Datura metel [70]

Streptomyces spp. [73, 74]

Pseudomonas chlororaphis Tobacco [54]

S. noursei var xichangensisn [55]

Pseudomonas aeruginosa [53]

Bacillus uniflagellatus [63]

TNV Actinomycetes sp. [72]

Pseudomonas fluorescens Nicotiana glutinosa, N. tabacum
‘Xanthi nc’, N. tabacum ‘Burley
63’

[82]

Bacillus globisporus, Candida
glabrata, Pseudomonas
fluorescens, Streptomyces gibsonii

Phaseolus vulgaris [76]

ToMV Bacillus circulans, P. fluorescens
harzianum

Datura metel [78]

ToMoV B. amyloliquefaciens, B. pumilus Tomato [27]

TSWV Bacillus amyloliquefaciens Tomato [31]

Pseudomonas fluorescens [18]

TYLC Enterobacter asburiae Tomato [80]

Streptomyces pactum [79]

in various crops [33]. It was reported that the water extract of dry mycelium of Peni-
cillium chrysogenum protects tobacco from TMV infection through activating the
synthesis of secondary metabolites and the expression of defense-related genes [33].

It was demonstrated that the pre-application of leaf colonizing yeast, Pseudozyma
churashimaensis strain RGJ1, on pepper leaves reduced disease symptoms after
infection of pepper with several viruses under field conditions [86]. Moreover, the
quantification of naturally occurring CMV, BBWV, PepMoV and PMMoV by virus-
specific primer-based qRT-PCR demonstrated that viral-mediated disease symptoms
were significantly reduced by the foliar pre-application. Penicillium simplicissimum
elicited the ISR against the cucumber mosaic virus in Arabidopsis thaliana and
tobacco by multiple defense pathways including the salicylic acid signaling pathway
[87]. Elsharkawy et al. [88] speculated that prior treatments with Fusarium equi-
seti alone or combined inoculation of Glomus mosseae induced SAR and protected
cucumber plants against CMV for more than 21 day post inoculation (dpi).

Under pot and field conditions, application of PGPF, Phoma sp. GS8-3, and its
culture filtrate led to reduction of CMV severity and viral accumulation in tobacco
and cucumber plants [89]. In addition, the treatment of cucumber plants with culture
filtrate of the Penicillium simplicissimum GP17-2 were significantly reduced the
severity of PRSV and its accumulation in cucumber leaves through increased defense
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mechanism against PRSV [90]. It was postulated that a variety of plant systemic
resistance could be brought by some Trichoderma spp. agansit some plant pathogens
such as; fungi, bacteria and viruses [91]. Subsequently, roots treatment with culture
filtrate of Trichoderma asperellum SKT-1 one-day before the challenged inoculation
with CMV significantly reduced the disease severity and decreased CMV titer in
arabidopsis plants relative to the controls plants [92].

The foliar spray of leaf-colonizing yeast, Pseudozyma churashimaensis strain
RGJ1, at 108 cfu/mL conferred significant protection against CMV, PepMoV,
PMMoV and BBWV under field conditions [86]. They observed significantly fewer
viral symptoms such as mosaic leaf, shoestring patterns, or leaf shape deformation
on yeast-treated plants than on water-treated controls.

Kolase andSawant [93] reported that someTrichoderma spp succeeded to increase
the Nicotiana glutinosa plant resistance system against TMV infection. Mega-
hed et al. [78] study the effect of Trichoderma harzianum on ToMV infection.
T. harzianum reduced the mean number of ToMV local lesions on Datura metel
plants. The percentage reduction ofmean local lesions numbers was 25.66, 19.58 and
33.38% of microbial liquid culture, microbial cells or spores and microbial culture
filtrate, respectively. Tobacco plants treated with barley grain inoculums of Penicil-
lium sp. GP16-2 or its culture filtrate showed significant decline in CMV severity
and concentration in comparison with control plants. At 14 dpi, plants grown in soils
amended with the BGI of GP16-2 displayed a dramatic reduction in CMV symptoms
in comparison with the non-treated control plants. Moreover, roots treatment with
culture filtrate 1-day before CMV inoculation significantly reduced disease severity
in tobacco plants relative to the controls [94]. Also, Vitti et al. [95] study the ability
of Trichoderma harzianum, strain T-22 to control CMV in tomato plants at three
different treatments. Among three months old tomato plants, the treatment with T22
always led to a significant modulation of symptoms, in all three conditions (PD, PE,
and PF) and a significant decrease in virus level in tomato. Thus, the early treatment
is able to induce systemic defense responses against CMV and led to a systemic
resistance of tomato. The details of some applications of PGPF as biocontrol agents
for plant viral infections were listed in Tables 1 and 2.

5 The Case Study: Biocontrol of Potato Leaf Roll Virus
(PLRV)

The PLRV virus particles were detected by the PCR using the coat protein primers
on the Almond potato tubers before starting the experiment. It was observed that
about 30% of tubers were infected with the Potato leaf roll virus. On the other hand,
the overnight culture filtrates of five isolates of bacillus spp were mixed with nano-
caly particles (Egypt Bentonite and Derivatives Co. - EBDC, new Borg El Arab,
Alexandria, Egypt). The Potato tubers were soaked for two hours in the mixture
(1 L of filtrate to 39 L of H2O mixed with one Kgm on nano-clay). After the two
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Table 2 Plant growth-promoting fungi (PGPF) used in plant viral biocontrol

Virus PGPF Tested plant Reference

BBWV Pseudozyma churashimaensis Pepper [86]

CMV Penicillium simplicissimum Arabidopsis thaliana [87]

Trichoderma asperellum [92]

Phoma sp. GS8-3 Cucumber [89]

Fusarium equiseti, Glomus
mosseae

[88]

Pseudozyma churashimaensis Pepper [86]

Penicillium spp. Tobacco [94]

Phoma spp. [89]

Trichoderma harzianum Tomato [95]

PepMoV Pseudozyma churashimaensis Pepper [86]

PMMoV

PMV

PRSV Penicillium simplicissimum Cucumber [90]

TMV Penicillium chrysogenum Tobacco [33]

Trichoderma harzianum, T.
longisporum, T. viride.

Tomato, Nicotiana glutinosa [93]

ToMV Trichoderma harzianum Datura metel [78]

hours of dipping (Fig. 1), the treated tubers were planted in soil. The experiment was
designed as treated field (five acres) and non-treated field (1 acre) in Kafr El-Sheikh
Governorate in the last season of 2018. The results showed that after two months of
planting, plant leaves were free of any viral symptoms, while the non-treated field
showed many viruses diseases symptoms, among which the Potato leaf roll virus.
Later, the field was sprayed with the mixture two times in the third month and the
beginning of forth month. In the end of the experiment it was observed that, no viral
symptomswas noticed in the treated plants, the number of the tubers was ranged from
5 to 8 tubers in each plant and the size of the tuber was more larger when compared
with the non-treated plants (Fig. 2). It can conclude that our product (proposed) will
be approached on large farmer and the results should be compared with the other
commercialized pesticides in the market. The list of plant virus names and their
abbreviations used in this chapter was listed in Table 3

6 Conclusion

Aswementioned above, there have beenmany attempts to manufacture viral biocon-
trol agents, whether bacterial or fungal, and how this was applied in the laboratory,
green houses and in the open field. All these attempts were mostly international but
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Fig. 1 The treatment process of the Almond potato tubers in the nano-clay mixed with the bacillus
culture filtrate

Fig. 2 Openfiled experiment: the three above pictures showed the plantswithout treatment contains
some viruses symptoms, the below picture showed the plant free viruses as a results of the treatment
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Table 3 List of virus
abbreviation

BBTV Banana bunchy top virus

BBWV Broad bean wilt virus

BYMV Bean yellow mosaic virus

CaMV Cauliflower mosaic virus

CMV Cucumber mosaic virus

PepMoV Pepper mottle virus

PLRV Potato leaf roll virus

PMMoV Pepper mild mottle virus

PRSV Papaya ring spot virus

PVX Potato virus X

PVY Potato virus Y

SMV Soybean mosaic virus

SNV Sunflower necrosis virus

SPFMV Sweet potatoes feathery mottle virus

SSV Soybean stunt virus

TMV Tobacco mosaic virus

TNV Tobacco necrosis virus

ToMoV Tomato mottle virus

ToMV Tomato mosaic virus

TSWV Tomato spot wilt virus

TYLCV Tomato yellow leaf curl virus

one or two attempts were local and even wasn’t reach the field application yet. We
would like to say that the antiviral products are still in their early stages, and the mar-
ket for these bio antiviral has only a few numbers, which do not exceed the fingers
of one hand. Work in this area is still open until humanity can rid itself of the bad
effects of pesticides and the huge losses caused by plant viruses. Bio-anti viruses
have been internationally and locally accepted by senior and small farmers as well
as in scientific media. In fact, there is no evidence so far that there is a substance
whether naturally synthesized or manufactured can eliminate the plant virus within
the plant host cell. But all the available bio/compounds which have antiviral activity
resulted from their capability to stimulate the plant immune response .
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Biochemical Indicators and Biofertilizer
Application for Diagnosis and Allevation
Micronutrient Deficiency in Plant

Zeinab A. Salama and Magdi T. Abdelhamid

Abstract Deficiencies in micronutrients are well established causal factors for
sub-optimal plant production. Therefore, the first option is to apply micronutrient-
containing fertilizers, both chemical and organic, and application method should
be based on soil nutrient management guidelines along with crop types. It is often
misleading to identify nutrient constraints based on morphological symptoms or in
combination with leaf/soil analysis, particularly with regard to remedying the nutri-
tional problems of a standing crop. The objective of this chapter is to identify and
diagnose common symptoms of plant nutrient deficiency and to understand how to
use chemical indicators and bio fertilizer to identify and alleviate deficiencies of
micronutrients. The possibilities of using biochemical markers and application of
biofertilizers to diagnose and mitigate deficiencies in micronutrients are presented.
Foliar analysis is a useful tool for detecting deficiencies of micronutrients before
macroscopic symptoms occur in plants. This work will therefore focus on the other
diagnostic tools used to evaluate micronutrient deficiencies that include soil anal-
ysis, plant-growth response (in annual plants), and visual symptom observation.
More biochemical indicators recently have been used as early detectors of deficien-
cies in micronutrients i.e. for iron (Fe), include peroxidase and catalase, and zinc
(Zn) include carbonic anhydrase, superoxide dismutase, protein electrophoresis, and
isozymes. The roles of the necessary micronutrients for normal plant growth need to
have a deep knowledge of the redox system mechanisms. The biochemical markers
for the deficiency of micronutrients in diagnosis and the role and benefits of applica-
tion of bio fertilizers are presented in detail and discussed in this chapter in full. One
more aim of this chapter is to summarize the updating knowledge of biochemical
markers and the role of biofertilizers that would play a key role in soil productivity
and sustainability as well as protecting the environment as environmentally friendly
and cost-effective inputs for farmers.
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1 Introduction

Micronutrients like iron (Fe), copper (Cu), zinc (Zn), manganese (Mn), and boron
(B) are important for an abundance of physiological functions in plant growth, devel-
opment, and oxidative stress response. At low concentrations in electron transport
and antioxidant systems,micronutrients are desired for cellular structures and protein
stabilization [1].

Micronutrients are metalloprotein cofactors that involve storage and transporta-
tion, signal transduction, enzymatic reactions, and other functions. Micronutrients
penetrate biomembranes either through unspecified ion carriers or through passive
diffusion, metal efflux, or heavy metal carrying ATPases. The bioavailability of oth-
ers may be affected by declining levels of one micronutrient [2]. Homeostasis of
micronutrients must be strictly regulated to sustain cellular processes and prevent
oxidative stress.

Micronutrient bioavailability depends on several factors. Hydrous Fe and Mn
oxides induce precipitation and specific adsorption reactions to the solubility of Zn
and Cu [3]. Ordinary agricultural practices for instance intensive agriculture, mono-
culture and acid soil liming, exhausting micronutrients from the soil, or reducing
bioavailability. Therefore, the deficiency of micronutrients in agricultural soils is
widespread. In addition, it has been shown that extensive glyphosate use interferes
with Fe, Zn, and Mn uptake [4, 5]. Climate is another factor affecting micronutrient
bioavailability. Drought, heavy rainfall or waterlogging cause either micronutrient
deficiency or toxicity [6, 7]. These events become more frequent and affect crop
production due to global warming and climate change.

Last century studies focused on morphological symptoms, physiological func-
tions and the transport of micronutrients (e.g., [8, 9]). The rapid development of
omics technologies and the decoding of crop genomes are currently promoting a
view of molecular mechanisms in micronutrient deficiencies and toxicity in more
biological systems [10, 11]. Bottom-up and top-down strategies with gel-free and
gel-based proteomics have been used to explore the availability of plant nutrients. Fe
homeostasis has been a major focus, whereas only a few studies have been published
for other micronutrients like Cu, Zn, Mn, and B. The degree of adequacy of different
elements in plant nutrition is measured by the appearance of symptoms of deficiency
or by the plant tissue elemental analysis [12].

Metabolic processes in root and shoot levels are affected in such micronutrient
deficiencies. Many authors therefore appreciate the use of distinct physiological
and biochemical responses for monitoring the nutritional status of different plant
species in root and leaves of different plant species. Recently, proton release, Fe
reductionmechanism, root exudate release, release of phytosiderophores compounds
(PS) in grasses, lipid peroxidation as well as physiologically active iron and zinc,
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pigment content, enzyme activity and isozymes have been suggested as diagnostic
parameters for early diagnosis ofmicronutrient deficiencies in different plant species.
In this chapter, we epitomize sources and factors that influence the behavior and
availability of micronutrients in soils, possible approaches to control the availability
of soil micronutrients, and present physiological and biochemical changes in plants,
and then explain some strategies to increase the availability of micronutrients in soil
for plant uptake.

2 Sources and Factors Affecting Soil Micronutrients

The soil is made up of a variety of parent materials like minerals and organic matter
and haves a range of micronutrients depending on their composition. When dis-
solved in soil solution in ion or chelating forms, micronutrients become available
to plants. Nevertheless, the dissolved micronutrients undertake a rapid reaction with
compounds such as phosphates and carbonates to form chemical precipitates, or
they may interact with clay, other mineral complexes, and organic matter resulting
in plant micronutrient unavailability [13]. The availability of micronutrients in soils
is arranged under the influence of different edaphic and biological factors such as
pH, redox potential, interaction with coexisting ions, organic matter dynamics, and
soil microbiology. In igneous rocks, concentrations of Fe, Mn and Cu are generally
found to be higher than in sedimentary rocks such as calcareous and dolomite, an
increase in the order of basic (mafic), intermediate compared to acid (felsic) rocks.
Micronutrient concentrations in soils also showedwide ranges affected by soil forma-
tion/degradation processes and parent material types. Because of their low mobility
compared to other major elements such as calcium (Ca), magnesium (Mg), potas-
sium (K) and silicon (Si) [14], micronutrients are usually concentrated from rock to
soil during rock weathering and soil formation processes [14].

3 Regular Behavior of Micronutrients in Soils

In previous works (for example [15, 16]), soil micronutrient chemistry and its status
are well summarized. Ferro magnesium (olivine), which releases Fe by weathering,
is the widespread primary mineral of Fe. The released Fe precipitates like ferric
oxides and hydroxides.

Fe concentration in soil solution is mainly governed by Fe3+. Fe oxide solubility
such as hematite (Fe2O3), goethite (FeO[OH]), and magnetite (Fe3O4) are very low
compared to othermicronutrientminerals. In aerated soil conditions, the predominant
form is Fe3+ in the soil solution, which is very low compared to other micronutrient
cations such as Mn, Cu and Zn (around 10–9–10–20 M Fe3+ at 4 to 8 pH).

Mn2+ ranges from 0.01 to 1.0 mg L−1 and increases below −200 mV under
submerged conditions under low pH and redox potential, is the common form of
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manganese in a soil solution. Similar to Fe, reducing the potential for redox in acid
soil results in Mn toxicity, which is rich in total Mn. On the contrary, by liming in
acid soils, an increase in pH precipitates Mn2+ as MnO2 and decreases solution and
Mn2+ exchangeable. In soils, ZnFe2O4 (franklinite) can account for Zn2+’s solubility
depicted in soil by the Zn available. Depending on Fe3+ activity, the concentration of
Zn2+ may be affected by franklinite solubility. For instance, Fe(OH)3 (amorphous)
depresses the solubility of franklinites, while crystalline Fe (III) oxides such as
lower Fe3+ magnetite or goethite allow superior levels of Zn2+ balance in soils.
While ZnOH+ is more common than this pH, in a soil solution below pH 7.7, the
predominant Zn species is Zn2+.

The major soil complexes are CuSO4 and CuCO3. At lower pH, SO4
2− concen-

tration is the main controlling factor in the availability of soil Cu, whereas at high
pH, and partial CO2 (g) pressure are the main controlling factors. Activities are equal
to 10−2.36 M of SO4

2−, CuSO4, and Cu2+.
The soil solution is expected to have a maximumMo concentration of 10−3.68M

at 10%moisture.MoO4
2− is the major species in solution in soil with pH greater than

4.24. This ion formMoO4
2− is considered the available Mo for plant and its concen-

tration in soils is very close to PbMoO4 (wulfenite). Pb2+ concentration affects its
solubility that in order controlled by concentration of phosphate and other parameters
such as pH.

Numerous soluble organic compounds, produced by microbial activity and
secreted from plant root, are capable of solubilizing (chelate) certain micronutrients,
such as Fe, Mn, and others [17]. Organic acids like citric, oxalic, malonic, malic
and tartaric acids are common compounds of natural chelate. Synthetic compounds
like EDTA, DTPA, etc. are also used as effective micronutrient fertilizers to make
chelates with micronutrient. The complexes contribute significantly to micronutrient
solubility in soils. In addition, the factors described above, themovement ofmicronu-
trients in soil is influenced by soil texture and soil moisture conditions. Soil texture,
such as sandy soil, for example, increases leaching of available micronutrients and
dry soil conditions generally reduce movement due to lower soil solution diffusion
and mass flow of available micronutrients.

4 Symptoms of Micronutrient Deficiencies

It has been reported that micronutrient deficiencies are associated with high soils
pH, and calcareous soils with low organic matter. Deficiencies in micronutrients
have different cases and are classified as follows by El-Fouly [18] as follows:

1. Apparent deficiency: symptoms of deficiency can be identified in the field on the
leaves.

2. Hidden deficiency: no symptoms of deficiency can be seen on plant leaves
although the deficiency may be severe, in this case hidden deficiencies can be
recognized through leaf analysis.
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3. Deficiency in one micronutrient: under Egyptian conditions, a very rare case.
4. Deficiency in more than micronutrient: It is very common in Egypt, where crops

mainly suffer from deficiencies in Zn, Mn, Fe and Cu to some extent.
5. True deficiency: due to the lack of one more nutrients in total. This case in Egypt

is not common.
6. Induced deficiency: due to one or more agro-ecological factors that affect the

nutrient availability and the plant’s ability to absorb it. This is a common case in
Egypt.

4.1 Fe Deficiency

Iron deficiency in the younger leaves always begins. Chlorosis is interveinal in most
species and it is often possible to observe a fine reticulate pattern (Fig. 1). The
youngest leaves can be white and completely free of chlorophyll [20]. Iron plays a
major role in plant photosynthetic and respiratory reactions. Fe deficiency reduces
chlorophyll production and is characterized by interveinal chlorosis with strong dif-
ferentiation between veins and chlorotic areas in young leaves (Fig. 1). As the defi-
ciency develops, the entire leaf turns whitish-yellow and progresses to necrosis,
resulting in the plant’s slow growth. The Fe deficient field, if viewed from a distance,
displays irregularly shaped yellow areas, particularly where the subsoil is exposed
to the surface [21].

Fig. 1 Progression of wheat leaves deficiency in Fe. Normal top leaf; middle leaves with interveinal
chlorosis with prominent green veins; and fully chlorotic bottom leaf [19]
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4.2 Zn Deficiency

The most characteristic visible symptoms of zinc deficiency in Dicotyledon are
stunted growth due to internode shortness (reset) and a dramatic decrease in leaf size
(small leaf). The shoot apexes die (die-back) under severe zinc deficiency. These
symptoms are often combined in the interveinal areas of the leaf with chlorosis,
and these are pale green, yellow, or white areas (Fig. 2). Chlorotic bands form in
the monocots on either side of the leaf’s midrib [20]. Plants require zinc to produce
growth hormones, and internode elongationwhich is particularly important. As noted
earlier, Zn has intermediate mobility in the plant and symptoms will appear in the
middle leaves initially. Zn deficient leaves show interveinal chlorosis, particularly
midway between the margin and midrib, resulting in a stripping effect; mottling may
also occur (Fig. 2). Chlorotic areas can be pale green, yellow, or even white. Severe
Zn deficiency leads to leaves turning gray-white and prematurely falling or dying.
Because Zn plays a prominent role in internode elongation, Zn deficient plants are
generally severely stunted. The flowering and seed set is also poor in affected plants.
Specific crop symptoms include smaller alfalfa leaves, gray or bronze banding leaves
and reduced production of tiller in small grains and abnormal grain formation [22].
Zn deficiency generally does not affect fields uniformly and where topsoil has been
removed usually occurs deficient areas [21]. Forage Zn deficiencies have been shown
to reduce reproductive efficiency.

Fig. 2 Zn deficiency showing interveinal striped chlorosis [23]
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Fig. 3 Wheat Cu deficiency: severely impaired (left), moderately impaired (centre), unimpaired
(right). Deficient wheat shows poor production and filling of melanosis [23]

4.3 Copper Deficiency

The typical visible symptoms of cereal Cu deficiency are stunted growth distortion
of young leaves, apical meristem necrosis, and “White tip” leaf bleaching (Fig. 3).
Improved tiller formation in cereals and auxiliary shoots in dicotyledons are sec-
ondary symptoms caused by apical meristem necrosis. Also characteristic of Cu
deficient plants is wilting in young leaves [20]. The production of chlorophyll, res-
piration and protein synthesis requires copper. In younger leaves, Cu deficient plants
show chlorosis, stunted growth, delayed maturity (excessively late tillering in grain
crops), and sometimes melanosis (brown discolouration). Grain production and fill-
ing are often poor in cereals, and under severe deficiencies, grain heads may not
even form (Fig. 3). Cu deficient plants are susceptible to increased disease, espe-
cially ergot (a fungus that causes reduced yield and grain quality [24]. The onset of
symptoms caused by disease may confuse the identification display of chlorosis in
younger leaves, stunted growth, delayed maturity (excessively late tillering of defi-
cient symptoms of Cu in grain. The most sensitive crops to Cu deficiency are winter
and spring wheat [24].

4.4 Manganese (Mn) Deficiency

Themost sensitive of cell organelles toMndeficiency is chloroplasts (plant organelles
where photosynthesis occurs) [25]. As a result, interveinal chlorosis in young leaves
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is a common symptomofMndeficiency (Fig. 4). There is no sharp difference between
veins and interveinal areas, however, unlike Fe, but rather a more diffuse chlorotic
effect. Two well-known Mn deficiencies in arable crops are gray speck in the marsh
spot of oats and peas. White wheat streak and interveinal brown spot of barley are
also symptoms of Mn deficiency [26]. Visual observation can be limited by different
factors as a diagnostic tool, including hidden hunger and pseudo-deficiencies, and
soil or plant testingwill be required to verify nutrient stress. Nevertheless, field visual
symptom assessment is an low-cost and fast method for identifying potential crop
nutrient deficiencies or toxicity, and learning to recognize symptoms and their causes
is an important skill in managing and correcting soil fertility and crop production
problems.

Fig. 4 Mn wheat deficient
with interveinal chlorosis
[23]
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5 Physiological and Biochemical of Micronutrients
Changes in Plant

5.1 Dicots and Non-grasses Monocots (Strategy 1)

Higher plant root cells contain several redox systems associated with plasmalemma
that canmediate the transportation of electrons from certain cytosolic donors (NADH
or NADPH) to different extracellular electron acceptors such as ferric chelates, ferri-
cyanide. Plasma membrane redox-systems are supposed to be involved in regulating
the transport of ions, proton flux, and membrane energization in plant roots [27].
Dicots and non-grass monocots show root system adaptive responses to avoid Fe
deficiency (Fig. 5). These responses are (1) increased net proton excretion, and (2)
reductase-bound plasma membrane. The relative importance of the two mechanisms
between plant species seems to differ considerably. Major plant nutrient transport
systems are sensitive to nutritional conditions and are repressed or controlled by an
adequate supply of specific ion. Depression of ion transport systems in root cells
can be caused by deficiency or plant growth demand, allowing a limited physiolog-
ical range to maintain internal levels [28]. Stimulating the activity of ferric chelate
reductase, which is an important plasma-membrane that fulfills the reduction of Fe

Fig. 5 Schematic representation of the iron-taking mechanisms of Strategy I and Strategy II. IRT1,
iron-regulated transporter, YSL1, yellow strip such as 1, PS, phytosiderophores, PM, and plasma
membrane [35]
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(III) in the cell, surface and the immediate increase in leaf content Fe and chloro-
phyll following these responses suggests that all these factors act in concert, not
independently, to assist in the absorption and transportation of Fe to the tops of the
plant.

5.2 Grasses (Strategy II)

In grasses for the acquisition of Fe+3 and to some extent othermicronutrient cations in
the rizosphere, a particularmechanism exists, thismechanism is characterized by two
components (Fig. 5), as follows: (1) Iron deficiency (alsoZn,Cu,Mnand someCa and
Mg) induced increased release of compounds of phytosiderophores (PS), and (2) a
highly efficient Fe+3 PS uptake system,which is activated further under Fe deficiency.
Both mechanism components are in the apical root zones. Phytosidorophores (PS)
chelate and solubilize Fe in high pH and high bicarbonate soils, while bicarbonate
inhibits Fe solubilization by releasing H+ ions and enhancing Fe root reduction
capacity (Strategy I) [29].

6 Diagnostic Parameters of Micronutrients Deficiencies
in the Intact Roots

6.1 Acidification of the Rizosphere (Proton Release)

Determination of proton release and Fe reduction capacity in the roots of peas grown
under various mineral nutrition conditions (FNS − Fe) and (FNS + Fe), support
that Fe deficiency stimulates both mechanisms: Fe reduction capacity and plant
release of protons (Strategy 1) [30]. It was recommended to use the proton H+ release
determination technique as a useful diagnostic tool to recognize plant genotypes’
differential efficacy to (−Fe) deficiency stress. The same procedure for studying the
response of subclover cultivars to Fe deficiency was adopted. Whilst koala cultivar
(Fe resistant) andKarridale cultivar (susceptible) were grown under (−Fe) treatment,
Karridale had a much lower rate of release of H+ and (+Fe) treatment led to a net
negative rate of release of hydrogen ions (H+) [31]. The H+ proton release in two
lupine cultivars has been reduced and it has been shown that Fe deficiency has been
found to promote the release of protons by Giza 1 cultivar roots on 7 days old [32].
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6.2 Iron Reduction Mechanism—Iron Reductase Enzyme
Activity

It is recognized that the main inducing factor of Fe deficiency in dicotyledonous
species is high concentration of bicarbonate in the soil solution. The stress associated
with Fe deficiency is well documented [33]. Nongraminate monocots and dicots
(plants of Strategy I) induce the activity of ferric chelate reductase (FCR) on the
root cell membrane, an enzyme involved in Fe3+ to Fe2+ conversion. The function of
Strategy II is observed inmonocots dissolving ferric compounds by exudingmugineic
acid from the root. Strategy I plants have many complex functions compared to
Strategy II plants which involve not only FCR but also extrusion of protons [34].

Reduction of iron (Fe3+) was used to predict resistance of Fe deficiency in soybean
[36], while roots of tomato and soybean were documented in the release of H+ ions,
reducing agents and reducing Fe3+ to Fe2+ [37]. Furthermore, iron stress results in
branching of root [38, 39] and exudation of ferric chelate compound [40], which
also chelates ferric ions. Cucumber grows thin lateral roots [41], whereas red clover
has a different pattern of root branching [39]. Many types of phenols are released
from the roots of Fe deficient plant, i.e. in alfalfa [42], and red clover [39]. Fe
chlorosis is considered a major problem in the nutrition of plants in citrus trees. The
reactions of “Newhall” orange plants to iron deficiency in the presence or absence
of CaCO3, where the presence of CaCO3 resulted in a significant increase in FC-R
activity (about 2.5-fold) for Fe at concentrations of 0.0 and 5µM compared to plants
grown with Fe concentration of 10 and 20 µM [43]. It was reported that neither
the reduction of Fe (III) by roots nor its induction by Fe deficiency are unique root
reduction characteristics, chelated Cu (II) and chelated Fe of roots can be reduced
by Fe deficiency on the root surface of peas [30].

6.3 The Release of Phytosiderophore (PS)

Grass roots have a different mechanism for physiological responses as reported
by Takagi [44]. Grass roots stressed with deficiency of Fe and Zn release phy-
tosiderophores compounds (PS) that are efficiently chelate and mobilize Zn+3 and
Fe+3 [28]. The main sites for releasing phytosiderophores (PS) and absorption of Fe
are apical root zones. The release of phytosiderophores (PS) from roots is consid-
ered among the physiological response mechanisms as an important mechanism for
detecting deficiencies of Fe and Zn in various plant species. It has been shown that
under Zn and Fe deficiency stress the synthesis and release of (PS) at Fe and Zn
deficiency is significantly enhanced. The determination of PS release was suggested
as a signal of the differential effectiveness of the different strategy (II) genotypes for
Fe and Zn [45].
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Variousmorphological and physiological plant factors have been studied to under-
stand the basis under Zn deficiency of genotypical diversity. Furthermore, genotypi-
cal differences in Zn deficiency may be attributed to variations in phytosiderophores
root release. Phytosiderophores release is a well-known phenomenon that take places
not only under Fe deficiency but also under Zn deficiency [46, 47], and involves the
mobilization of Zn in the rhizosphere [48] and from the walls of the root cells [49].
The release rate of phytosiderophores under Fe deficiency was closely associated
with the differences in sensitivity to Fe deficiency between and within cereal species
[50, 51].

6.4 Membrane Integrity

Zinc is needed to maintain biomembrane integrity. It may be linked to phospho-
lipid and sulfhydryl membrane groups consisting of iron tetrahedral complexes with
polypeptide chain cysteine residues, thus protecting membrane lipids and proteins
from oxidative damage [52]. Root cell membrane permeability is enhanced in plants
with Zn deficiency and exudation of low molecular weight solutes such as K+ and
NO3, sugars and amino acids are enhanced. The exudation of solutes from a number
of plant species with and without Zn deficiency was investigated and found that the
root exudation of amino acids, sugar and phenolic in all species was increased. In
addition, root exudate measurements in different plants have been suggested to be
useful for checking zinc nutrition status [49].

6.5 Lipid Peroxidation

The cell membrane is a bilayer of lipids with saturated and unsaturated fatty acids
within the structure. The protection against oxidation of membrane lipids and protein
depends on the supply ofZn.UnderZn stress, lipid peroxidationwas greatly increased
by more than 143% compared to a corresponding value in a microsomal fraction of
Phaseolus plant roots under normal Zn level [53]. As a result, an increase in the rate
of lipid peroxidation can be used as a diagnostic tool for stress with Zn deficiency.
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7 Diagnostic Parameters of Micronutrient Deficiencies
in the Plant Leaves

7.1 Iron

7.1.1 Visual Chlorosis Score (Vs)

Deficiency diagnosis of Fe and evaluation of genotype efficiency under field condi-
tions were determined using visual score. It was found that ranking cultivars by Vs
would be most efficient because much less labor and time is required. Five Egyptian
maize hybrids were used to comparemaize response to Fe deficiency and evaluate the
methods regularly used to evaluate the appearance of chlorosis [54]. Scores of visual
chlorosis are i.e. chlorophyll a, chlorophyll a + b, or active iron. The mentioned
criteria could be used to evaluate Fe chlorosis, whilst leaf total Fe concentration is
not a suitable marker for Fe chlorosis assessment [54].

7.1.2 N-Tester (Chlorophyll Meter)

It is very useful to use chemical analysis of leaf samples to monitor the nutritional
status of field crops to meet their needs at the right times. Laboratory analysis is
a destructive measurement requiring effort, time, and chemicals. Predicting nutri-
tional status directly in the field by the N-tested pocket instrument (Minolta, Japan)
is cheaper, faster and more appreciated for farmers’ use [55]. The possibility of pre-
dicting Fe status in leaves of various fruit crops using N-tester (chlorophyll meter)
has been studied [55]. They found that it was not possible to measure Fe-status using
N-tester under field conditions [55].

7.1.3 Chlorophyll Content

Several authors found that the content of chlorophyll was correlated with active
Fe+2. These results suggest that chlorophyll is related quantitatively to chloroplast’s
Fe content [53]. El-Baz et al. [53] reported that chlorophyll a and chlorophyll a +
b were significantly reduced when the iron supply to Phaseolus plants decreased.
These findings support the use of changes in chlorophyll as a biochemical criterion
for Fe deficiency assessment.

7.1.4 Photosynthesis Process

When iron deficiency gets worse, PII activity also drops drastically and becomes
much harder to restore. It was found that leaves of orange plants grown in the nutrient
solution in the absence of Fe had lower oxygen evolution rates in both the presence
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or absence of CaCO3 compared with 10 µM Fe [43]. A minor decline in efficiency
of photosystem II was observed in plants grown without Fe and in the presence of
CaCO3 [43].

7.1.5 Physiological Active Iron (Fe+2)

The degree of adequacy of different elements in plant nutrition is measured by symp-
tom appearance or elementary tissue analysis [12]. Several investigators have made
an assessment of the iron status of plants by determining their active form, which
is useful as measuring the total amount of micronutrient in plant tissues and they
found in all cases does not correspond to the physiological status of the plant and
the biological efficacy of the element [56]. El-Baz et al. [56] Tested two Fe+2 extrac-
tants (1.5% O-pH and 1.5 N HCl). He found high correlations between Fe supply
and Fe extracted by O-phenanthroline method (O-ph). In Phaseolus plant, the high
efficiency of an O-ph determination method of Fe+2, is a more promising technique
for assessing Fe status in various plants, while when grown at high concentration
of CaCO3, some plant species have limited capacity to adaptive processes [56]. It
was found that the symptoms of Fe chlorosis do not appear when grapevine grew
in (−Fe) for 2 weeks, although the concentration of total and active iron in leaves
decreases. The decrease was significantly in active iron in the presence of CacO3 due
to inhibited root acquisition by Fe [57].

7.1.6 Enzyme Activities

Another approach is based on the hypothesis that under stress conditions the enzyme’s
limiting activity provides a quick and sensitive indicator of micronutrient deficien-
cies. The method’s advantage is due to the high sensitivity and enzymatic analysis
specificity. Fe is the component of a number of well characterized enzymes that iron
performs as a metal component in redox reactions or as a bridge between enzymes
and substrates, the main cause of metabolism alterations. The functional analysis
of nutrients is based on the examination of certain molecular compounds related to
their functional activity. There may be specific reference to the study of enzymatic
activities directly affected by the metabolic activity of the nutrient. In the early diag-
nosis of mineral deficiencies in lemon trees, aconitase proved to be as accurate as
peroxidase, a specific Fe-metalloenzyme, or even more [58].

Therefore, in view of this background, efforts have been made to analyze the
prospective value of various biochemical indicators appropriate for the diagnosis
of citrus mineral deficiencies as a feasible substitute to other popular techniques
of diagnosis such as soil or leaf analysis. It is often misleading to identify nutri-
ent constraints based on morphological symptoms or alternatively in combination
with leaf/soil analysis, especially with regard to the remediation of standing crop
nutrition problems. El-Baz et al. [53] reported that catalase activity in bean plants
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is declining under conditions of iron deficiency. In addition, the effect of Fe defi-
ciency on enzyme activity (peroxidase and catalase) in young maize leaves grown
at various levels of Fe. Enzyme activity reduced due to Fe deficiency as the impact
of Fe deficiency on enzyme apoprotein synthesis [59]. The concentration of catalase
and peroxidase enzyme activity suggested in this concept to be used as sensitive and
precise parameters for early diagnosis of Fe deficiency.

7.1.7 Isozymes

Recently, isozymes have been used as genetic markers in various plant species for
early evaluation of nutrient efficiency. A relationship between plant nutritional status
and isozymeswas found. Lake in available cellular ironmay decrease the synthesis of
peroxidase isozyme, Fe-efficient maize cultivar Alice, iron inefficient mutant yellow
strip (ysl) and six additional local hi bird lines were grown in hydroponics with
0.1 mM Fe-EDTA and 0.01 mM to establish a genetic assay for early diagnosis
of POD isozyme-based Fe deficiency [60]. Fe-efficient maize lines may have an
additional band (C3) reflecting theFe-nutritional status ofmaize lines orC3 associated
with Fe (III) PS uptake [60].

7.2 Zinc

7.2.1 Extractable Zinc

In the leaves, total zinc is not always a reliable indicator for the plant’s diagnosis of
zinc deficiency. In contrast, El-Baz et al. [56] reported that HCl’s use of extractable
Zn as a diagnostic tool for zinc deficiency in the upper and lower leaves is of small
value as the total zinc content.

7.2.2 Photosynthesis and Carboxylation Enzyme Activities

Another approach to Zn deficiency diagnosis is based on combining zinc with
several metabolic processes (i.e. photosynthesis, carbon metabolism, carboxylated
carbohydrate-related enzymes, and protein synthesis) [52]. Nutrient deficiency
inhibits photosynthesis in higher plants. Low Zn conditions reduced photosynthe-
sis compared to the adequate level provided with Zn, this can be attributed to the
role of zinc in regulating the activity of electron transport, carbon metabolism and
carboxylated enzyme modification [32]. In maize (C4) and chickpea (C3) plants, the
relationships between Zn deficiency stress and photosynthesis, CO2 fixation, and car-
boxylated enzyme activity were studied [32]. Zinc deficiency inmaize plants resulted
in a sharp reduction in chlorophyll content, whereas CO2 fixation rates showed low
values for both plants (-Zn level) [32]. In leaves with increasing zinc deficiency,



440 Z. A. Salama and M. T. Abdelhamid

a sharp decline in CA activity is the most evident of the changes occurring in the
CO2 assimilation pathway enzyme activity. The main carboxylating enzyme in C3

plants is RuBP-carboxylase and may represent 50% of the total soluble protein of
the leaf. RuBP was reduced by 22 and 34% for maize and chickpea, respectively
under Zn deficiency. In maize plants, PEP-carboxylase was nearly 5 times higher
than chickpea grown without Zn [32].

7.2.3 Antioxidants Enzyme Activity

Zn ions are involved in enzymatic cell defense against free radical damage. The influ-
ence of zinc nutritional status in bean leaves grown in nutrient solution for 15 days
on superoxide hydrogen peroxide scavenging enzymes has been studied [61]. Zn
deficiencywas found to roughly decrease protein and SOD activity. Ascorbate perox-
idase, glutathione reductase, and catalase except guaiacol peroxidase activity, within
72 h or re-supplying Zn to deficient plants, the enzyme activity reached sufficient
plants at the Zn level [61].

7.2.4 Protein Synthesis and SDS-PAGE Protein

In terms of protein synthesis, it was reported that zinc deficiency decreased the
ribosomal content followed by a reduction in protein synthesis when investigating
the effects of Zn on the nitrogenmetabolism ofmeristematic tissues in tobacco plants
[62]. Zn deficiency was found to significantly reduce the ribosomal content and the
protein composition remained nearly unchanged. Deficiencies in micronutrients can
modulate antioxidant enzyme activity [63]. Yu et al. [63] found that SOD enzyme
concentration measured by a newly developed capillary electrophoresis technique in
wheat genotypes plant tissueswas related to the early stage of Zn deficiency tolerance
of wheat to Zn deficiency.

7.3 Copper

Cu is an essential element in themetabolism of plants, it is needed in small quantities.
Cu is a constituent of a large number when Cu proteins and enzymes are essential in
plant metabolism for their function.

7.3.1 Photosynthesis

Cu deficiency has a direct impact on energy metabolism because it affects the syn-
thesis of Cu-containing electron carriers like plastocyanine as a component of the
electron transport chain of PSI. There is therefore a close association between the leaf
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copper concentration and the plastocyanin under Cu deficiency, resulting in a drastic
decrease in activity, consequently a reduction in photosynthesis and respiration [52].

7.3.2 Cupric Chelate Reductase Activity

Copper as an essential micronutrient ion is necessary for growth and it is possible to
include the reduction step at the plasmalemma level by depolarizing the membrane
potential or cupric reductase as a standard reductase associated with the regulation of
other redox systems in plant roots [30]. Babalakova et al. [30] studied the influence
of 10 and 20 µmol Cu as CuCl2 on pea grew hydroponically under different mineral
nutritional conditions on the activity of Cupric chelate reductase in intact pea roots
(Strategy I) and wheat (Strategy II) plants (Fig. 5).

7.3.3 Proton Release and Enzyme Activities

Copper interferes with multiple enzymes, mainly those involved in redox system
mechanisms, and ATPase activity (throughout proton release determination), which
was found to be a good tool for Cu deficiency diagnosis. The effect of various copper
ion concentrations in the root growth medium varied from (0.002 to 1.25 ppm)
on plasma membrane activity in rice plants (as measured throughout the release
of protons) [64]. Fernando et al. [64] observed that with 1.25 ppm Cu treatment,
root proton extrusion increased 4 folds. This could be explained by the increase in
H-ATP-use plasma membrane activity that pumps protons from the protoplast to
the space of the cell wall, inducing growth enhancement. Salama [65] supported the
previous results and the determination of proton releasemechanismby roots ofPisum
sativum grown with two levels of Cu (zero-0.2 mmol) and activities of SOD and AO
antioxidant enzymes as valuable parameters for early diagnosis of Cu deficiency.

8 Strategies to Increase the Availability of Micronutrients
in Soil for Plant Uptake

Implementing either chemical or organic fertilizers is an appropriate approach for
preserving and improving the soil’s biological and physicochemical properties, as
well as providing essential elements for plant growth. Micronutrient shortages not
only reduce crop yields, but also reduce crop concentration of micronutrients. Zn and
Fe are the most studied elements among the micronutrients. Zn-containing fertilizers
in Turkey have been reported as a rapid and effective technique for enriching Zn
cereal content [66]. The application of urea-enriched Zn concentration to 3% has
been reported to increase grain yield and rice grain Zn concentration in India by 23
and 56% respectively [67]. Iron is the second element most studied, but it is more
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difficult to improve the agronomic concentration of Fe in grain than with Zn because
Fe is readily precipitated into insoluble forms of soil. For example, a greenhouse
experiment with Zn and Fe application on wheat showed increased concentrations
of Zn grain, whereas concentrations of Fe were not improved effectively [66].

The other micronutrients were also studied and guidelines on applications of
micronutrients for crop types were developed [16]. Dobermann and Fairhurst [68]
provided detailed guidance on rice nutrient management. Micronutrient application
in the form of sulfates or organic chelates is the ordinary method for mitigating
micronutrient deficiencies. Furthermore, there is a recent technology to improve the
availability of fertilizer nutrients, which makes fertilizers in the form of nano-size
with the initial rapid release and long-term slow release [69]. Although the most
common method is the direct application of micronutrients to soils, the availability
could be reduced as they react with soil minerals and organic matter [70].

In contrast to chemical fertilizer, the adoption of organic amendment n techniques
was promoted as the most feasible and sustainable approach to reinstate soil fertility.
One of the most common organic fertilization techniques is the use of manure from
farmyards (FYM) as a source of organic matter, nitrogen and micronutrients to com-
pensate the low content of organic matter in soils [71]. Micronutrient amendments
are also possible from animal compost and sewage sludge. Despite its soil benefits,
organic fertilizer can not be considered a short-term substitute for chemical fertiliza-
tion due to the gradual release of nutrients into the soil as organic matter breaks down
and the process is based on many environmental factors. A combination of inorganic
fertilizers is therefore advisable in this regard [72]. Continuous use of these organic
materials, however, is likely to accumulate micronutrients in soils.

Foliar fertilization is another agronomic approach that is widely used to cor-
rect micronutrient deficiencies. This technique is considered an effective short-term
approach to increase the mineral content of rice grains [73]. Although foliar fertil-
ization is considered a nutrient corrective approach in line with several studies, it
can not be a substitute for chemical fertilization [74] or organic fertilizers, which is
a common approach to maintaining and improving the biological and physicochem-
ical properties of soils and providing essential elements for plant growth. In addition
to reducing crop yield, micronutrient deficiency also reduces crop concentration of
micronutrients.

Besides to the application of micronutrient in soil to increase its availability for
plant uptake, a foliar spraying strategy with micronutrients has been used intensively
for plant canopies as a foliar application to compensate its deficiencies in plant
micronutrients, thereby increasing its growth and productivity [75–77]. Reda et al.
[75], for example, reported that salt-stressed faba bean plants treated with B or Zn
and the combination of both had significantly increased photosynthetic pigments,
osmotic compounds i.e. soluble sugar, proline, amino acid and phenolic content
in the leaves, which in turn helped faba bean plants to increase its tolerance to
irrigation diluted seawater salinity. Additionally, Zn and B treatments minimized the
unfavorable effects of salt stress on faba bean seed yield and even increased their
contents of total carbohydrate, starch, protein, phenolics and flavonoids compounds.
Boron foliar spray at 5 ppm was found to be highly effective in maximizing the
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ratios of K+:Na+ and Ca2+:Na+ and reducing the risk of salinity in faba bean plants
[76]. Furthermore, Mohamed et al. [77] reported that foliar spray with ZnSO4 and
FeSO4’s with two concentrations 1 or 3 g L−1 assisted faba bean plants by producing
antioxidant enzymes to overcome the deficiency of these minerals. They concluded
that improved faba bean growth through adequate Fe and Zn foliar spray is likely to
be a promising strategy to improve faba bean plants.

9 Conclusions

The availability of micronutrients in soils is associated with the type of parent mate-
rials and the environment in which soils are formed. Cu and Mo’s availability in
soils appears to be more related to soil organic matter content. Predicting behavior
of micronutrients in soils is not secure. The first choice, however, is to use fertiliz-
ers containing micronutrients, both chemical and organic. Application method must
be conducted based on soil nutrient management guidelines along with crop types.
Increased use of modern biotechnology techniques, such as gene transformation,
will lead to a promising prospect of higher nutritional stress resistance. There are
already transgenic plants with enhanced nutrient efficiency such as zinc (Zn), boron
(B) and copper (Cu). Further plant stress research will also enhance the knowledge
of mechanisms of adaptation. This will then stimulate breeding for the efficiency of
nutrients and the tolerance of stress.
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Abstract Nowadays, there is a big gap between plant nutrients produced and the
required nutrients. The agricultural production increase should be attained to face
the population increase in a system that conserve the environment, humankind and
limits the insecticide uses and unattractive chemicals in agriculture. This chapter
summarizes the key biological control industry challenges. This chapter spotlights
on the sustainable biological control strategies of the agricultural environment that
was documented in this book. Finally, four main contribution areas were identified
which include; parasitoids, predacious insects and mites for managing insects and
mites, Microorganisms for controlling insect pests, Biocontrol products for plant
diseases management, and Bio-products against abiotic factors and micronutrient
deficiency. Thus, recommendations and conclusions would be built on scientist and
researcher visions added regarding to their research findings. In addition, this chapter
includes information on a set of conclusions and recommendations to direct future
research toward industry of biological control, which is one of the main tactical
strategies of the Egyptian economy and environment.

Nowadays, there is a big gap between plant nutrients produced and the required
nutrients. The agricultural production increase should be attained to face the popu-
lation increase in a system that conserve the environment, humankind and limits the
insecticide uses and unattractive chemicals in agriculture. This chapter summarizes
the key biological control industry challenges.

This chapter spotlights on the sustainable biological control strategies of the agri-
cultural environment that was documented in this book. Finally, four main contribu-
tion areas were identifiedwhich include; parasitoids, predacious insects andmites for
managing insects and mites, Microorganisms for controlling insect pests, Biocontrol
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scientist and researcher visions added regarding to their research findings. In addi-
tion, this chapter includes information on a set of conclusions and recommendations
to direct future research toward industry of biological control, which is one of the
main tactical strategies of the Egyptian economy and environment.

In last decades, there are some challenges which Egyptian producers faced them
due to unprofessional conduct of natural resource and environmental degradation.
Egypt is facing unmatched resource catastrophes particularly in water, and food.
These impacts incorporate the degradation of soil fertility, water hardness, the incre-
ment in the dangerous residue, and advancement of resistance in insects. On the other
hand, this agricultural productionwould be conducted in an ecological strategywhich
reduces the use of harmful insecticides.

Therefore, we try in this chapter to present a general idea of biological control
industry and its significance for Egyptian farmers generally and especially for the
researchers and students. In manipulative industry of biological control system, it is
essential to give due kindness to the characteristics of various biocontrol agents used,
which causes to be the resulting agricultural production system sustainable. So, the
intention of this book is to improve and discuss the following main points:

• Parasitoids, predacious insects and mites for managing insects and mites,
• Microorganisms for controlling insect pests,
• Biocontrol products for plant diseases management,
• Bio-products against abiotic factors and micronutrient deficiency.

A brief overview of the important findings of the recent published studies on
mass production of biocontrol agents and the main conclusions will be mentioned
below. As well as the main recommendations for farmers, students, researchers and
decision-makers will be presented.

The following are the main major studied points

1. Searching and studying the abundance of different biocontrol agents would be
an economic method to have an enough biological control agents, which play a
vital role in increasing the organic and clean agricultural production.

2. Using natural enemies and organic fertilizers to help in solving the pollution
problem as trails for solve food shortage to face the growing population in Egypt.

3. Integrated different biocontrol agents, biopesticides and biofertilizers for organic
and sustainable agriculture as natural products to increase organic agriculture in
Egypt.

4. Climate and weather can significantly affect the developmental time and distri-
bution of insect pests and associated natural enemies.

5. Factors affect mass production and field application of biocontrol agents.
6. Artificial fertilizers may help to increase the agricultural production, but it also

can cause the emission of greenhouse gases, which threaten the environment
[1–3].

7. The other potential ways are to how to mass produce the biocontrol agents,
parasitoids, insect and mite predators, pathogens and biological control products
of plant diseases as well as biofertilizers against micro nutrients deficiency [4].
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8. Most of these strategies help to rise productivity of crops, vegetables as well as
oil crops and grains, which become a requirement to minimize the gap between
agricultural production and human consumption.

1 Part I: Parasitoids, Predacious Insects and Mites
as Bioagents

In the first part, the authors of these book chapters are active and working in biolog-
ical control institutions using parasitoids, predatory insects and mites for managing
various insect and mite pests.

1.1 Chapter 1. Egg Parasitoids

Although the authors mentioned in the first chapter that egg parasitoids are predomi-
nant over the world, but selection of the strain/ecotype plays a crucial role in manag-
ing their host insects [5]. Tritrophic interactions (among plant-insect and parasitoid)
should be known before egg parasitoid releases in a target cropping system. The
volatile compounds which are released by plants in response to herbivore feeding,
attracted many of egg parasitoids. Additionally being highly detectable and reli-
able indicators of herbivore presence, herbivore-induced plant volatiles may convey
herbivore-specific information that allows parasitoids to discriminate closely-related
herbivore species [6].

Egg parasitoids could be stored for about one week at 8–10 °C in the refrigerator
without adversely affecting their mergence and parasitism efficiency [7]. Biological
control using egg parasitoids is one of the most important strategies which will be
the development of extension support to deliver the product to the user. Therefore,
egg parasitoids are a promising biocontrol agent for agricultural insect pest’s mainly
Lepidopteran insects.

1.2 Chapter 2. Larval Parasitoids

The larval parasitoids come in the second importance level after egg parasitoids.
Therefore, combining larval parasitoids with other biocontrol agents seems to be
well suited to protect many crops from insect infestations; conversely, sometimes few
species will probably be ineffective in some crop species, then the producers would
use the other biocontrol agents. Habrobracon hebetor seems to be well suitable to
some stored product insects, for example, it could use to find Plodia interpunctella
larvae in damaged packages or storages. Therefore, the combination of releasing
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both egg parasitoids with larval parasitoids (i.e., Trichogramma evanescens and B.
hebetor) should provide the best control over the long term [8, 9]. However, it is
important to realize that unlike pest mortality resulting from egg parasitism by T.
evanescens and larval mortality caused by B. hebetor will avoid future infestation.
For adequate management of corn borers to occur, releases both parasitoid wasps
should probably be applied, as early as possible, so that the parasitoids have a better
chance of managing pest populations before they reach the economic levels.

The authors of this book chapter confirmed that potential of other biocontrol
species should be studied for combining them with other active agents, detect their
efficiency on the primary hosts, and evaluate them in biological control and IPM
programs in commercial tomato plantations [10]. The compatibility of the two bio-
control groups for insect pest control could be easily managed if mass releases of
parasitoids have been applied 48 h or more after for example EPNs applications [11].

1.3 Chapter 3. Aphid Parasitoids

Another group of biocontrol agents is aphid parasitoids which infect the aphids;
aphids suck the plant sab and affect negatively the plant productivity and its quality.
The author of this chapter mentioned that aphids have an economic importance,
which disturb the agriculture development and production. This parasitoid group
plays a significant role in controlling different aphid species in various crops and
vegetables mainly cabbage [12–14].

The author of this chapter highlights the following conclusions:

1. Diaeretialla rapae is an important primary parasitoid of a wide range of aphid
species and is considered a promising biological control agent against cabbage
aphids.

2. Freshly formed mummies ofD. rapae could be conserved at 5 °C in cold storage
for 2 months.

3. The author confirmed that L. fabarum and D. rapae could be recommended as
biological control candidates against this aphid species under Egyptian condi-
tions.

4. It is to be recommended to consider aphid parasitoids in IPM program designed
for the control of B. brassicae to decrease the environmental pollution by using
the traditional insecticides.

1.4 Chapter 4. Insect Predators

Using insect predators in programs of biological control might be a foremost part of
ecological agriculture. The authors mentioned that ca. 27 species of insect predators
listed in that book chapter have been considered by Egyptian biocontrol researchers
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as reported by Saleh et al. [2]. Those predators preymost all the economic agricultural
insect pests of field crops, vegetables, fruit orchards, ornamentals and greenhouse
crops. The authors had tried to focus in this chapter on richness of predators in our
environment and the challenges of mass rearing and field application of the most
significant predators.

As declared in Chap. 4 the biocontrol production is influenced by many factors,
such as infrastructure, personnel, tools, transportation and market, beside presence
of the mentioned predators in the local environment and tries of mass rearing and
releasing [15–19]. In Egypt, almost of these elements are found, what is still need
is the support of decision makers in private and public sectors for having the infras-
tructure as well as some equipment. The author confirmed that the producers are
required to increase their consciousness to avoid the risks of agricultural chemicals
and the need to the biocontrol for preserving the environment in Egypt.

1.5 Chapter 5. Predatory Mites

Mites of the family Tetranychidae are strictly phytophagous and are represented in
all region of Egypt. Spider mites can undoubtedly cause severe crop loss [20]. The
authors of Chap. 5 stated that predatory mites could keep its potential efficiency after
long-term rearing on alternative food to control natural prey. The effective factitious
food supply sufficient nutritional requirements to the predators and lead to continuous
production of high quality progenywith no reverse effect on the predator performance
[21]. For example,Neoseiulus barkeri is predatorymite which distributed worldwide
and has been used to manage pests in plastic houses since the method of its mass-
rearingwere developed. Hansen [22] rearedN. barkeri on storagemites (Acarus spp.)
in large numbers at a relatively small cost and was utilized to successfully control
T. tabaci, on cucumber plants in glasshouses. Amblyseius swirskii has been proved
to be an effective biological control agent against whiteflies, thrips, broad mites in
several plastic houses crops [23–25].

Another objective of this chapter was to explore the potential of E. kuehniella
eggs on development and reproduction of different life stages of A. swirskii for
five successive generations [26]. Moreover, the study reported that A. swirskii did
not lose their power to control its natural prey first instars of F. occidentalis after
six tested generations [25]. Only the predation rates of the predators of generation
six were slightly lower than the predation rates of the predators of generation one.
The authors concluded that twenty five phytoseiid, three stigmaeid, six laelapid, ten
ascid, five melicharid, and only one Rhodacarid species namely Protogamasellopsis
denticus were recorded in Egypt. Also, Predatory phytoseiid mites are successfully
used as bio- control agents in controlling of phytophagous mites, thrips and whitefly.
Agistemus exsertus is one of the most important species of the family Stigmaeidae
and able to attack pests of the families Tetranychidae and Eriophyidae as well as
scale insects and whitefly in field crops and orchards.
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The predatory mites played an important role for inhabitingmites either in the soil
or on vegetation as biological control agents. This chapter concentrated on themethod
of mass production of aerial and soil predacious mites that can be reared traditionally
by introducing natural or by providing factitious foods. It was explained in detail the
rearing system taking into consideration the cost, advantage and disadvantage.

2 Part II: Microorganisms as Biocontrol Agents

In the second part of this book, role of microorganisms were reviewed and discussed
in four book chapters dealing with using entomopathogenic bacteria, fungi, nema-
todes and viruses as shown in the followings:

2.1 Chapter 6. Bacillus Thuringiensis

The author of this book chapter confirmed that Bacillus thuringiensis is a desir-
able biocontrol agent for pest control and ideal for use in Egypt and other developing
countries because its possible lowproduction cost and lack of toxicity for other organ-
isms. The possibility of increasing regional production using inexpensive material
and agro-industrial byproducts is a particularly attractive option. Novel approaches
of B. thuringiensis could be adopted to enhance the potency of B.t. preparations by
using feeding stimulants and safe and cheap chemical additives leading to biochem-
ical reactions in the midgut of the treated insects [27–30]. These additives were able
to increase the potency and to extend spectrum level of activity of B.t. preparations
by many folds. It was found that B.t. can affect the various developmental stages of
lepidopteran insects other than the larvae.

Field application of the local B. thuringiensis product against lepidopteran insects
in cotton, soybean, vegetables and some other field crops indicate that the yield was
almost equal to that obtained with economically profitable strategies [28, 29]. The
author mentioned that develop the GM crops is on-going in a number of research
institutions and universities in Egypt, but the developed plants did not reach the stage
of commercial release due to lack of national legislation on Biotech crops. However
the approval for commercialization of genetically modified (GM) B.t. corn hybrid
was made for a short period.

2.2 Chapter 7. Entomopathogenic Fungi

The entomopathogenic fungi (EPFs) have played a significant role in the history of
microbial control of insects. Entomopathogenic fungi were the first to be recognized
as microbial diseases in insects [31].
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The authors reported that EPFs are one of the most promising agents for the bio-
logical control of insects, where it permits the cost of production and preservation
of public health. As the fungus Beauveria bassiana successfully used against dif-
ferent insects as well as the fungus Metarhizium anisopliae and especially the rank
of sheaths wings also Verticillium lecanii against insects sucking mouth parts [32,
33]. For mass production of EPFs, the authors stated that mass production of Ento-
mopathogenic Fungi in various forms of liquid and powder as well as the body of
nanoparticles through laboratories and factories are discussed. The dissemination of
this means of promising in Integrated Pest Management (IPM) programs. Spreading
awareness among the farmers about the importance of using this method as one of the
most important means of biological control of pests as summarized in the following
points:

1. The entomopathogenic fungi were isolated from soil samples using theGalleria-
bait technique based on Zimmermann [34].

2. Beauveria bassiana, commonly known as white muscardine fungus attacks a
wide range of immature and adult insects.

3. Metarhizium anisopliae a green muscardine fungus is reported to infect 200
species of insects and arthropods.

4. Both of these entomopathogenic fungi are soil borne and widely distributed.
5. The mortality percentage of O. surinmensis, Tuta absoluta and Bemisia tabaci

treated with B. bassiana andM. anisopliae differed significantly among different
concentrations [35].

2.3 Chapter 8. Entomopathogenic Nematodes

After discussing role of bacteria and fungi in controlling insect pests, we move to
discuss role EPNs in insect management. The authors of that chapter explained the
attributes that EPNs have made them excellent insect biocontrol agents as they can
kill their insect host within 48 h; have a wide host range; have the ability to move
searching for their hosts either in plants or in the soils.

Nematodes have been commercially developed to achieve progress in developing
large-scale production and application technology which has led to the expanded use
of EPNs either in In vivo or in vitro solid culture [36–38]. The authors confirmed
that EPNs have been commercially produced by numerous companies in large liq-
uid fermentation tanks in different industrialized countries. However, this technique
requires greater funds investment and an advanced level of technical proficiency.
They also mentioned there are different biotic and abiotic factors can affect effi-
ciency of EPN application. Nematodes can be suppressed a diversity of economically
significant insect pests in different habitats [39, 40].

The authors recommended that additional technological advancements are desired
to expand and develop the market potential of the nematode-based biopesticides.



458 N. El-Wakeil et al.

Isolation of additional species and selective breeding are required for proper classi-
fication, for biodiversity studies. This will also contribute to enhance the economic
value of EPNs in biological control. Improved efficiency in nematode applications
can be supported through improved formulation.

2.4 Chapter 9. Insect Viruses

The last chapter in this group is using insect viruses for controlling insect pests.
Insect viruses as a biological control agent represent an important component in IPM
programs,mainly because it is specific and safe for the environment for Lepidopteran,
Dipteran, Orthopteran and Colepoteran insects [41].

The authors of this book chapter mentioned that specificity and the production of
secondary inoculum make baculoviruses and other insect viruses attractive alterna-
tives to chemicals insecticides and ideal components of Insect. In addition, the use
of insect viruses as bioinsecticides is compatible with many other components of
biological control agents. In addition, the fact that insect viruses are unable to infect
mammals, including humans, makes them very safe to handle and attractive candi-
dates as alterative biopesticides to avoid the use of the harmful pesticides. Therefore,
the future for the continuous use of the insect viruses will depend on the success to
overcome these limitations. The development of formulation which include protec-
tant materials against UV could increase the sustainability of the viral product that
can tolerate the UV effect; therefore increase the virus persistence [42, 43].

The use of recombinant bocaviruses that include the deletion of virus genes that
delay the virus killing (e.g. the deletion of the ecdysteroid UDP-glucosyltransferase
(egt) gene) or the expression of toxins that accelerate the killing effect has been
developed for some viruses. However there are several challenges facing the large-
scale production of these viruses as fast killing of the host affect negatively the
amount of produced virus from infected host [44, 45]. Finally, the authors confirmed
that using the correct virus (or a mixture of virus) strains in the biopesticides to
overcome the development of resistant against the virus in the host population might
help to face the resistance challenges [46]. The success in facing the abomination
limitationwill shape the future viruses use as biopesticides to control themajor insect
pests.

3 Part III: Biocontrol Products for Managing Plant
Diseases

In the third part, the editors are moving to other pest group (plant diseases), which
were caused by microorganisms. In this section, using biological control products to
manage plant diseases are reviewed.
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3.1 Chapter 10. Phyto-Pathogenic Bacteria

This chapter covered the biological control strategies for controlling bacterial plant
pathogens in the field. For achieving the best control of bacterial plant diseases,
identifying the plant pathogens must be correct identified by known the pathogen’s
life cycle and how it relates to the cycle of disease development [47].

The author stated that for developing a suitable management program that attacks
the pathogen at the weakest point in it life cycle should be applied. The development
of alternative approaches to control pathogens of crops utilizing bio-control agents
is necessary to reduce risk pesticides [48, 49]. To success of biological control, the
author mentioned that bio-control agent must be grown very fast, the environment is
favorable for their growth and development and it must be applied at pre-planting or
prior to the onset of disease.

The bio-control agents had different mechanisms such as antibiosis, competition,
hyperparasitism, cell-wall degrading enzymes and induction of systemic resistance
which play an important role for controlling bacterial plant diseases, where induc-
ing systemic resistance protects plants not only against the attacking pathogen, but
against other types of pathogens [50]. Therefore, the biological control successfully
applied for controlling many bacterial plant diseases as safe alternative tools replace
the chemical bactericides which had mammalian toxicity and environmental pollu-
tion.

3.2 Chapter 11. Fungal Plant Diseases

In this book chapter, the authors discussed importance of fungal diseases and their
effects on the agricultural production as well as using biological control agents for
controlling the fungal plant pathogens. They mentioned that biocontrol has many
advantages in relation to soil fertility, plant, animal and human health [51, 52]. The
authors also tried to highlight themost important biological control practices either in
Egypt or over the world [53]. It is found that throughout the last decades, the attention
to biological control of economic crops has increased from both the government and
the researchers starting from the ordinary application of biocontrol agents in contact
directly to the soil and in form of gelatin capsules to insertion of the resistance
genes in the plant and produce what we know today GM plants (genetically modified
plants) [54]. Finally, the authors of this chapter confirmed that the biological control
of different diseases becomes common due to the awareness of farmers about the
benefits of biocontrol applications in Egypt.
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3.3 Chapter 12. Plant Parasitic Nematodes

Nematodes are invertebrate roundworms, which comprise one of the largest andmost
diverse groups of multicultural organisms in existence and they spend at least some
part of their lives in soil. The author mentioned that parasites, predators and micro-
organisms used for nematode biocontrol are effective and environment friend. Many
of bacteria and fungi are intimately associated wilt roots and it will be necessary to
establish that they are not plant pathogens before they are widely used for biological
control purposes.

The author confirmed that some formulation ofmicrobial products in formswhich
have extended shelf life and which can be applied to soil using conventional farm
equipment is likely to present a major challenge to those interested in commercial-
izing antagonists of nematodes [55]. A number of types of formulation, including
dusts, granules, wet table powders and liquids have been used in biological crop
protection products, but granular formulations are generally considered to be most
suitable for micro-organisms that are to be applied to soil. There are many trials to
produce the granular formulations for commercial microbial products in future to be
applied to soils [56].

One of the important problem faces the mass production of biocontrol agents of
parasitic nematodes in Egypt is standardization, formulation, storage, application
and safety have had to be considered in detail, but the time is rapidly approaching
when such issues will become major areas of activity. Egyptian researchers intended
to transfer the modern fermentation technology which is widely used in the brewing
industry and in the production of antibiotics andmicrobial insecticides that should be
agreeable to the mass production of antagonists of nematodes. The author reported
that the large-scale industrial production requires the development of inexpensive
alternatives to the complex media often used to culture nematode antagonists in the
laboratory [57, 58]. Biological control agents are generally produced in commercial
quantities by one of two fermentationmethods (Solid substrate fermentation or liquid
culture fermentation).

3.4 Chapter 13. Plant Viral Diseases

Viruses are among the most important plant pathogens as near half of the emerging
epidemics have a viral etiology [59]. Regarding the virus transmission, viruses can
be transmitted between plants either biologically or mechanically [60]. The authors
of this chapter mentioned that there are many trials to manufacture viral biocontrol
agents, whether bacterial or fungal, and how thiswould be applied in the green houses
and in the open fields. All these attempts have been mostly international but one or
two attempts were local and even wasn‘t reach the field application yet. The authors
reported that the antiviral products are still in their early stages, and the market for
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these bio antiviral has only a few numbers, which do not exceed the fingers of one
hand [61].

Work in this area is still need more efforts and research until humanity can rid
itself of the bad effects of pesticides and the huge yield losses caused by plant viruses
[62]. Bio-anti viruses have been internationally and locally accepted by farmers and
investment companies as well as in scientific media. In fact, there is no evidence
so far that there is a substance whether naturally synthesized or manufactured can
eliminate the plant virus within the plant host cell [63]. Nevertheless all the avail-
able bio/compounds which have antiviral activity resulted from their capability to
stimulate the plant immune response.

4 Part IV: Bio-Products Against Abiotic Factors

In the fourth part of the book which contains only one book chapter entitled
“Biochemical indicators and biofertilizer application for diagnosis and alleviation
micronutrient deficiency in plant”; the authors tried to find the best strategy to solve
the micronutrient deficiency. The editors suggested this theme, after controlling var-
ious species of insects, mites and plant diseases biologically to complete the whole
story of biological agents or products to sustain the organic or ecological friendly
agricultural production.

4.1 Chapter 14. Biochemical Indicators of Micronutrient
Deficiency

Micronutrients are very important for an abundance of physiological functions in
plant growth, development, and oxidative stress response. In case of low concentra-
tions in electron transport and antioxidant systems, micronutrients are desired for
cellular structures and protein stabilization [64]. The possibilities of using biochem-
ical markers and application of biofertilizers to diagnose and mitigate deficiencies
in micronutrients are discussed and reviewed in this book chapter.

The authors confirmed that availability of micronutrients in soils is associated
with the type of parent materials and the environment in which soils are formed.
Cu and Mo’s availability in soils appears to be more related to soil organic matter
content. The authors reported that predicting behavior of micronutrients in soils is
not secure [65]. The first choice to solve this problem, is to use fertilizers containing
micronutrients, both chemical and organic. Application method must be conducted
based on soil nutrient management guidelines along with crop types [66]. Finally, the
authors mentioned that increase using the modern biotechnology techniques, such
as gene transformation, will lead to a promising prospect of higher nutritional stress
resistance. There are already transgenic plants with enhanced nutrient efficiency
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such as zinc (Zn), boron (B) and copper (Cu). Further plant stress research will
also enhance the knowledge of mechanisms of adaptation. This will then stimulate
breeding for the efficiency of nutrients and the tolerance of stress.

5 Recommendations

The main aspects of biological control industry is the ability to mass production and
mass field application as well as to acclimate to future challenges and prospects. We
argue that supportable arrangements need built-in flexibility to accomplish this goal.
Throughout this book, the editorial board noted some areas that could be explored to
further improvement.Basedon the authors’ chapters, the following recommendations
could be mentioned for future researchers in exceeding the scope of this book.

Egyptian organic agriculture has a comparative advantage in terms of production
dates and quality of Europeanmarket countries. The future application of sustainable
agriculture approach will help in the following:

• Significantly, the collaboration between biology, chemistry, and pest management
researchers is essential for standardization of mass rearing of beneficial insects
and mites.

• Themajority of findings of factors which affect toward production or development
of commercial biocontrol products.

• Several factors delay such advancement either in Egypt including lack of (a) real
links between industry and research institutions, (b) adequate investments for
scientists to prepare their products commercially, (d) components that safe to
the environment, (e) effective natural components as pesticides, (f) Governmental
regulations on the use of natural products in pest control programs.

• There is a growing consciousness toward the hazards of chemicals and the need
for the biological control for conserving the environment and realizing the organic
agriculture in Egypt.

• Egypt has a large market of biological products represented mainly by the agri-
cultural investment companies, which export these organic products of vegetables
and fruit to Arab and European countries.

• Biological control infrastructure, mass production, and field application technolo-
gies would help to have clean crops, vegetables, and fruits to reduce the economic
cost and to minimize environmental and health risks.

6 Conclusion

The different biological control strategies would be used in the appropriate rou-
tines and against certain insect pests in large areas, the proposed approach might be



Conclusions and Recommendations of Biological Control Industry 463

highly effective and environmentally acceptable. Furthermore, if this kind of bio-
logical control could be mass produced and mass applied in conjunction with other
control strategies, this could result in significant and important synergistic effects on
pest population suppression. Egypt has a great market of biological products repre-
sented mostly by the agricultural private sector which distribute these bio- or organic
products of vegetables and fruit to Arab and European countries. Climate change is
expected to have a negative or positive effect on the short and long-term diversity of
pest’s abundance, pest’s-host plant interactions, and an abundance of natural enemies.
Further biocontrol strategies research would improve the knowledge of mechanisms
of adaptation.

The proposed aims of this book mass production of biocontrol agent with cost-
effective, which are considered as an essential to increasing food supply sustainably
and ecologically in Egypt. Integrated biopesticides and biofertilizers for organic agri-
culture. Finally, it is expected to have an effect on the Egyptian economy due to the
impact on agricultural economic crops. This will motivate breeding for resistance
of insects, mites and plant diseases as well as to solve problem of nutrient defi-
ciency for IPM and Integrated Crop Management (ICM) programs for keeping the
agroecosystem clean and safe.
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