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Introduction

1. INTRODUCTION

Climate changes caused by augmented global warming will significantly
modify the agricultural environment. Notable increases will be noted in: atmospheric
carbon dioxide concentration ([CO;]), average temperature and tropospheric ozone
concentration ([Os]), the severity and frequency of droughts, the intensity of
precipitation events which will lead to increased flooding, the degradation and
erosion of soils, and fluctuations in climatic extremes will be more likely to occur
(IPCC, 2007). This overall global climatic change will consequently affect
geographic distribution, biodiversity and growth of plant species, possibly causing
new phenomena, such as the proliferation of pathogen populations, modification of
host plant physiology or resistance, or modifications to the presence of natural
enemies (GCTE-LUCC, 1998).

In Africa, agriculture is the principle industry and the key to economic
development. Agriculture productivity on the Continent is not only the lowest, but it
has also remained stagnant whereas all other regions in the world have shown
substantial increases in product output (FAO, 1997). Crop production in the northern
territories of Africa, where Libya is located, takes place under extremely variable
agro-ecological conditions, with very low rainfall, high temperature and occasional
sand storms. The current pest management research activities carried out by national
and international agricultural research agencies in Africa have been progressively re-
oriented to a reduced application of pesticide chemicals while focusing on classical
biological control methods to manage crop pests and traditional plant breeding
programs to improve host plant resistance (Abate et al., 2000).

In this new scenario, alternative methods for crop protection have focused on
the introduction of several beneficial microorganisms as the active ingredients in
new formulations of bio-pesticides that represent the basis for many natural products

of microbial origin (Montesinos, 2003).
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Various strains of the filamentous fungus Trichoderma spp. are considered to
be among the most useful fungi in industrial enzyme production, agriculture and
bioremediation. More recently, these fungi have been utilized extensively as model
microorganisms in studies in order to analyze and improve the understanding of the
role that these antagonistic fungi have in important biological interactions, for
instance with crop plants and phytopathogens (Marra et al. 2006; Woo et al., 2006).
New techniques, such as the use of genomic approaches to study the complex and
fascinating mechanisms that permit Trichoderma to produce large amount of
heterologous proteins, control pathogens and effect plant metabolism and physiology
are still in their infancy, but they are revealing exciting findings (Marra et al., 2006).
Although the need and interest to sustain both structural and functional genomic
projects is widely recognized and has led to funding and start up of several new
initiatives, very little has been accomplished to date and much further investigation

is required.

1.1. What is Trichoderma? General description of morphology, life
history, and distribution

Trichoderma are filamentous fungi commonly found in the soil community
that are facultative saprophytes. They are members of a genus belonging to a group
of largely asexually reproducing fungi that includes a wide spectrum of
micromycetes that range from very effective soil colonizers with high biodegradation
potential to facultative plant symbionts that colonize the rhizosphere. According to
MYCONET electronic database (www.umu.se/myconet/myconet6.html), Trichoderma
combines anamorphic (mitosporic) fungi of genus Hypocrea (telomorph) belonging
to the Hypocreaceae of the Hypocreales within the class Sordariomycetes.

Trichoderma is usually recognized by the presence of fast-growing colonies
producing white, green, or yellow cushions of sporulating filaments, the fertile
filaments or conidiophores produce side branches bearing whorls of short phialides

that support the spherical to ovoid green colored spores (Fig. 1). Trichoderma is
2
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found in nearly all temperate and tropical soils, where samples contained 10'-10°
cultivable propagules per gram of soil. These fungi also colonize woody and
herbaceous plant materials, in which the sexual teleomorph (genus Hypocrea) has

most frequently found.

Figure 1. Trichoderma viride IFO 30498. a-d Conidiophores and conidia; e chlamydospores. a x512;
b x1000; ¢ x1600; d x4400; e x1600. Pictures by de Hoog et al. (2000).
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In general, the mycelia of Trichoderma spp. on potato dextrose agar (PDA)
plate cultures is typically fast growing, with the optimal temperatures between 25-
30° C, and growth is usually minimal or absent at temperatures greater than 35° C.
The hyphae are initially transparent or whitish, and depending upon the species, the
mycelium become greenish, yellowish or less frequently white within one week (Fig.
2). A characteristic sweet or 'coconut' odor is produced by some species such as T.
atroviride. Conidiophores are highly branched and thus difficult to define or
measure. They may be loosely grouped or compactly tufted, and often develop in
distinct concentric rings (in correspondence to available light) or are borne along the
scant aerial hyphae. Main branches of the conidiophores produce lateral side
branches that may be paired or not, the longest branches distant from the tip and

often phialides arising directly from the main axis near the tip.

Figure 2. Examples of Trichoderma cultures grown in Petri dishes. a T. atroviride; b T. viride; ¢ T.
harzianum.

The teleomorphic form, not frequently seen in nature, belongs to the
ascomycete genus Hypocrea Fr. and is characterized by the formation of fleshy,
stromata in shades of light or dark brown, yellow or orange. Typically the stroma is
discoidal to pulvinate and not extensive, whereas the stromata of some species are
effused, sometimes covering extensive areas. Stromata of some species

(podostroma) are clavate or turbinate. Perithecia are completely immersed in the
4
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mycelium. Ascospores are bicellular but disarticulate at the septum early in
development into 16 partial-ascospores so that the ascus appears to contain 16
ascospores. Ascospores are hyaline or green and typically spinulose. More than 200
species of Hypocrea have been described but only few have been grown in pure
culture and fewer have been re-described in modern taxonomic terms. However, the
majority of the species, including most biocontrol strains, have no known sexual
stage and are grouped in the group of deuteromycetes or imperfect fungi.

Many members of the genus Trichoderma are prolific producers of
extracellular proteins, and best known for their ability to produce enzymes that
degrade cellulose and chitin, although they are also capable of producing other
useful enzymes for industry and agriculture (Harman and Kubicek, 1998). For
example, numerous Trichoderma strains produce hundreds of different metabolites
that are also known to have antibiotic activity.

Trichoderma species have long been recognized as biological control agents
(BCAs) for the control of plant disease and for their ability to increase plant growth
and development. They are widely used in agriculture, and some of the most useful
strains demonstrate a property known as ‘rhizosphere competence’, the ability to
colonize and grow in association with plant roots (Harman, 2000). Much of the
known biology and many of the uses of these fungi have been documented recently
(Harman and Kubicek, 1998; Harman et al., 2004a; Kubicek and Harman, 1998).
The taxonomy of this fungal genus is continually being revised, and many new
species are being described (Komon-Zelazowska et al., 2007; Kubicek et al., 2008;
Overton et al., 2006; Samuels, 2006). The mechanisms that Trichoderma uses to
antagonize phytopathogenic fungi include competition, colonization, antibiosis and
direct mycoparasitism (Howell, 2003). This antagonistic potential serves as the basis
for effective biological control applications of different Trichoderma strains as an
alternative method to chemicals for the control of a wide spectrum of plant

pathogens (Chet, 1987; Harman and Bjorkman, 1998).
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1.2. Known applications of Trichoderma spp.

Trichoderma spp. have been widely studied, and are presently marketed as
biopesticides, biofertilizers and soil amendments, due to their ability to protect
plants, enhance vegetative growth and contain pathogen populations under numerous
agricultural conditions (Harman, 2000; Harman et al., 2004a; Lorito et al., 2006;
Vinale et al., 2008a). The commercial success of products containing these fungal
antagonists can be attributed to the large volume of viable propagules that can be
produced rapidly and readily on numerous substrates at a low cost in diverse
fermentation systems (Agosin et al. 1997; 1998). The living microorganisms,
conserved as spores, can be incorporated into various formulations, liquid, granules
or powder etc., and stored for months without losing their efficacy (Jin et al. 1991;
1992; 1996). To date more than 50 different Trichoderma-based preparations are
commercialized and used to protect or increase the productivity of numerous

horticultural and ornamental crops (Table 1; Lorito et al. 2006).
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Table 1. Examples of commercial products containing Trichoderma and/or Gliocladium.

Commercial Biocontrol  Product Formulation, Uses - Location, Crops Uses, Pathogens controlled Manufacturer/Supplier, Country, Internet Reference

Product Organism(s) Type Application

Ago Biocontrol T. harzianum Biological n/a Flowers, vegetables, fruits, Fusarium, Rhizoctonia, Alternaria, Ago Biocontrol, Colombia

Trichoderma 50 fungicide other crops Rosellinia, Botrytis, Sclerotium, (http://www.sipweb.org/directorymcp/fungi.html)
Phytophthora spp

Antagon Trichoderma Biological powder Horticulture (commercial), damping-off diseases De Ceuster Meststoffen N.V. (DCM), Belgium

spp. fungicide

Binab T T. harzianum, Biological Pellets, wettable
fungicide powder or granules;
T. polysporum spray, drench, mixed
in soil
BioFit T. viride Biological Seed treatment,
fungicide root/tuber dip, drench;
Used alone or in
combination with
chemicals.
Bio-Fungus Trichoderma Biological granular, wettable
(formerly Anti-  spp. fungicide powder, sticks,
Fungus), crumbles; soil

incorporation; spray
or injection

Supresivit

parks, recreational areas,
sports fields

(http://www.agroBiologicals.com/products/P1609.htm)

Wood products; ornamental,
shade, forest trees;
greenhouse, nursery, field;
cut flowers, potted plants,
vegetables, mushrooms,
flower bulbs

Wood rots causing internal decay, or
originating from pruning wounds;
Didymella, Chondrostereum,
Heterobasidion, Botrytis, Verticillium,
Pythium, Fusarium, Phytophthora,
Rhizoctonia

BINAB Bio-Innovation AB, Sweden
(http://www.algonet.se/~binab/index2.html); Henry Doubleday Research
Association, United Kingdom; Svenska Predator AB, Sweden; E.R. Butts
International, Inc., USA

Gram, pepper, groundnut,
wheat, potato, ginger,
turmeric, peas, matki, mung,
urid , tomato, bhindi, onion,
other vegetables, grapes.

Pythium, Rhizoctonia, Fusarium,
Sclerotium, other root rots; for Botrytis in
combination with chemicals

Ajay Bio-tech (India) Ltd., India (http://www.ajaybio.com)

Flowers, strawberries, trees,
vegetables

Sclerotinia, Phytophthora, Rhizoctonia
solani, Pythium spp., Fusarium,
Verticillium

BioPlant, Denmark (www.bioplant.dk); De Ceuster Meststoffen N.V.
(DCM), Belgium
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Commercial Biocontrol ~ Product Formulation, Uses - Location, Crops Uses, Pathogens controlled Manufacturer/Supplier, Country, Internet Reference
Product Organism(s) Type Application
Combat T. harzianum, Biological Talc; seed treatment, Grapes, cotton, pulses, tea, Downy mildew, powdery mildew, die BioAg Corporation USA (http://www.bioag.com/products.html)

T. virens

(=T. lignorum
G. virens),
Bacillus
subtilis

fungicide

Harzian 20 (under T. harzianum Biological
development) fungicide
PlantShield T. harzianum Biological
fungicide

Primastop G. Biological
catenulatum  fungicide

Root Pro T. harzianum, Biological
RootProtato T.cornedia  fungicide

broadcast, root dip,
drench, foliar spray

n/a

Granules, wettable
powder; soil drench,
foliar spray

Powder; drench,
spray, irrigation

potato, tomato, oil seeds,
tobacco, spices, cereals,

vegetables, horticultural

crops

back, Verticillium, Fusarium, Panama wilt;
pod, seedling, late blight; root, collar, stem,
red, soft, clump, dry, bean, fruit, pod rot;
black leg, damping off, abnormal leaf fall,
black thread, canker

orchard crops, vineyards

Armillaria spp., Pythium spp., Sclerotinia Natural Plant Protection (NPP), France
spp. (http://www.agroBiologicals.com/products/P1362.htm)

Greenhouse, flowers,
ornamentals, herbs, nursery,
vegetable crops; hydroponic,
orchard trees

Pythium, Fusarium, Rhizoctonia, BioWorks, Inc., USA (http://www.bioworksbiocontrol.com)
Cylindrocladium, Thielaviopsis; suppresses

Botrytis

ornamental, vegetable, tree
crops

pathogens causing seed, root, stem rot, wilt Kemira Agro Oy, Finland (http://growhow.kemira-agro.com); AgBio
disease Development Inc.USA

Powder; spores mixed Seedling, rooting stage in

with growing media

nursery; Horticulture -
flowers, vegetables, potatoes

Mycontrol Ltd., Israel; Efal Agri, Israel
(http://www.efal.com/main.htm
http://www.agroBiologicals.com/company/C1096.htm)

Rhizoctonia solani, Pythium spp.,
Fusarium spp., Sclerotium rolfsii
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The benefits of using Trichoderma in agriculture are multiple, and depending
upon the strain the advantages for the associated plant can include: (i) colonization
of the rhizosphere by the BCA (‘‘rhizosphere competence’’), allowing rapid
establishment within the rhizosphere of a stable microbial community; (ii) control of
phytopathogenic and competitive micro flora or fauna by using a variety of
mechanisms; (iii) overall improvement of the plant health; (iv) plant growth
promotion, by stimulation of above and below ground parts; (v) enhanced nutrient
availability and uptake, and (vi) induced systemic resistance (ISR) similar to that
stimulated by beneficial rhizobacteria (Harman et al., 2004a; Howell, 2003; Woo and
Lorito, 2006).

Trichoderma biocontrol strains utilize numerous mechanisms for both
attacking other soil organisms and enhancing plant and root growth (Benitez et al.,
2004; Harman, 2000; Harman et al., 2004a; Vinale et al., 2008a). The colonization of
the root system by rhizosphere competent strains of Trichoderma results in increased
development of root and/or aerial systems and crop yields (Chacén et al., 2007,
Harman and Kubicek, 1998; Yedidia et al., 2001). Trichoderma has also been
described as being involved in other biological activities such as the induction of
plant systemic resistance and antagonistic effects on plant pathogenic nematodes
(Sharon et al., 2001). Some strains of Trichoderma have also been noted to be
aggressive biodegraders in their saprophytic phases (Wardle et al., 1993), in addition
to acting as competitors to fungal pathogens, particularly when nutrients are a
limiting factor in the environment (Simon and Sivasithamparam, 1989). These facts
strongly suggest that in the plant root environment Trichoderma actively interacts
with the components in the soil community, the plant, bacteria, fungi, other
organisms, such as nematodes or insects, that share the same ecological niche.

Trichoderma spp. are important participants in the nutrient cycle. They aid in
the decomposition of organic matter and make available to the plant many elements
normally inaccessible. Yedidia et al. (2001) noted that the presence of the fungus
increased the uptake and concentration of a variety of nutrients (copper, phosphorus,
iron, manganese and sodium) in the roots of plants grown in hydroponic culture,

even under axenic conditions. These increased concentrations indicated an
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improvement in plant active-uptake mechanisms. Corn that developed from seeds
treated with T. harzianum strain T-22 produced higher yields, even when a fertilizer
containing 40% less nitrogen was applied, than the plants developed from seed that
was not treated with T-22 (Harman 2000; Harman and Donzelli, 2001). This ability
to enhance production with less nitrate fertilizer, provides the opportunity to
potentially reduce nitrate pollution of ground and surface water, a serious adverse
consequence of large-scale maize culture. In addition to effects on the increase of
nutrient uptake and the efficiency of nitrogen use, the beneficial fungi can also
solubilize various nutrients in the soil, that would be otherwise unavailable for
uptake by the plant (Altomare et al., 1999).

The cross-talk that occurs between the fungal BCA and the plant is important
both for identification of each component to one another and for obtaining beneficial
effects. Somehow, the plant is able to sense, possibly by detection of the released
fungal compounds, that Trichoderma is not a hostile presence, therefore the plant
defense system is not activated as it is when there is pest attack and the BCA is
recognized as a plant symbiont rather than a plant pathogen (Woo and Lorito, 2006).
Molecules produced by Trichoderma and/or its metabolic activity also have potential
for promoting plant growth (Chacén et al., 2007; Vinale et al., 2008a,b; Yedidia et
al., 1999). Applications of T. harzianum to seed or the plant resulted in improved
germination, increased plant size, augmented leaf area and weight, greater yields
(Altomare et al., 1999; Harman, 2000; 2004b; Inbar et al., 1994; Vinale et al.,
2008Db).

Numerous studies indicated that metabolic changes occur in the root during
colonization by Trichoderma spp., such as the activation of pathogenesis-related
proteins (PR-proteins), which induce in the plant an increased resistance to
subsequent attack by numerous microbial pathogens (Table 2). The induction of
systemic resistance (ISR) observed in planta determines an improved control of
different classes of pathogens (mainly fungi and bacteria), which are spatially and
temporally distant from the Trichoderma inoculation site. This phenomenon has
been observed in many plant species, both dicotyledons (tomato, pepper, tobacco,

cotton, bean, cucumber) and monocotyledions (corn, rice). For example, T.
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harzianum strain T-39, the active ingredient of the commercial product Tricodex ™,
induces resistance towards Botrytis cinerea in tomato, tobacco, lettuce, pepper and
bean plants, with a symptom reduction ranging from 25 to 100% (De Meyer et al.,
1998). Moreover, Trichoderma determined an overall increased production of
defense-related plant enzymes, including various peroxidases, chitinases, B-1,3-
glucanases, and the lipoxygenase-pathway hydroperoxide lyase (Harman et al.,
2004a; Howel et al., 2000; Yedidia and Chet, 1999).

Thus far, Trichoderma is able not only to produce toxic compounds with a
direct antimicrobial activity against pathogens, but also to generate fungal substances
that are able to stimulate the plant to produce its own defense metabolites. In fact,
the ability of T. virens to induce phytoalexin accumulation and localized resistance
in cotton has already been discussed (Hanson and Howell, 2004). In cucumber, root
colonization by strain T-203 of T. asperellum caused an increase in phenolic
glucoside levels in the leaves; the aglycones, which are phenolic glucosides with the
carbohydrate moieties removed, are strongly inhibitory to a range of bacteria and

fungi (Yedidia et al., 2003).
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Table 2. Evidence for, and effectiveness of, induced resistance in plants by Trichoderma species
(Harman et al., 2004a).

ies Plant Pathogens Evidence or effects Time after Efficacy

and strain application
T virens G-8, Cotton Rhizoctorna Protection of plants; 4 days T8% raductionin diseasa; akbility to
G-B-5and G-11 salani induction of fungitoxic induce phytoalexins requirad for
terpenoid phytcakxins maximurm biocontrol activity
T harganum -39 Bean Colletotrichum  Protaction of leaves when 10 days 42% reductionin lasion area;
lindemuthisnum, T-39 was present only an number of spreading lasions
Botrytis cineres  roots reducad
T harganum T-39  Tomato, B cineres Protection of leaves when 7 days 25-100%: reduction in grey-rmould
e, T-39 was presert anly SYMptoms
tobacco, on roots
lettuce,
ban
T asperelium T-203 Cucumber FPsewdomonas  Protection of leaves when & days Up to 80% reduction in diseaza on leaves;
SYNgEE Py T-203 was presant orly on 1C0-fold reduction in lewvel of pathogernic
lachrymans roots; production of bacteria celks in leaves
antifungal compounds in
leawas
T harganum T-22;  Baan B cineresand  Protection of leaves when  7-10 days 59% raductionin gray-maould
T atrowinide P1 Xanthomonas — T-22 or P11 was presant (B. cinerea) symptoms with T22;
campesins pv.  orly on rocts; production Iowvar level of control with PT. 54%
phasedli of antifungal compounds reduction in bacteral disaase
in leavas SYMptoms.
T harganum T-1 &  Cucumber Green-motte Protection of leaves when 7 days Disease-inducad reduction in growth
T2Z; T virens T3 MCEAIC virus Trichoderma strains wera liminatad
presant orly on roots
T harganum T-22 - Tomato  Alternaria solani - Protection of leaves when 3 months Up to BORE reduction in early blight
T-22 was present anly on symptomns from natural fiel
roots infection
T haragnum T-22 - Maize Colletotrichum  Protaction of leaves when 14 days 44% raduction of lasion size an
graminicos Trichoderma strains wera wournded laaves: no diseasa on
presant only on roots non-woundad laaves
Tichoderma GT3-2 Cucumber C. arbicure, Protection of leaves when 1 day 58% and 52% protection from diseasa
=4 s]]-rr'ngae Trichoderma strains were causad by C. orbicwane
pv. lachrymans  presant only on rocts; of B syringae, respactively

induction of ligrification
and superoxide generation
T harganum Pepper  Phytophthora Protection of starms whan 9 days ~40% reduction in lesion length
capsic Trichoderma strains were
presant anly on roots;
enhancad production of
the phytoalexin capsidiol

T harganum MF-9  Rica Magnaporthe Protaction of leaves when 14 days 24-50% raeduction in dizeasa
grises; MF-% was present only on
Xanthomonas raots
oryzEe py.
oryzae

A fundamental part of the Trichoderma antifungal capability consists in the
production and secretion of a great variety of extracellular cell wall degrading
enzymes (CWDEs), including endochitinases, B-N-acetylhexosaminidase (N-acetyl-
B-D-glucosaminidase), chitin-1,4-B-chitobiosidases, proteases, endo- and exo-f3-1,3-
glucanases, endo B-1,6-glucanases, lipases, xylanases, mananases, pectinases, pectin
lyases, amylases, phospholipases, RNAses, DNAses, etc. (Benitez et al., 1998;
Lorito, 1998). The chitinolytic and glucanolytic enzymes are especially valuable for

their CWDE activity on fungal plant pathogens, hydrolyzing polymers not present in
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plant tissues (Woo et al., 1999). Each of these classes of enzymes contains diverse
sets of proteins with distinct enzymatic activities. Some have been purified,
characterized and their encoding genes cloned (Ait-Lahsen et al., 2001; de la Cruz et
al., 1992; 1995a; 1995b; Garcia et al., 1994; Limoén et al., 1995; Lora et al., 1995;
Lorito et al., 1993; 1994a; Montero et al., 2007; Peterbauer et al., 1996; Suarez et al.,
2004; Viterbo et al., 2001; 2002). Once purified, many Trichoderma enzymes have
shown to have strong antifungal activity against a wide variety of phytopathogens,
and they are capable of hydrolyzing not only the tender young hyphal tips of the
target fungal host, but they are also able to degrade the hard, resistant conservation

structures such as sclerozi.

1.3.  Novel applications of Trichoderma spp.

Trichoderma produces a variety of lytic enzymes that have a high diversity of
structural and kinetic properties, thus increasing the probability of this fungus to
counteract the inhibitory mechanisms used by neighboring microorganisms (Ham et
al., 1997). Further, Trichoderma hydrolytic enzymes have been demonstrated to be
synergistic, showing an augmented antifungal activity when combined with
themselves, other microbial enzymes, PR proteins of plants and some xenobiotic
compounds (Lorito et al., 1994a; 1994b; 1996b; 1998; Fogliano et al., 2002;
Schirmbdéck et al., 1994; Woo et al., 2002). In fact, the inhibitory effect of chemical
fungicides for the control of the foliar pathogen Botrytis cinerea was substantially
improved by the addition of minute quantities (10-20 ppm) of Trichoderma CWDEs
to the treatment mixture (Lorito et al., 1994b).

Extensive testing of T. harzianum strain T22 conducted for the registration of
this biocontrol agent in the USA by the Environmental Protection Agency (EPA) has
found that the CWDEs do not have a toxic effect on humans and animals (EDsy and
LDsp), and that they do not leave residues, but degrade innocuously in the
environment. Therefore, these Trichoderma hydrolytic enzymes present a novel

product for plant disease control based on natural mycoparasitic compounds used by
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the antagonistic fungi. Single or mixed combinations of CWDEs with elevated
antifungal effects, obtained from fermentation in inducing conditions, over-
expression of the encoding genes in strains of Trichoderma, or heterologous
expression of the encoding genes in other microbes are possible alternatives for
pathogen control. These natural substances originating from the BCA are an
improvement over the use of the living microorganism in the production of
commercial formulations because they are easily characterized, resist desiccation,
are stable at temperatures up to 60° C, and are active over a wide range of pH and
temperatures in the agricultural environment.

Many purified CWDEs are of interest not only to crop production, but also to
the agro-food industry (Harman and Kubicek, 1998). T. reesei has a long history of
safe use in industrial-scale enzyme production. Applications of cellulases and
xylanases produced by this fungus are used widely in the production of human food
products, animal feeds, pharmaceuticals, as well as in the textile, pulp and paper
industries (Nevalainen et al., 1994). The enormous potential of the P-(1,4)-
endoglucanase produced by T. longibrachiatum and T. reesei has been used to solve
filtration problems associated with the presence of B-glucans in beer production. The
addition of this enzyme is a frequent practice in this industrial sector.
Biotechnological advancements have now transferred the encoding glucanase genes
to brewer’s yeast (Saccharomyces spp.) and these transgenic yeasts are used for
making beer (Linko et al., 1998). Furthermore, a pB-(1,4)-endoglucanase from T.
longibrachiatum is also used in the wine industry because the action of this enzyme
promotes the liberation of aromatic terpene precursors in grape that leads to the final
fruity aroma of wines (Pérez-Gonzalez et al., 1993). Finally, Trichoderma cellulases
and hemicellulases have been used for years as an additive to chicken feed
formulations to improve digestibility, by partially degrading and reducing the fiber
content, thus improving fecal production (Nahm and Carlson, 1985).

In this context, the production of secondary metabolites by Trichoderma
strains also shows great potential in a variety of applications. Trichoderma strains
seem to be an inexhaustible source of antibiotics, from the acetaldehydes gliotoxin

and viridin (Dennis and Webster, 1971), to alpha-pyrones (Keszler et al., 2000),
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terpenes, polyketides, isocyanide derivatives, piperacines, and complex families of
peptaibols (Sivasithamparam and Ghisalberti, 1998). All these compounds produce
synergistic effects in combination with CWDEs, with strong inhibitory activity to
many fungal plant pathogens (Lorito et al., 1996a; Schirmbock et al., 1994). The
potential to use many of the genes involved in diverse biosynthetic pathways of
antibiotics, i.e. polyketides (Sherman, 2002) and peptaibols (Wiest et al., 2002)
production, and apply them to human and veterinary medicine has yet to be
explored. In general, the direct use of anti-microbial compounds produced by fungal
BCA:s, instead of the whole “‘live’” organism, is not only advantageous in industrial
and agricultural applications, but it may also be more compliant to public opinion
because these biological products do not reproduce and spread. Moreover, the
selective production of active compounds may be performed by modifying the
growth conditions, i.e. utilizing different culture substrates, temperature of
incubation, speed of agitation and pH, etc. (Lorito and Scala, 1999; Woo and Lorito,
2007).

Trichoderma strains may be employed in many different ways in order to
obtain beneficial effects to the plant, such as biocontrol and plant growth promotion.
Recently, it has been demonstrated that hundreds of genes and gene products are
involved in the multiple interaction processes of this BCA: mycoparasitism,
antibiosis, competition (for nutrients or space), improvement of plant stress tolerance
by enhancing the root and aerial development, solubilization and sequestration of
inorganic nutrients, induced resistance, and inactivation of enzymes produced by
pathogens (Monte, 2001). Some of these genes have been identified, characterized,
patented and used transgenically to improve plant disease resistance against fungal
pathogens (Lorito et al., 1998). Bacterial and fungal microorganisms represent huge
sources of genes potentially useful to increase disease resistance against different
microorganisms, viruses and insects (Lorito and Scala, 1999). A typical example,
which involves compounds with direct antimicrobial activity, is the use of antifungal
chitinolytic enzymes. The transgenic expression of Trichoderma chitinase gene
chit42 in tobacco and potato conferred almost complete resistance to both aerial and

soil-borne pathogens, thus overcoming the limits of transgenic expression of plant
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chitinases, both in the level and the spectrum of disease resistance to fungal
pathogens (Lorito et al., 1998).

Numerous Trichoderma strains are resistant to or capable of degrading
hydrocarbons, chlorophenolic compounds, polysaccharides and the xenobiotic
pesticides used in agriculture (Harman and Kubicek, 1998; Harman et al., 2004b). In
fact, the BCA T. atroviride P1 was selected for its resistance to benomyl and its cold
tolerance — characteristics potentially important for post-harvest, cold storage disease
control. Moreover, the compatibility of T. harzianum T22 and T. atroviride P1 with
many organic compounds conventionally acceptable for use in biological farming
has also been demonstrated (Vinale et al., 2004). Results indicated a high level of
tolerance by the Trichoderma strains to concentrations of copper oxychloride
varying from 0.1 to 5 mM without negative effects to mycelia growth.

The molecular basis of Trichoderma resistance to toxic compounds has been
partially elucidated with the recent discovery that different fungal strains produce a
set of ATP-binding cassette (ABC) transporters. These ATP-dependent permeases
mediate the transport of many different substrates through biological membranes,
and overexpression of ABC-transporter genes decreases the accumulation of
toxicants in Trichoderma cells (Lanzuise et al., 2002). In Trichoderma spp., ABC
transporters have been shown to be important in many processes. These include
resistance to environmental toxicants that are produced by soil microflora or
introduced by human activity (for example, fungicides and heavy metal pollutants),
and secretion of factors (antibiotics and cell-wall-degrading enzymes) that are
necessary for the establishment of a compatible interaction with a host fungus, or for
the creation of a favorable microenvironment. ABC transporters are probably
necessary for the establishment of mycoparasitic interactions with plant pathogenic
fungi. Knock-out mutants of T. atroviride P1, lacking specific ABC transporters,
were inhibited by the presence of various plant fungal pathogens (B. cinerea,
Rhizoctonia solani and Pythium ultimum) in the culture medium, and they exhibited
reduced capacity as effective fungal parasites (Ruocco et al., 2008).

Industrialization combined with increased urbanization and changing

agricultural practices have caused a rise in the level of contaminants found in the
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environment, resulting consequently with a negative impact on human health.
Methods used for clean up of polluted sites by the removal of hazardous compounds
is a serious problem, which requires a multi-faceted approach for obtaining suitable
solutions. Physical and chemical treatments have been the most commonly used
methods for remediation of soil pollutants to date, but their high costs, economically
and energetically, have increased the search for alternative methods based on
biological systems, such as bioremediation (involving microbes) and
phytoremediation (involving both microbes and plants) techniques for detoxification
of xenobiotic compounds (Eapen et al., 2007).

As mentioned previously, Trichoderma is able to establish an intimate
association with the plant. The exchange of bioactive molecules between the fungus
and the plant establishes a symbiosis, permitting the fungus to colonize, grow and
persist on the roots and the plant receives long-term benefits in terms of health, vigor
and productivity (Harman et al., 2004a). This molecular communication in the plant-
fungus association comprises of various compounds originating from both the plant
and fungus such as metabolites, plus substances released (breakdown products of
hydrolysis) or factors uniquely synthesized during the interaction. The capacity of
these organisms to sequester, metabolize, release and exchange substances may
represent a potential application for bioremediation or phytobioremediation in the
cleanup of contaminated sites. In this strategy, the BCA fungus could accumulate
toxicants or breakdown the compounds, as well as stimulate the growth and
development of the plant which in turn augments its capacity to accumulate and
metabolize the noxious substances, then these plants could be eventually removed

from the site (Harman et al., 2004b, D’ Aquino et al. personal communication).

1.4.  Trichoderma spp. as a pathogen

In the past twenty years, some species of Trichoderma have been noted as the
causal agent of green mould that has produced severe disease attacks in the edible

mushroom industry (Sinden and Hauser, 1953). In 1985, an epidemic of green mould
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disease immerged in the production of compost used for the growth of Agaricus
bisporus (champignon) in Northern Ireland. This was subsequently followed by
severe infestations in mushroom farms in the United Kingdom, Spain, Germany, the
Netherlands, and across the Altantic in United States and Canada. (Seaby, 1998;
Hermosa et al., 1999; Castle et al., 1998). In Italy, a problem with Trichoderma
infestations appeared in the production of Pleurotus ostreatus (oyster mushroom)
around 2002 (Woo et al., 2004; 2006).

Among the Trichoderma isolates obtained from infested A. bisporus compost,
three different biological forms of Trichoderma were identified, two non-pathogenic
and one pathogenic forms. The first biotype was identified as T. harzianum
(formerly reported as T. harzianum biotype Thl), a taxonomic group which includes
the ex-neotype of T. harzianum, and many biological control strains (Hermosa et al.,
2000; Samuels et al., 2002). The second biotype was identified as the causal agent of
green mould disease (Muthumeenakshi et al., 1994; 1998; Hermosa et al., 1999;
2000), and was characterized as a new species, T. aggressivum forma europeaum
(formerly reported as T. harzianum biotype Th2) (Samuels et al., 2002). The third,
non-pathogenic biotype, was identified as T. atroviride (formerly reported as T.
harzianum biotype Th3). The Trichoderma pathogens to mushroom production in
North America were identified as different from the European pathogen, and this
latter fourth biotype was taxonomically classified as T. aggressivum f. aggressivum
(formerly reported as T. harzianum biotype Th4) (Chen et al., 1999a; 1999b;
Samuels et al., 2002).

The infestations caused by the two different green mould pathogens of A.
bisporus are apparently geographically separate. In practise, they are
morphologically indistinguishable, although minute differences could be noted in
some characters at the beginning of development in vitro (Muthumeenakshi et al.
1998; Samuels et al., 2002). However, various molecular markers to distinguish the
aggressive forms from the non-pathogenic forms associated with mushroom
production (Muthumeenakshi et al. 1998; Castle et al., 1998). Furthermore, analysis
of ITS1 and ITS2 sequences of different Trichoderma species, including T.

aggressivum f. europeaum and T. a. f. aggressivum determined that these two
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biotypes were taxonomically diverse from one another, as well as the other biotypes
found associated with A. bisporus (Hermosa et al., 2000; Ospina-Giraldo et al. 1998;
Samuels et al., 2002).

The problems associated with Trichoderma spp. in the production of P.
ostreatus is relatively new in comparison to that found with A. bisporus production
(Woo et al., 2005). Although Trichoderma has been found occasionally with oyster
mushrooms (Samuels et al., 2002; Largeteau-Mamoun et al., 2002), little is known or
indicated in the literature, i.e. the origins of the inoculum, the stages of infection, if
the Trichoderma is a mycoparasite etc. Recently, Komon-Zelazowska et al. (2007)
identified two different but genetically closely related Trichoderma species that
originated from the compost of Pleurotus originating from various European
countries, including Italy, and they described these new species as T. pleurotum and
T. pleuroticola. These two species belong to the Harzianum clade of
Hypocrea/Trichoderma which also includes the T. aggressivum complex, the
causative agent of green mold disease of Agaricus.

During recent years, attention has been drawn towards the possible health
risks of handling, producing and using biocontrol fungi (Doekes et al., 2004, Jensen
et al., 2002). Human exposure to these fungi in occupational settings, homes and
outdoor environments, where they naturally occur or are applied as biocontrol
agents, are important factors to consider for risk assessment on the use of fungal
BCAs. It is now recognized that the exposure of respiratory airways to various
microorganisms in occupational environments is associated with a wide range of
adverse health effects (Douwes et al., 2003). Respiratory symptoms and lung
function impairment are probably the most widely studied among organic dust-
associated health effects. Fungi are well-known sources of allergens and are also
sources of B-glucan, which causes non-allergic respiratory symptoms (Douwes et al.,
2003). Several species of the saprophytic genus Trichoderma have been identified as
the cause of infections in immuno-suppressed humans (Gautheret et al., 1995; Jacobs
et al.,, 1992; Munoz et al., 1997; Richter et al., 1999; Tanis et al., 1995). In one
instance, T. harzianum has been identified as the causal agent of peritonitis in a

dialysis patient (Guiserix et al., 1996). On the other hand, clinical effects caused by
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short-term human exposure to T. harzianum were not greater than effects observed in
the placebo (Meyer et al., 2005). Recent molecular studies have determined that the
majority of all human infections are caused by a single taxonomic ‘section’

composed of T. longibrachiatum (Kuhls et al., 1999).

1.5. Scope of the thesis

Global warming caused by the greenhouse effect represents one of the main
threats to the environment and subsequently humanity. Climatic changes towards
increased temperatures changes the biological biodiversity, and regions that are
presently subjected to intense conditions will become even more severe. Further, this
situation will consequently alter the geographical distribution of host and pathogen
populations, thus affecting the natural physiology of their interaction and reducing
the efficacy of both chemical and biological control strategies presently in use. These
climatic changes will alter the agro-ecosystems continually and new management
practices need to be used. In perspective to this scenario, the main task of this thesis
work is to isolate and characterize new biocontrol agents of the genus Trichoderma
from Libya, where these fungi are among the most applied antagonists used in the
country’s agriculture. The intention is to obtain microbes having a natural
adaptability to function in adverse climate conditions (low rainfall, drought, extreme
temperatures, poor soil quality, etc.), test their efficacy as biological control agents
against different plant pathogens and determine their potential as active ingredients
in novel biological formulations for use in agriculture and industry.

Although numerous commercial products containing Trichoderma are
available for use in greenhouse and field, the effectiveness and reliability of these
products under diverse environmental conditions, i.e. temperature, can limit growth
and development. Recently, in Libya, interest has been oriented to the potential use
of biocontrol in agriculture. However, there is a general lack of information on the
efficacy of these commercial products in the Libyan environment. Further, little is

known about the natural populations of local antagonists present — their identity,
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efficacy, ability to interact with commercial products and possible applications. The
isolation and characterization of new Trichoderma isolates may be useful for the
development of a plethora of biotechnological applications, among which the use of
selected strains for the biological control of various phytopathogenic fungi is the
most notable.

The main objectives of this thesis are:

1. Isolation, identification and characterization of several Trichoderma strains,
obtained from different Libyan soils. An integrated approach to species
characterization comprising morphological, physiological, and molecular
analyses will be used. Moreover, biochemical analysis and in vitro
antagonistic activity of the selected strains will be determined.

2. The biotechnological use of the isolated strains in bioremediation projects
will also be evaluated.

3. Evaluation of new possible applications of the selected Trichoderma strains
as plant growth promoters and inducers of systemic resistance.

4. Development and analysis of new formulations based on the selected

Trichoderma isolates able to effectively control fungal disease.
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2. MATERIALS AND METHODS

2.1. Isolation of fungi and evaluation of growth at different temperatures

Triplicate soil samples were randomly collected from soil depths ranging from
0 to 30 cm, at nine agricultural areas in the northwestern part of Libya, including Al-
Khums, Al-Garabulli, Tajoura “sites 1 & 2”, Al-Nofleen, Tareek Al-Matar, Ghasser
Ben-Ghasheer, El-Azizia and Yefren, in order to determine the fungal population
density and obtain a representative set of isolates. Soil samples were placed in
polyethylene bags, and stored at 5° C until plated. The fungal isolations were
performed by using a serial dilution technique (Tuite, 1969).

Potato dextrose agar (PDA; SIGMA, St. Louis, MO, USA) medium was
prepared according to the manufacturer’s instructions, and augmented with Lactic
acid and Rose Bengal to suppress bacterial growth, then poured into 90 mm Petri
plates. One hundred grams of soil samples were added to 100 ml distilled water and
homogenized for 1 min.; then a dilution series was prepared (0, 10, 10%, 10°, 10%) in
sterile water. One hundred microliters of each dilution was inoculated to the surface
of plates containing PDA, spread evenly with a sterile spreader and incubated in the
dark for 5-7 days at 25° C. Emerging fungal colonies were isolated, stained with
methylene blue, identified by observations under a microscope. Colonies of
Trichoderma were selected, transferred to new PDA plates, then pure cultures were
obtained, and maintained on PDA slants at 25° C. Conidia from 4 day old cultures
were collected in water and any mycelial debris was separated by filtration through
filter paper (Whatman No. 4; Brentford, UK). Conidial concentration was
determined using with a haemocytometer and adjusted when necessary. Spore
suspensions were stored at -20° C in 20% v/v glycerol solution until used. T.
atroviride strain P1 (ATCC 74058) and T. harzianum strain T22 (ATCC 20847),
commonly used as biocontrol agents (Harman, 2000; Tronsmo, 1989), were included

as controls.
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Agar plugs of the Trichoderma cultures were inoculated to the center of plates
containing PDA or agarized (1.5%) Salt Medium (SM) and incubated at 25° and 30°
C in the dark. The growth of the fungal colony was measured daily throughout the
incubation period. The composition of SM in one liter of water was as follows:
KH,PO, 680 mg L™, K,HPO, 870 mg L', KCI 200 mg L', NH,;NO; 1 g L', CaCl,
200 mg L, MgSO,. 7H,0 200 mg L™, FeSO,2 mg L, MnSO,42 mg L™, ZnSO, 2
mg L™, Sucrose 10 g L', agar 10 g L™ (all purchased from SIGMA).

2.2. In vitro confrontation bioassays of Trichoderma isolates by

microscopy observations

Cultures of the three local (Libl, Lib2, Lib3) and two non-local Trichoderma
biocontrol isolates (T. harzianum T22, T. atroviride P1) were screened for their
ability to interact with the plant pathogens Rhizoctonia sp., Alternaria sp. and
Fusarium sp., that are important plant pathogens worldwide causing significant yield
loss to a range of crops. The phytopathogens were obtained from the collection of
the Department of Arboricolture, Botany and Plant Pathology, Universita degli Studi
di Napoli “Federico II” (Naples, Italy), maintained on PDA slants at room

temperature and sub-cultured bimonthly.

2.2.1. Confrontation dual plate cultures

This experiment was conducted at two temperatures (25° and 30° C) to test the
efficacy of the isolates to different climatic conditions. The treatments consisted of
factorial combinations of the five Trichoderma isolates, three pathogens and the two
temperatures. Agar plugs from actively growing plate cultures of the antagonist and
host are inoculated at separate distinct points, near the periphery of 90 mm Petri
plates containing PDA then incubated at 25° C and 30° C in the dark. Evaluations

were made of the growing mycelia, involving the measurement of fungal growth
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rate, and noting the development of a “clearing” zone between the two fungi which

indicates hyphal interference at 24 h intervals for seven days.

2.2.2. Slide culture interactions

Petri plates containing sterilized wet filter paper and glass rods were prepared.
A thin layer of PDA (1x1 cm) was cut and placed on a sterile microscope slide. From
actively growing plate cultures of the antagonist and the host, an agar plug of each
fungus was inoculated at the edge of the PDA; a cover slip was then placed on the
slide-cultures, and incubated for 5 days at 30° C. Once the fungi showed clear and
proper growth, microscopic observations were performed by transferring the cover
slip to another microscope slide, and adding lactophenol-cotton blue to stain the

fungi.

2.3. Detoxification and compatibility with toxic pollutants

Liquid cultures of the three Libyan Trichoderma isolates (Libl, Lib2, Lib3)
were screened for their ability to growth in presence of Methyl tert-butyl ether
(MTBE), a common contaminant of ground water when gasoline with MTBE is
spilled or leaked at gas stations. Fungal inoculum (prepared from plate cultures as
described above) was inoculated in flasks containing sterile medium (SM) amended
with different concentrations of MTBE (SIGMA). The cultures were incubated at
25° C, in orbital agitation of 150 rpm for 6 d. The mycelial biomass was collected by
filtration, dried at 120° C for 2 h (or until dry) and then weighed.

Moreover, the ability of the isolates to degrade the toxic compound was
quantified by determining the residue of MTBE present in the culture filtrate after
removing the fungal mycelium. Separation and quantification of MTBE in the liquid
culture was performed by using Gas Chromatography - Flame Ionization Detector
(GC-FID) on an Agilent 7890A gas chromatographer (Agilent Technologies) with an

HP-5 column. The sample injection port was maintained at 300° C, and all samples
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were eluted through the column with a flow rate of 1.2 ml/min. The concentration of
the MTBE was determined by comparison to a standard curve with concentrations

ranging from 0.1 to 10% (v/v). All samples were analyzed at least in duplicates.

2.4. ITS sequence analysis

Genetic analysis of Ribosomal DNA internal transcribed spacer (ITS)
sequences were determined following the method of Gruber et al. (1990). Spores of
three Trichoderma strains (Libl, Lib2 and Lib3) were inoculated in potato dextrose
broth (PDB, SIGMA) and incubated at 25° C on a orbital shaker (250 rpm) for 5
days. Mycelia were harvested and genomic DNA isolated, in order to analyse
ribosomal DNA. We used a PCR based approach to amplify, by the use of primers
SR6R (5’-AAGTAGAAGTCGTAACAAGG-3’) and LRI (5°-
GGTTGGTTTCTTTTCCT-3’), fragments containing the internal transcribed spacer
1 (ITS-1), the 5,8 S rDNA and the ITS-2 regions. The following parameters were
used: 1 min initial denaturation at 94° C, followed by 30 cycles of 1 min
denaturation at 94°C, 1 min primer annealing at 50° C, 90 sec extension at 72° C,
and a final extension period of 7 min at 72° C. The PCR products were gel
electrophoresed, for quantification and assessment of PCR specificity, and
sequenced. Sequence alignment and phylogenetic studies were carried out by the use

of the MEGA version 3.1 software (Kumar et al., 2004).

2.5. Isolation and characterization of secondary metabolites

Secondary metabolites were isolated from the Trichoderma culture filtrates as
described in Vinale et al. (2006). Briefly, two 7-mm diameter plugs of each Libyan
Trichoderma isolate, obtained from actively growing margins of PDA cultures, were
inoculated into 5 L conical flasks containing 1 L of sterile one-fifth (1/5 X) strength
PDB. The stationary cultures were incubated for 31 days at 25° C. The cultures were
filtered under vacuum through filter paper (Whatman No. 4), and the filtrates stored
at 2° C for 24 h. The filtered culture broth (2 L) of each isolate was extracted
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exhaustively with ethyl acetate (EtOAc). The combined organic fraction was dried
(Na;SO4) and evaporated under reduced pressure at 35° C. The recovered red-brown
residue was subjected to flash column chromatography (Si gel; 50 g), eluting with a
gradient of EtOAc:petroleum ether (8:2 to 10:0). Column chromatography was
carried out using silica gel 60 GFzs4 and GFgp 35-70 mesh (Merck, Darmstadt,
Germany).

Analytical and preparative thin-layer chromatographies (TLC) were performed
on silica gel (Kieselgel 60, GFyss, 0.25 and 0.5 mm, respectively, Merck);
compounds were detected with UV radiation (254 or 366 nm) and/or by spraying the
plates with CeSO4 (10% w/v in water) or HSO4 (5% v/v in ethanol) and heating at
110° C for 10 min. Fractions showing similar TLC profiles were combined and
further purified by using RP-18 column (H,O: Methanol gradient form 100 to 0 of
H,0).

All purified compounds were analyzed by 'H, °C NMR and LC/MS. 'H and
>C NMR spectra were recorded with a Bruker AM 500 spectrometer operating at
500 ('"H) and 125 (**C) MHz using residual and deuterated solvent peaks as reference
standard. Low and high resolution mass spectra were obtained by using a VG

Autospec mass spectrometer (EI mode).

2.6. Effect of Trichoderma strains on plant productivity

Ten grams of tomato seeds from three different cultivars (Solanum lycopersici
cv. San Marzano, Principe Borghese and Corbarino) were coated with a conidial
suspension of each Libyan Trichoderma isolate containing 1 x 10’ conidia/ml. The
same concentration of conidial suspensions of T. atroviride strain P1 and T.
harzianum strain T22 was used as seed treatments for reference controls; finally,
water was used for seed coating in the untreated control (C). Seeds were planted in
14-cm vases containing sterile soil (sterilized for 1 h at 122° C) at a depth of 4 cm,
incubated in a growth chamber at 25° C with 16h light, and kept under humid

conditions. Seed germination and plant growth parameters were monitored for 3
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weeks. At the end of the experiment, the effect of the Trichoderma treatments on the
root system was evaluated by the determination of the fresh and dried weights of the

recovered. The experiments were repeated at two different times.

2.7. Effect of Trichoderma strains on plants inoculated with the fungal

pathogen Botrytis cinerea

The conidial suspension of the foliar pathogen B. cinerea was obtained from 10
day-old sporulating cultures on PDA in 0.1% Tween-20 solution, filtered through
glass wool and diluted to a final concentration of 5 x10° conidia ml"'. Ten grams of
tomato seeds were coated with a conidial suspension of each Trichoderma isolate
containing 1 x 10" conidia/ml, or water in the case of the control. When tomato
plants had developed to the stage where four true leaves had emerged, the leaf
surface of treated and control plants was inoculated at two different inoculation
points with a 15 ul B. cinerea spore suspension in germination buffer (20 mM
glucose and 20 mM KH,PO,). Inoculated plants were incubated at 25° C with 16h
light in a humid chamber. After 48 h the leaves were evaluated for disease
symptoms, and the diameter of each necrotic zone was measured. Two inoculations
were made per leaf on four leaves per plant for three plants per treatment and two
replicates for each experiment. The experiments were repeated at two different
times. The statistical analyses included an analysis of variance of treatment means

with a significance level of P < 0.05.

2.8. Conditions applied for fermentation processes

In order to study new formulations based on Trichoderma spores and
metabolites (enzymes), the major parameters which optimized the fungal growth and
metabolite production (temperature, pH, aeration, etc) were first monitored in small-

scale production. A Trichoderma spore suspension (1 x10° conidia ml™") was
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inoculated in flasks containing PDB and allowed to growth on an orbital shaker (150
rpm) for 72h at 25° C. The cultures were filtered through filter paper (Whatman),
and transferred in to a 50L fermenter, where different operating conditions were
applied. The temperature was set at 25° C and the base cultivation substrate was
either Salt Medium (SM) or Shiping Medium (SpM). The composition of The Sp.M.
was as follows for one liter: 0.05M NOs, 0.095M KH,PQOy4, 0.0065M MgS0O,4.7H,0,
1.2 x10*M FeCl;, 9x10°M ZnS0,.7H0, 8x10'M CuSO45H,0, 6x10°M
MnSO04.H,0, 4x10"M (NH4)sM070,4.4H,0, 2x10°M (NH,4),SO4, 0.002M CaCl,,
9x10°M F eS04.7H,0, 4x10°M CoCl,.6H,0. The SM or SpM substrates were then
amended with lyophilized champignon mushrooms (Agaricus bisporus), wheat
(Triticum durum) fiber or chitin extracted from crab shells, as the main carbon and

energy sources, as follows:

1) 0.5% (w/v) lyophilized mushrooms + 0.2% (w/v) wheat fiber;
2) 0.5% (w/v) lyophilized mushrooms + 0.3% (w/v) wheat fiber;
3) 0.5% (w/v) chitin + 0.3% (w/v) wheat fiber.

The different experimental conditions applied in each fermentation are
summarized in Table 3. All cultures were conducted in a small scale fermenter of
50L; only the last fermentation (VI) was performed in a 200L fermenter to determine

the effect on the fungal development in an industrial-scale production.
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Table 3. Conditions used for the fermentation of Trichoderma in liquid culture.

Fermentation Orbital shaking Aeration
Substrate
N. (ppm) (vwm)
SM + 0.5% lyophilized mushrooms +
| 200 0.7
0.2% wheat fiber
SM+ 0.5% lyophilized mushrooms +
Iland 111 100 0.5
0.3% wheat fiber
SM + 0.5% chitin extract from crab shells
v 100 0.5
+ 0.3% wheat fiber
L SpM + 0.5% lyophilized mushrooms +
“Shiping” 200 0.3
0.3% wheat fiber
v SM+ 0.5% lyophilized mushrooms + 100; after 48h 0.5; after 48h
0.3% wheat fiber =200 -20.3
Vi SM+ 0.5% lyophilized mushrooms + 100; after 72h 0.5; after 72h
0.3% wheat fiber 200 0.3

2.9. Analysis of the novel formulation

Samples were collected throughout the fermentation process, from each
treatment, twice per day, for a total of 7 days of fermentation. The samples were
examined under microscope and the fungal concentration was determined. Cultures
collected from the fermenter were centrifuged at 5000 rpm for 25 min. and filter
sterilized through a 0.22 um filter, and then stored at 4° C until used. Total protein
concentration was determined according to the method described by Bradford (1976)
and all samples were standardized before conducting enzyme assays.

Enzyme activities in the culture filtrates were assayed as previously described
(Harman et al., 1993; Di Pietro et al. 1993; Lorito et al. 1993). In general, the
substrates for the different hydrolytic enzymes were prepared in potassium phosphate
buffer (50 mM, pH 6.7) at a concentration of 0.3 mg/ml. The enzyme activity was
determined in colorimetric assays by quantifying the amount of p-nitrophenyl,

conjugated with various enzyme substrates, that was released by the enzyme as
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measured in a spectrophotometer at an absorbance of 405 nm (Harman et al., 1993).
Overall chitinase activity was determined by using a 4-nitrophenyl-8-D-N’, N>’ N’*’-
triacetylchitotriose as well as a reducing sugars assay. The different enzyme activities
were determined on the substrates as follows: exochitinase (N-acetyl-B-D-
glucosaminidase (NAGase) on p-nitrophenyl N-acetyl-B-D-glucosaminide (Sigma)
(colorimetric assay), chitin 1,4-B-chitobiosidase (chitobiosidase) on p-nitrophenyl B-
D-N,N’-diacetylchitobiose = (Sigma), exo-glucanase on p-nitrophenyl B-D-
glucopyranoside (Sigma), and glucan 1,3-B-glucosidase (glucanase, 3-1,3 glucanase)
(EC 3.2.1.58) on laminarin (a polymer of glucose with -1,3 bonds, used in reducing
sugar assay). For xylanase and cellulase activities, commercial kits were used
(Xylazyme AX Test Tablets and Cellazyme AX Test Tablets, respectively;
Megazyme, UK). Each enzymatic assay was repeated three times with three replicates
per sample.

The direct count of the concentration of mycelia fragments and spores in the
sample suspension was determined by using a haemocytometer. To determine the
number of colony forming units (CFUs), 1 ml of the samples was vortexed and
prepared in a dilution series (10%, 10°, 10°), 0.1 ml for each dilution and plated onto
PDA, incubated at 28° C in the dark. After 16 h, the CFUs were calculated.

In vivo biocontrol assays against the fungal pathogen B. cinerea were performed
on tomato and lettuce plants. Briefly, a 3 ml of the culture obtained from the
fermentation process was sprayed to the plants by using an atomizer (Pelikan) and left
to dry. Then the leaf surface was inoculated at two different inoculation points with a
15 ul B. cinerea spore suspension (5 x 10° conidia ml") in germination buffer.
Inoculated plants were incubated at 25° C with 16h light in a humid chamber. After 48
h the leaves were evaluated for disease symptoms, and the diameter of each necrotic
zone was measured. Two inoculations were made per leaf on four leaves per plant for
three plants per treatment and two replicates for each experiment. The experiments
were repeated at two different times.

The growth promotion activity of the formulation was analyzed in vitro.
Tomato seeds (Solanum lycopersici cv. San Marzano) were surface sterilized with a

1% hypochlorite solution for 1 min, rinsed twice with sterile water, then placed in
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Petri dishes containing the Trichoderma formulation amended with 1.5% agar, in
order to obtain a solid medium. Controls were performed by using 1.5% water agar
as substrate. Plates were incubated at 25° C with 16h light in a humid chamber. Root
length was measured after 7 d. Experiments were performed in triplicates and
repeated twice.

The effect of different processing treatments (spray drying and lyophilization
techniques) on the stability of the novel formulation was evaluated by determining
the chitinolytic and N-acetylglucosaminidase activities and the spore concentration
(as previously reported), before and after treatments. Moreover, the addition of
glycerol to the samples to a final concentration of 20% (v/v) was evaluated to
determine if it protected spore vitality.

Formulation stability was also monitored at 45 and 110 d after fermentation
by evaluating spore viability and chitinolytic activities. The addition of different
substances were tested for their stabilizing effect on the liquid formulation: mineral
oil (30% v/v); glycerol (20% v/v); ampicillin (100 ppm); ampicillin (100 ppm) +
3mM phenylmethylsulfonyl fluoride (PMSF).
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3. RESULTS

3.1. Isolation and morphological characterization of Trichoderma isolates

Three pure cultures of Libyan isolates, hereby named Libl, Lib2 and Lib3,
were obtained and maintained on PDA plates at 25° C. The morphological
characterization of the fungal isolates was performed by measuring the mycelium
growth, the time necessary to sporulate and the amount of spores produced on
different solid media (PDA and SM) at two different temperatures (25° and 30° C).
There were substantial differences between the isolates of Trichoderma originating
from Libya and the biocontrol strains (T. harzianum strain T22 and T. atroviride
strain P1, used as reference controls). In particular, on PDA the isolates from Libya
showed much less growth than the two biocontrol isolates at 25° C. Better growth
was noted for the Libyan Trichoderma at the higher temperature of 30° C in
comparison to the P1 control, whereas T22 grew more rapidly than all isolates at
both temperatures after 48 h (Fig. 3A). On salt medium (SM), where only 1%
glucose was present as a carbon source, the Libyan isolates showed similar results as
compared to the non-local isolates at 25° and 30° C after 24 h, and improved growth
over P1 at 30° C after 48 h(Fig. 3B).

On PDA plates the controls and particularly the commercial strain T22 showed
the highest growth rate and sporulation at 30° C after 3 days (Fig. 4). This was
probably due to the high concentration of nutrients present in the medium, which this

strain is able to degrade and utilize more quickly than the other isolates examined.
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Figure 3. Mycelia growth (diameter of colony growth in cm) of different Trichoderma isolates from
Libya (Lib 1, Lib2 and Lib3) and biocontrol strains T. atroviride P1 (P1) and T. harzianum T22 (T22)
at 25° C and 30° C evaluated 24 and 48 h after inoculation. The experiments were performed on Petri
dishes containing (A) PDA or (B) SM + 1% (w/v) sucrose.
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Figure 4. Growth and sporulation of Trichoderma isolates after 3 days on plates containing PDA
(top) or SM (bottom) at 30° C.
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3.2. In vitro plate confrontation assays

The greatest proliferation of the fungal cultures was observed 7 days after
inoculation. The Libyan isolates were able to parasitize the host fungi with different
levels of growth inhibition depending upon the pathogen tested and the temperature
used (Fig. 5). At both 25° and 30° C, Libyan isolates were able to reduce the growth
of Rhizoctonia, like the biocontrol strain T22 (Fig. 5A), whereas the higher
temperature greatly reduced the antagonistic ability of T. atroviride strain P1.

The temperature had little effect on the antagonistic abilities of the Libyan
isolates against Alternaria, but the inhibition of pathogen growth was always lower
than that observed with the two biocontrol strains at the same temperatures (Fig. 5B).
A slightly greater inhibition of Fusarium mycelia was noted at 30° C than at 25° C,
and the limitation of pathogen growth was similar to P1 and T22. However, among
the local isolates examined, Lib2 and Lib3 showed the better performance of
antagonistic activities at both 25° and 30° C (Fig. 5C). Mycoparasitism of
Rhizoctonia sp. and Fusarium sp. by Trichoderma local isolates and loss of turgidity

in host hyphae were also observed by microscopy slide observations (Fig. 6).
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Figure 5. Effect of different Trichoderma strains on the mycelial growth (diameter of fungal colony
in cm) of plant pathogens Rhizoctonia sp. (A), Alternaria sp. (B) and Fusarium sp. (C) in plate
confrontation assays on PDA, 7 days after incubation at 25° C and 30° C. Libl, Lib2, Lib3 =
Trichoderma isolates obtained from Libya; TP1 = T. atroviride strain P1; T22 = T. harzianum strain
T22.

36



Results

Figure 6. In vitro interaction between Libyan isolate Lib1 and fungal pathogens (A) Rhizoctonia sp.;
and (B) Fusarium sp., after 7 days at 30° C. Left: PDA plate confrontation assay. Right: Micrographs
observed by light microscopy of the fungal interaction from slide cultures (x400). T: Trichoderma;
Rh: Rhizoctonia sp.; F: Fusarium.

3.3. Detoxification abilities of Libyan isolates

The Trichoderma strains isolated in Libya were also tested for their ability to
growth in contaminated substrates, in order to evaluate their possible
biotechnological application as “bioremediating microbes”. In vitro assays were
performed to analyze their growth in liquid medium amended with different
concentrations of the toxic pollutant Methyl tert-butyl ether (MTBE) ranging from
0.1 to 1.5 % (v/v). Both Libl and Lib2 isolates showed good tolerance to the
pollutant up to a concentration of 0.4%, compared to the untreated control.
Conversely, the biomass of isolate Lib3 was negatively affected by the presence of

MTBE even at lower concentrations (Fig. 7).
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Figure 7. In vitro growth of three Libyan isolates (top Libl, middle Lib2, bottom Lib3) in the
presence of different concentrations of MTBE (0.1 to 1.5 % v/v). C = control without MTBE. Fungal
mycelium was harvested by filtration, dried and weighed.
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Analysis by gas chromatography of the fungal culture filtrates grown in the
presence of MTBE showed a decrease in quantity of MTBE with all three of
Trichoderma isolates from Libya. Although all isolates demonstrated similar trends
in their chromatographic profiles, the Lib2 isolate showed the highest degradation of
the contaminant particularly at 4 days after inoculation, as compared to the other two

isolates, and only results from this representative are shown (Fig. 8).

Time 4,146 Minutes

t22n_2, Chan &

t22n_3, Chan &

Figure 8. GC-FID analysis of Lib2 isolate culture filtrate grown in presence of 0.2% MTBE after
removal of fungal mycelium. Black line: 2 d after inoculum; Green Line: 4 d after inoculum; Blue
line: 6 d after inoculum.

3.4. Trichoderma species identification

Primers SR6R and LR1 were used to amplify internal transcribed spacer 1
(ITS-1), the 5.8 S rDNA and the internal transcribed spacer 2 (ITS-2) from the
fungal rDNA. Sequence analysis of the ITS-1, 5.8S and ITS-2 regions from the three

Trichoderma isolates from Libya revealed no variation within the 5,8 S gene, while
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low but informative variation in both ITS-1 and ITS-2. Slight length variation was
observed among the three characterized Trichoderma strains. The length of ITS-1
was 222 bp for Libl, 199 bp for Lib2 and 221 bp for Lib3. Differences in ITS-2
length variation (Lib1 169 bp, Lib2 172 bp, Lib3 169 bp) were less than those noted
in ITS-1. Homology searches between the ITS-1-5.8S-ITS-2 nucleotide sequences of
the Libl, Lib2 and Lib3 strains using BLAST with the sequences deposited in NIH
GenBank identified both strain Lib1 (99% homology with T. longibrachiatum strain
UAMH 7955) and Lib3 (100% homology with T. longibrachiatum strain UAMH
7956) as T. longibrachiatum species, while Lib2 (100% homology with T.

harzianum) was identified as a T. harzianum strain (Fig. 9).
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Figure 9. Radial dendrogram showing Trichoderma phylogeny based on ITS-1, 5.8S and ITS-2
regions of Libyan isolates and known Trichoderma species. Sequence alignment and phylogenetic
studies were carried out by the use of the MEGA version 3.1 software (Kumar et al., 2004).
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3.5. Metabolic profile of Libyan isolates

Although our data confirmed that the Libyan Trichoderma strains do not
produce 6-n-pentyl-6H-pyran-2-one (TLC analysis), the most characterised and
important of the Trichoderma antibiotics (Ghisalberti et al., 1990), other compounds
with antibiotics activity were detected. Unfortunately the organic fractions obtained
from culture filtrates of Lib2 and Lib3 isolates didn’t allow to properly identify the
secondary metabolites produced.

On the other hand, when the methanolic fraction extracted from Libl culture
filtrate was analyzed, the mixture showed two major components, corresponding to
lipo-carbohydrate and lipeptaibol. This fraction was further separated by preparative
RP flash chromatography. Fraction n. 4 gave a major component that was further
analysed by using NMR spectroscopy. The isolated compound showed 'H (Fig. 10-
A) and “C (Fig. 11) spectra similar to those reported in literature (Fig. 10-B)
(Auvin-Guette et al., 1992). Moreover, the COSY bidimensional NMR spectrum of
fraction n. 4 (Fig. 12-A) suggested that the isolated compound could be assigned to
the lipopeptaibols class of natural compounds, and in particular resulted closely
related to the Trichogin A IV, previously isolated from T. longibrachiatum (Peggion
et al., 2003; Fig. 12-B).
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Figure 10. "H NMR spectra of fraction n° 4 isolated from Lib1 culture filtrate and recorded in CD;OD (A) and Trichogin A IV recorded in d6-DMSO (B) (Auvin-Guette et
al., 1992). Instrument: Burker 600 MHz.
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Figure 11. *C NMR spectrum of fraction n°® 4 isolated from Lib1 culture filtrate and recorded in CD;OD. Instrument: Burker 600 MHz.
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Figure 12. COSY bidimensional NMR spectrum of fraction n° 4 isolated from Lib1 culture filtrate (A) and structure of Trichogin A IV isolated from T. longibrachiatum by
Peggion et al., 2003 (B).
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3.6. Induction of plant growth and systemic resistance

To test if Libyan isolate applications affect plant growth, tomato seeds from 3
different lines were coated with a Trichoderma conidial suspension and planted in
sterile soil. Seed germination and plant growth were monitored for 3 weeks.
Interestingly, tomato seeds of cv. S. Marzano and Principe Borghese showed at least
60% seed germination when treated with isolates Lib1 and Lib3, both identified as T.
longibrachiatum, while 100% germination was observed in cv. Corbarino, whose
seeds were coated with isolate Lib3 (Fig. 13-A).

The height of treated plants varied among the lines and according to the fungal
isolate challenged. The plants treated with Libl showed a significant increase of
growth compared with untreated samples (Fig. 13-B), whatever tomato line
considered. On the other hand, Lib2 increased only the height of tomato plants cv. S.
Marzano, but no differences were observed in the other lines or by applying the
isolate Lib3, as compared with controls.

The mean number of leaves/plant was also calculated, but no great differences
were found among the isolates and the controls (Fig. 13-C). The only exceptions
were represented for tomato cv. S. Marzano by the isolate Lib2, and for tomato cv.
Corbarino by the isolates Lib1l and Lib2, which determined a significant increase of

the mean number of leaves per planta.

Figure 13 (next page). Effect of the Libyan Trichoderma isolates Lib1, Lib2 and Lib3 on the growht
of different tomato cvs. (S. lycopersici cv. San Marzano, Principe Borghese and Corbarino). Plant
seeds were coated with a Trichoderma spore suspension and planted in sterile soil. After 3 weeks,
seed germination (A), plant lenght (B) and the number of leaves per planta (C) were evaluated. The
antagonistic strains T. atroviride P1 (P1) T. harzianum T22 (T22) were used as controls. Water-
treated plants were used as untreated controls (C).
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Fresh and dried weights of plant roots were also examined (Fig. 14).
Inoculations of Libyan isolates caused mainly similar or lower effects compared to
the antagonistic strains P1 or T22; only the tomato plant cv. Corbarino showed
significant increases of both fresh and dried root weights when treated with the

isolates Lib1 and Lib3, as well as with the antagonist T. harzianum strain T22.
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Figure 14. Effect of the Libyan Trichoderma isolates Libl, Lib2 and Lib3 on plant productivity of
different tomato cv. (S. lycopersici cv. San Marzano, Principe Borghese and Corbarino). Plant seeds
were coated with a Trichoderma spore suspension and planted in sterile soil. After 3 weeks, the roots
were cut and the fresh (A) and dried (B) weights were determined. The antagonistic strains T.
atroviride P1 (P1) and T. harzianum T22 (T22) were used as controls. Water-treated plants were used
as untreated controls (C).
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In vivo tests were also performed to evaluate the ability of Libyan isolates to
induce systemic resistance (ISR) against the foliar pathogen Botrytis cinerea. Seed
coating with Trichoderma spore suspension was performed as above. Leaf surface
was inoculated with the pathogen spore suspension and the diameter of necrotic area
was measured after 48 h. As expected, the ISR effect varied according to the plant
genotype. However, the fungi isolated in Libya significantly reduced the pathogen
infection, showing a decrease of disease symptoms similar or sometimes higher to

that observed with the biocontrol agents P1 or T22 (Fig. 15).
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Figure 15. Effect of Libyan Trichoderma isolates Lib1, Lib2 and Lib3 on plant resistance of different
tomato cv. (S. lycopersici cv. San Marzano, Principe Borghese and Corbarino) against the foliar
pathogen B. cinerea. The development of disease symptoms (necrotic area on infected leaves) was
evaluated 48 h after inoculation. T. atroviride strain P1 (P1) and T. harzianum strain T22 (T22) were
used as controls. Water-treated plants were used as untreated controls (C).
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3.7. Production of novel liquid formulations of bio-pesticides based on

Trichoderma spores and metabolites

The development of a new formulation based on a Trichoderma isolate and/or
its metabolites could represent a useful biotechnological application. The isolated
fungi have demonstrated their potential ability to both control in vitro and in vivo
plant pathogens, and simultaneously promote plant growth. Because of its
performances in terms of fungal antagonism, plant growth promotion and induction
of disease resistance, the isolate Libl was chosen for the development of a new
liquid bio-fungicide. Therefore, the major parameters which allowed to optimize the
fungal growth and metabolite production (temperature, pH, aeration, etc) were
monitored in a small-scale process. The antagonistic fungus was cultivated in liquid
medium and then transferred in to a 50L fermentor, where different operating
conditions were applied to gain highest fungal growth and enzymatic activity.
Samples were collected from each treatment twice per day for a total of 7 days of
fermentation.

The first fermentation (I) was performed by transferring the Trichoderma
starter culture into the fermentor containing 40L of Salt Medium (SM). In order to
stimulate enzymatic activities, lyophilized Agaricus bisporus (0.5% w/v) + wheat
fiber (0.2% w/v) were added as the only carbon sources. The temperature was set at
25° C, while 200 rpm and 0.7 vvm were used as orbital shaking and aeration
parameters, respectively.

As a consequence of microbial growth, oxygen pressure (pO2) rapidly
decreased during the first 36h of fermentation and then reached a plateau around

93%. In parallel, the pH increased from 6.2 to 6.9 (Fig. 16).
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Figure 16. Monitoring of fermentation parameters (pO, and pH) during the first 150h after inoculum
(fermentation I).

Total protein concentration was also determined as well as enzymatic
activities. Maximum protein content was 4 pg/ml after 48h of fermentation and then

slowly decreased till 2,36 pg/ml were reached after 144h (Fig. 17).
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Figure 17. Total protein concentration (pug/ml) during the I fermentation.
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The levels of enzymatic activities were not as higher as expected. In particular,
for chitinolytic activity, both endo- and esochitinases increased their accumulation
till reaching a maximum after 72h, corresponding to absorbance (Abs) values of
0.276 for N-acetylglucosaminidase, 0.450 for chitobiosidase and 0.242 for
endochitinase, respectively (Fig. 18). After 72h, the Abs values remained constant,
then started to decrease at the end of the fermenting process; this was probably due
to the exhaustion of the inducing substrate or to the production of proteases by the

fungus itself.
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Figure 18. Chitinolytic activity of culture broths obtained in the I fermentation.
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Similarly, B-1,3glucanase increate after 72h up to 0.245 Abs value, while
glucanolytic activity increased after 96h till the end of the fermentation (Fig. 19).
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Figure 19. B-1,3glucanase (left) and glucanolytic (right) activities of culture broths obtained in the I
fermentation.

The xilanase activity increased progressively during the fermentation, reaching

the maximum value after 144h (Fig. 20).
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Figure 20. Xilanase activity of culture broths obtained in the I fermentation.
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Finally, the spore concentration was measured by microscope direct counting.
The results showed an increasing sporulation from the beginning till the end of the

fermentation, with a maximum concentration at 1.3 x 10° spore/ml (Fig. 21).
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Figure 21. Spore production (Number of spore /ml) obtained in the I fermentation.

At the microscope observation, the fungal mycelium appeared extremely
fragmented with filamentous hyphae of reduced dimensions, probably because of the
turbulence generated by the high orbital shaking and aeration conditions applied. The
mycelium development and the enzymatic activities resulted negatively affected by
the operation conditions used in the first fermentation. Thus, in order to improve the
fungal growth, a second experiment was performed where aeration and shaking
values were reduced respectively at 0.5 vvm and 100 rpm; moreover, to maximize
the enzymatic production, the wheat fiber was added at 0.3% (w/v). The experiment
was repeated twice (II and I1I fermentation) and the results obtained in terms of total
protein concentration, enzymatic activities and spore production are summarized in
Figures 22 and 23.

The results obtained in the II and III fermentations, both in terms of protein

concentration and enzymatic activities, were more promising; in fact, by changing
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the process parameters, after only 48 h total protein content increased up to 4 times,
reaching 17.51 pg/ml and 14 pg/ml in the II and III fermentation, respectively (Fig.
22). Moreover, chitinolytic activities (both endo- and eso-) were similar to the ones
observed in the first experiment, but higher values were obtained.

The enzymatic activity of B-1,3 glucanase was similar to that observed in the
previous fermentation, while the glucanolytic activity was extremely higher after
72h, reaching 0.253 and 0.319 Abs values in the II and III fermentation, respectively
(Fig. 23). Therefore, xilanase activity after 72h was 6 times higher than that observed
before.

During the II and the III fermentations the spore concentration reached the
final values of 2,12x10° and 7,0 x 10° spore/ml (data not shown). This difference
could be due to the fact that at the end of the III fermentation the shaking was

increased up to 4000 rpm for 10 min to recover the fungal biomass.
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Figure 22. Total protein concentration (ug/ml) (A) and chitinolytic activities (B and C) of culture
broths obtained in IT and III fermentations.
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Figure 23. B-1,3glucanase (A), glucanolytic (B) and xilanase (C) activities of culture broths obtained
in IT and III fermentations.
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The effect of medium composition was also evaluated by using nutrients less
expensive and/or more efficient in stimulating fungal growth and enzymatic
activities. Thus, the substrate used for fermentation number IV was SM containing
as carbon sources 0.5% (w/v) chitin extract from crab shells + 0.3% (w/v) wheat (T.
durum) fiber for enzymatic induction. The results, showed in Figure 24 (where
enzymatic activities obtained during III and IV fermentations were compared),
clearly indicated that chitin extract from crab shells is a lower inducer of enzymatic
activity compared to lyophilized mushrooms. Chitinolytic enzymes showed lower
levels of activity and their production was delayed (72h after inoculum). Similar
results were observed for glucanase activity, while xilanase was not induced. Final

spore concentration was 1.01 x10° spore/m] (data not shown).
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glucanase (D) activities of culture broths obtained in III and IV fermentations.
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Once established that the presence of 0.5% (w/v) lyophilized mushrooms (A.
bisporus) + 0.3% (w/v) wheat (T. durum) fiber represented the most inducing
condition, the influence of mineral salts present in the substrate was also evaluated.
Two different fermentations were performed in 1L flasks containing 250ml of SM or
Shiping Medium, both minimal medium whose composition was regulated according
to the stechiometric proportions of nutrients (particularly N, P, Mg, K, Fe, Zn, Co,
Mn, and other microelements) necessary for microbial growth. Fermentations were
performed for 7d at 25° C with a orbital shaking of 200 rpm and 0.3 vvm as aeration.
Samples from fermenting cultures were evaluated in terms of total protein content
and enzymatic activities. The results showed in Fig. 25 and 26 demonstrated that,
even if both conditions determined similar protein concentration values and trends,
the enzymatic activities were more induced when cultivation in SM was performed.

Thus, the most efficient inducing condition was represented by use of salt
medium (SM) amended with lyophilized A. bisporus (0.5% w/v) + wheat fiber (0.3%
w/v). Moreover, by using 100 rpm and 0.5 vvm as orbital shaking and aeration
parameters, respectively, the maximum enzyme production was reached only 72h

after inoculum.
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Figure 25. Total protein concentration (pug/ml) (A) and chitinolytic (N-acetylglucosaminidase =B and
chitobiosidase =C) activities of Trichoderma culture broths obtained by cultivating the fungus in
different substrates (salt medium = SM or Shiping Medium).
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Figure 26. Chitinolytic (endochitinase =A), glucanolytic (B) and xilanase (C) activities of
Trichoderma culture broths obtained by cultivating the fungus in different substrates (salt medium =
SM or Shiping Medium).
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Finally, in order to induce a higher fungal sporulation without negatively affect
the enzyme production, another fermentation (V) was performed: in this case at 48h
after inoculum the shaking was increased up to 200 rpm and the aeration decreased
to 0.3 vvm. The reduced oxygen availability and the turbulence obtained with high
shakes represent more stressful conditions for the fungus. This promotes the fungal
sporulation and reduces the mycelium growth (Felse and Panda, 1999, Jsten et al.,
1996). The results reported in Fig. 27 and 28 showed a comparison between
enzymatic activities obtained in the V and III fermentation and confirmed this
hypothesis. In particular, from 48h after inoculum chetobiosidase, endochitinase and
glucanase activities were slightly lower in the V fermentation, while the spore
concentration determined at the end of this experiment was 1.03x10” spore/ml (data
not shown).

Therefore, changing the parameters during the fermenting process could
improve the spore production, without interfering significantly with enzymatic

activities.
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Figure 27.
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Figure 28. Chitinolytic (endochitinase =A) and glucanolytic (B) activities of culture broths obtained
in III and V fermentations.

The operative conditions applied on a little-scale process (50L) were used on a
200L fermentor, in order to develop an industrial-scale process. To minimize the
effects on enzymatic production, the process parameters (aeration, shaking) were
modified after 72h after inoculum. The data obtained in the VI fermentation were
similar with those referred to the previous one; chitinolytic and glucanolytic
enzymes showed similar levels of activity, while 3,1-3 glucanase e xilanase activities

were slightly reduced compared to the values of the V fermentation (Fig. 29 and 30).

65



Results

In conclusion, the modification of shaking and aeration parameters after 72h
represents a good strategy to get a fermentative broth with high yields of spores and
lytic enzymes. Moreover, aiming in reducing the costs, it should be desirable to stop
the fermentation 120h and not 194h after inoculum, as no significant changes

occurred.
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Figure 29. Chitinolytic (N-acetylglucosaminidase =A, chitobiosidase = B and endochitinase =C)
activities of culture broths obtained in V and VI fermentations.
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obtained in V and VI fermentations.
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3.8. Plant growth promotion and disease control by a novel bio-fungicide
based on the Lib1 isolate

In vivo bioassays were performed by using samples obtained from culture
broths produced in III, V and VI fermentations in order to evaluate their biocontrol
activity in plant-pathogen interactions. Tomato and lettuce seeds germinated in
sterile soil were sprayed with 3ml of culture broth and then inoculated on leaf
surface with B. cinerea spore suspension. The biocontrol activity was determined
according to the chlorotic and necrotic area developed as a consequence of pathogen
development on plant tissues.

On lettuce plants the use of fermentation broths totally reduced the disease

symptoms, that was particularly evident 96h after inoculum (Fig. 31).

Figure 31. Disease symptoms developed on lettuce leaves inoculated with B. cinerea after treatment
with Trichoderma culture broths from fermentations V and VI. A: infected control (no Trichoderma
culture broth); B: V fermentation broth + B. cinerea; C: VI fermentation broth + B. cinerea.

On tomato plants, the use of the novel formulates greatly reduced the number
of leaves showing disease symptoms, compared with control. Moreover, the
dimension of pathogenic lesions decreased as well; the lesions produced 120h after

inoculum were smaller, with a reduction of damage around 50% (Fig. 32 and 33).
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Figure 32. Disease symptoms development on tomato leaves inoculated with B. cinerea after
treatment with Trichoderma culture broths from fermentations III, V and VI, compared with control
(tomato leaves treated with B. cinerea only).

Figure 33. Disease symptoms development on tomato leaves inoculated with B. cinerea after
treatment with Trichoderma culture broths from different fermentations. A: infected control (no
Trichoderma culture broth); B:III fermentation broth + B. cinerea; C: V fermentation broth + B.
cinerea; D: VI fermentation broth + B. cinerea.
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The effect of the novel formulate on plant growth was also analyzed. Tomato
seedlings were allowed to germinate in Petri dishes containing the novel formulate +
1.5% agar. The growth promotion effect was clearly visible by comparing the root

length of treated with untreated plants (Fig. 34)

Figure 34. Plant growth promotion effect of Trichoderma novel formulate on tomato seedlings. Left
= control (water agar as substrate); right = treated tomato plants.

3.9. Development of a new formulate: concentration and stability

assessments

In order to develop a marketable formulate, part of the culture broth obtained
in the III fermentation was concentrated by using spray drying and lyophilization
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techniques. Glycerol was added to the samples (20% v/v) to better preserve the spore
vitality. Results showed in Figure 35 showed no significant differences in terms of
chitinolytic activity before after treatments. Moreover, spore vitality was not
significantly affected by the lyophilization when glycerol was added; without
glycerol, the spore concentration reduced from 7.0 x 10° to 1.8 x 10° spore/ml after
treatment.

Conversely, the sample treated by spray drying lost completely its activity and

no enzymatic activity were registered at all.
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Figure 35. Effect of lyophilization on chitinolytic (N-acetylglucosaminidase =A and endochitinase
=B) activities of culture broths obtained in III fermentations, with (W) or without (No) glycerol added
into the sample (final concentration: 20% v/v).

To assess the stability of the novel formulate, the decreases of spore vitality
and enzymatic activities were monitored, as well as the effect of different stabilizing
compounds (ampicillin, mineral oil, glycerol, PMSF). The results showed no
considerable reduction of both spore vitality and chitinolytic activities at 45 and 110
d after fermentation (Fig. 36). Moreover, the different stabilizing treatments did not

differ each other significantly.
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Figure 36. Effect of time and different stabilizers on chitinolytic (N-acetylglucosaminidase =A and
endochitinase =B) activities of culture broths obtained in III fermentation at 0, 45 or 110 days after
inoculum.
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4. DISCUSSION

The concerns about the worldwide impact of global warming are continuously
growing. The 1997 Kyoto Protocol to the UN Framework Convention on Climate
Change established an international policy context for the reduction of carbon
emissions and increases in carbon sinks in order to address the effect of human
activity on the climate system. It is clear that it will be necessary to find means to
reduce emission production and prevent increases in (or better, cut back) the present
levels to obtain positive effects to improve the current trend in climate change (FAO,
2000; IPCC, 2001; The Royal Society 2001; Watson et al., 2000). The current
measures to diminish the warming trend are largely focused on the reduction in the
consumption of fossil fuels in industry and transportation, i.e. motorized vehicles.
The consequences of climate variation will dramatically alter the natural ecosystem
as we presently know it. Other than the obvious changes in climate and weather
conditions caused by higher temperatures, notable modifications will also occur in:
the geography of the planet, caused by rising sea levels, melting of the glaciers,
desertification, etc.; the diversity and distribution of flora and fauna will shift with
the migration of tropical species towards more temperate zones; timing and duration
of the seasons. Many of the scenarios initially predicted by the U.N.
Intergovernmental Panel on Climate Change (IPCC) have been modified in the
Fourth Assessment Report because there are indications that these changes are
occurring much more rapidly than originally anticipated (http://www.ipcc.ch/).

An analysis of the detrimental effects caused by and caused to agriculture need
to be fully investigated in respect to other industrial sectors, since the consequences
are of utmost importance on the human and domestic animal food crop production.
Agriculture is the major contributor to increasing levels of greenhouse gases such as
methane and nitrous oxide into the atmosphere (Fig. 37 ). The methods of land use
management in farming contribute negatively to deforestation, desertification and
erosion, as well as the high production of carbon dioxide emissions due to the

consumption of fossil fuels in the cultivation practices. Global warming and changes
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in precipitation will cause shifts in the crop species presently cultivated. In order for
people, particularly those living in developing countries of Africa that live on
subsistent farming, to survive this climatic impact and sustain future agriculture
production, they will need to adapt and change their current cropping systems to less
impacted crops (Llobell et al., 2008.). We tend to forget that even though we are able
to improve agricultural productivity utilizing various technologies such as plant
genetic improvement, gene transfer biotechnology, development of new agronomic
methods and products etc., we are always dependent upon the weather as a
determining factor in all aspects of farm production, as well as its influence on soil
properties and effects on the native biota. On the other hand, the ability to overcome
or diminish the effects of adverse climatic conditions on farm productivity will be
determined or aided by the acceptance and application of new technological

advancements by the producers (Brown and Funk, 2008)
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Figure 37. Relative fraction of manmade greenhouse gases coming from different sources, as
estimated by the Emission Database for Global Atmospheric Research version 3.2, fast track 2000
project. The upper graph shows the sum over all man-made greenhouse gases, weighted by their
global warming potential over the next 100 years. The lower graphs indicate the distribution of the
three primary greenhouse gases, sectors are the same color as above. (Source
http://en.wikipedia.org/wiki/Image:Greenhouse_Gas_by_Sector.png).

The geography of Libya is comprised of a sea coast along the Mediterranean
Sea to the north, and to the south it covered by the Libyan and Sahara Deserts. In
fact, 90% of the country is desert. The climate is mostly dry, and some regions are
known have only erratic rainfalls once in 5-10 years. Temperatures exhibit large
fluctuations, are mild similar to the Mediterranean climate of Italy in the northern

region, but they can reach maximums around 55° C particularly in desert regions. In
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perspective to discussions about the future changes to climate caused by global
warming, Libya represents the potential extremes here in present day.

The possible consequences of climatic changes to agriculture can be numerous
and vary in their impact. Global warming could produce: an effect on crop
productivity in terms of the quantity of the yield and the quality of the harvested
products; modifications to current agricultural practices, different agronomic
methods of cultivation, water use (irrigation) or selection of plant varieties, and
diverse techniques for plant pest control including alternatives to the traditional use
of chemical products such as fungicides, herbicides, insecticides and fertilizers;
effects to the environment, in particular, resulting from changes in soil properties
including aspects of drainage, erosion, availability of cultivatable land; a
transformation in the rural economy due to losses and gains of farmland ownership
and applications; changes in biodiversity and roles that organisms have in the agro-
ecosystem which consequently influence the characteristics that a farmer desires or
needs to select for to optimize production, i.e. cultivars that are drought resistance.
Advances in the understanding of crop-environment interactions at the molecular,
biochemical, physiological, and agronomic level, as well as their relevance to
biotechnological crop improvement, have been extensively reviewed. These include
discussions of the response mechanisms and potential targets for improving crop
response to different abiotic stresses (Lorito et al.,, 2002), including drought
(Barnabas et al., 2008; Chaves and Oliveira, 2004; Parry et al., 2005; Wang et al.,
2003), flooding (Agarwal and Grover, 2006), low temperature (Nakashima and
Yamaguchi-Shinozaki, 2006; Wang et al., 2003), high temperature (Barnabas et al.,
2008; Iba, 2002; Wahid et al., 2007), and low nutrient availability (Hirel et al.,
2007). It follows that a number of companies, including Monsanto, Syngenta, and
Pioneer-DuPont, have drought-tolerant, heat-tolerant, cold-tolerant, or nitrogen-use
efficient germplasm in their research and development programs.

There will be a need to alter the methods of plant disease management as result
of the global climate change, because new phytopathogens will arise and spread,
“new” crops will become susceptible due to modifications in pest composition,

environmental factors, as well as the pathogen distribution patterns, i.e. from tropical
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or sub-tropical areas to more temperate regions. This will have an enormous effect
on the precedent native populations and affect the capacity of beneficial
microorganisms to control disease causing agents, i.e. changes to the composition of
natural antagonists in the soil community will reduce soil suppressivity. Moreover, if
environmental conditions change, the efficacy of pesticides presently used in
agriculture could be reduced due to shifts from the optimal temperatures, humidity
etc. required for effective action, particularly important in microbial-based biological
formulations. Therefore, it will become increasingly important to select not only
resistant crop varieties able to withstand extremes in temperature or in water, but
also to single out specific strains of a potential biological control agent that will be
effective in the diverse conditions.

In this context Trichoderma spp., many which are natural antagonists of
numerous plant pathogens, represent a great resource for the development of
efficient biological products, since it is ecologically adaptable to a wide range of
climatic conditions, able to resist or degrade natural and man-made chemicals and
toxins (Harman and Kubicek, 1998; Harman et al., 2004b). The different
mechanisms used by Trichoderma spp. in the biocontrol process depend not only
upon the strain, the fungal host and the crop plant used, but also on the
environmental conditions, including temperature, nutrient availability, pH, and iron
concentration (Benitez et al., 2004; Harman, 2000; Harman et al., 2004a; Vinale et
al., 2008a). Indigenous Trichoderma strains already adapted to high temperatures or
low rainfall, such as those naturally found in the northern sub-Sahara regions of
Africa, could be better adapted to contrast pathogens in the climate conditions that
will prevail with the onslaught of global warming. Further, these fungal strains could
already have the ability to interact with existing plant varieties that are resistant to
growing in extreme environmental conditions and presently cultivated, such as the
cultivars utilized in the semi-desert regions of Libya.

This thesis describes the isolation and characterization of novel Trichoderma
isolates obtained from 9 different areas in Libya. The fungal population of soil
samples was analyzed and 3 local Trichoderma pure cultures were obtained. These

strains, named Lib1, Lib2 and Lib3, were further characterized for their adaptability
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to grow at different temperatures (25° C and 30° C) and on different culture media
(with high- or low-nutrient content). The in vitro tests showed an improved ability of
the Libyan isolates to grow on rich medium (PDA) at high temperature, compared to
controls, while no differences on minimal medium were observed.

The adaptability of Libyan isolates to high temperatures was also assessed by
performing in vitro plate confrontation assays. The temperature didn’t affect the
antagonistic abilities of Libyan isolates; in fact, both at 25° C and 30° C the growth
of Rhizoctonia was reduced by the Libyan isolates as well as by the biocontrol strain
T22, but a lower antagonistic effect was noted against Alternaria and Fusarium spp.
Libl was the best antagonist of the three isolates tested against the pathogens, in
particularly in the inhibition of Alternaria and Fusarium growth at both
temperatures.

Microscopy slide observations demonstrated that mycoparasitism of
Rhizoctonia sp. and Fusarium sp. by Trichoderma local isolates was characterized
by the loss of turgidity in the host hyphae. This process is the consequence of
Trichoderma ability to attach to the host, coil around it and form appressoria-like
structures on the fungal host surface (Benitez et al., 2004; Harman et al., 2004a),
confirming confocal microscopy observations by Lu et al. (2004). Attachment is
probably mediated by the binding of carbohydrates in the Trichoderma cell wall to
lectins on the target fungus (Inbar et al., 1996). Once in contact, the Trichoderma
produces several fungitoxic cell-wall-degrading enzymes (Chet et al., 1998), and
probably also secretes peptaibol antibiotics (Schirmbdck et al., 1994). The combined
activities of these compounds result in parasitism of the target fungus and dissolution
of the cell walls. At the sites of the appressoria-like structures, holes are produced in
the target fungus by lytic digestion, and direct entry of Trichoderma hyphae into the
hypha of the target fungus occurs. There are at least 20-30 known genes, proteins
and other metabolites that are directly involved in this interaction, which is typical of
the complex systems that are used by these fungi in their interactions with other
organisms (Marra et al., 2006).

A large portion of the Libyan economy is supported by the petroleum industry.

During the refining process many pollutants may be released in the environment, air
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and groundwater sources. Methyl tert-butyl ether (MTBE) is a compound frequently
added to gasoline in order to increase octane number. Unfortunately, it frequently
contaminates groundwater when gasoline containing MTBE is spilled or leaked in
storage and is difficult to clean up due to its high solubility in water. In order to test
if the fungal isolates could tolerate, not only high temperatures, but also toxic
compounds (i.e. hydrocarbons, benzene, toluene, styrene, and pyrene, etc.), and to
determine their ability to degrade and survive such substance, investigations were
conducted in presence of MTBE. Contaminated liquid media were inoculated with
Trichoderma strains and the toxic content, and fungal growth was monitored.
Preliminary results demonstrated that the growth of the local isolates Libl and Lib2
didn’t differ from controls until a concentration of 0.4% MTBE, however, Lib3
showed a reduced biomass weight also at lower doses. Libl grew the best in the
presence of this toxic compound.

The ability of Trichoderma isolates to degrade MTBE in liquid culture was
also confirmed by GC-FID demonstrating a significant reduction in the level of this
pollutant even 4 days after inoculation. In particular, Lib2 performed the best among
the Libyan isolates. These results open another scenario of possible biotechnological
applications for the isolated microbes in decontamination of polluted areas, as used
alone or in combination with plants (phytoremediation). Various microorganisms are
being studied to see if they can remediate various chemicals often present at
contaminated industrial sites. Also, scientists are currently looking into genetically
engineering certain microorganisms to increase their ability to metabolize specific
chemicals, such as hydrocarbons, in contaminated sites. More research needs to be
done in order to completely understand the complex microbial processes which make
bioremediation possible, especially the bioremediation of metals. Also, researchers
are trying to understand why some microorganisms are better at degrading one kind
of chemical than another.

Another consideration in this context is the use of Trichoderma in the recovery
of contaminated/polluted sites (Harman et al., 2004b). Some Trichoderma strains are
strongly rhizosphere competent which permits them to colonize roots, grow and

persist on roots thus providing long-term benefits (Harman, 2000; Harman et al.,
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2004a). This capability also permits the fungi to form durable and robust plant
associations in a wide variety of soil conditions. The symbiotic nature of the
interaction permits the fungus to gain nutrients from the plants, produce molecules
that stimulate plant growth and activate plant resistance to biotic and abiotic stresses,
plus produce metabolites that are useful to the plants (Lorito et al., 2002). Some of
these compounds, including enzymes, may be highly useful in degradation of toxic
soil pollutants; this capability is enhanced by the fact that Trichoderma spp. possess
high intrinsic resistance to some toxic compounds, possibly due to its ability to
detoxify certain substances (Ruocco et al., 2008, in press). Further, the rhizosphere
competent Trichoderma spp. may be able to enhance root growth, thus enhance the
capability of hyper-accumulating plants to remove toxic metals (Harman et al.,
2004b). Research indicates that the presence of the fungi increases removal of
arsenic from soils by hyperaccumulating ferns in the genus Pteris (Harman et al.
2004b). Other data demonstrates that root colonization by T. harzianum T22
increases the efficiency of nitrogen uptake by corn from fertilizer applications, but
that there is a strong specificity to cultivars tested (Harman, 2000). The use of
positive responding cultivars of corn could aid in reducing the use of nitrogen
fertilizers and consequently reduce nitrate pollution of waterways and decrease
spending by producers. Further, some Trichoderma spp. such as T22 produce
enzymes that degrade cyanide, and they able to accumulate and degrade
metallocyanides such as Prussian blue (Harman et al., 2004b). The idea of phyto-
bioremediation is to combine rhizosphere competent Trichoderma strains with plants
that can take up and degrade toxic compounds to provide novel and effective
solutions to environmental problems and contamination of surface and groundwater
sources.

The analysis of variation of the ribosomal DNA ITS sequences, being one of
the most reliable methods for genetic analysis of fungal species, enabled the
identification of the fungal isolates to the species level. Homology searches in
GenBank database indicated that Libl and Lib3 are species of T. longibrachiatum,
while Lib2 is a T. harzianum strain. Even if both species are cosmopolitan, their

characteristics are quite different, because T. harzianum is frequently utilized in
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biological control applications (Harman et al., 2004a; Vinale et al., 2008a), while T.
longibrachiatum is a common species in the environment and it has been noted as a
human pathogen in particular conditions (Chouaki et al., 2002).

In further analysis, the metabolic profile of Libyan isolate Lib1 resulted similar
to that observed in a T. longibrachiatum strain able to produce Trichogin A IV as
major compound (Peggion et al., 2003). This secondary metabolite belongs to the
class of peptaibols, which are linear peptides synthesized by fungi, and were isolated
initially in 1967 from cultures of T. viride (Reusser, 1967). They are produced
mainly in soilborne and plant-pathogenic fungi of the genera Acremonium (Sharman
et al., 1996), Paecilomyces (Rossi et al., 1987), Emericellopsis (Berg et al., 1996), as
well as several species of Trichoderma. Those compounds exhibits antimicrobial
activity and are characterized by the occurrence of several non-proteinogenic amino
acids such as a-aminoisobutyrate (Aib) and isovaline (Iva) (Wada et al., 1995). The
N-terminal group of the peptide is usually acetylated, and the C-terminus is an amino
alcohol such as phenylalaninol, or in some cases valinol, leucinol, isoleucinol or
tryptophanol. The name “peptaibol” is formed from the names of the components:
peptide, Aib and amino alcohol. The biological activity of peptaibols is attributed to
channel formation in lipid membranes. They present an amphipathic nature, and this
property allows many of them to form voltage-dependent ion channels in lipid
bilayermembranes (Béven et al., 1998).

Many biocontrol agents, such as fungi, bacteria and viruses, are not only able
to control the pathogens that cause plant disease, but are also able to promote plant
growth and development (Harman et al., 2004a). In greenhouse and field trials, the
ability of T. harzianum T22 and T. atroviride P1 to improve the growth of lettuce,
tomato and pepper plants under field conditions was investigated (Vinale et al.,
2004). Crop productivity was increased up to 300%, as determined by comparing the
treated plots with the untreated controls and measuring fresh/dry root and above
ground biomass weights, height of plants, number of leaves and fruits.

In this thesis, Trichoderma Libyan isolates were applied to tomato seeds in
order to evaluate their effect on emergence and plant growth. In general, the effects

on the plants obtained by the Libyan isolates seed coatings were comparable to those
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obtained in the seed treatments with the biocontrol strain T22, whose growth
promoting activity has been well documented (Harman, 2000 ; Harman et al.,
2004a). The results varied according to the combination of the plant cultivar and the
Trichoderma strain used. Isolate Libl improved the seed germination in cultivars
San Marzano and Principe Borghese, but not Corbarino; Lib2 performed best on cv.
Corbarino and poorly on the other two cultivars; and Lib3 functioned well on all
three cultivars, but best on cv. Corbarino even outperforming the biocontrol isolate
T22. When considering the effect of the Trichoderma seed treatments on aerial plant
growth and development results were different than those noted in germination with
the plant cultivar and fungal isolate combinations. Plant height and foliar
development on all three tomato cultivars were greatly improved over that of the
untreated control by seed treatments with Libl, whereas Lib2 increased highly the
growth in cv. San Marzano and moderately in cv. Corbarino. All three Libyan
isolates had none to little effect on the root systems of tomato plants cv. S. Marzano
and Pr. Borghese. Only Libl produced an extremely positive stimulation of root
development in cv. Corbarino, with about a 67% greater increase in growth than the
T22 treatment.

The beneficial effect of the isolates from Libya on the plant was also confirmed
in assays whereby tomato was treated with Trichoderma and then later, the plant
leaves were inoculated with the foliar pathogen B. cinerea. Interestingly, all of the
Trichoderma treated tomato cultivars showed inhibition in disease development,
suggesting an effect of induced systemic resistance. In general the Libyan isolates
performed as well as the two biocontrol strains of P1 and T22, and on the cv.
Corbarino, Libl and Lib3 actually outperformed T22 in the reduction of disease
symptoms.

Present findings that these three Trichoderma isolates from Libya (in particular
Libl) are able to improve plant growth and contemporarily withstand adverse
environmental conditions, such as high temperature and pollutants, plus reduce the
development of disease may represent novel applications for biocontrol in Libya.
Moreover, the Libyan isolated fungi, especially Libl and Lib3, significantly reduced

B. cinerea infection on tomato plants, as well as and in some cases better than known
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biocontrol agents. The induction of plant resistance mechanisms mediated by the
presence of Trichoderma antagonistic fungi has been a well documented aspect (De
Meyer et al., 1998; Hanson and Howell, 2004; Harman et al., 2004a; Yedidia et al.,
2003), and appears to be similar to the effect that is elicited by rhizobacteria, which
are able to enhance the plant defence system without stimulating the production of
pathogenesis-related (PR) proteins that are normally activated during pathogen
attack (Harman et al., 2004a; Stacey and Keen, 1999; Van Loon et al., 1998). During
the interaction of Trichoderma with the plant, different classes of metabolites may
act as elicitors or resistance inducers (Harman et al., 2004a; Woo and Lorito, 2007,
Woo et al., 2006). These molecules could include: serine proteinases, xylanases,
endopolygalacturonidase, chitin deacetylase, chitinases and other enzymes; peptides
and proteins that induce terpenoid phytoalexin biosynthesis and peroxidases; various
Trichoderma-specific effector proteins such as Sml or swollenin; and/or
homologues of effector proteins found in pathogens, i.e. AvrE, Nipl, and AVR-PTA
(Djonovic et al., 2007, Marra et al., 2006, Shoresh and Harman, 2008). Aequorin-
expressing soyabean cell suspension cultures treated with a mix of Trichoderma
metabolites found in the culture filtrates, produced by the antagonist alone or grown
in the presence of the B. cinerea, indicated a differential perception by the cells to
the fungal compounds and a consequent activation of both Ca*"-mediated signalling
and cell responses typical to those launched in plant defence to pathogen attack such
as: the accumulation reactive oxygen species (ROS), reduced cell viability,
programmed cell death (PCD) in contrast to necrosis (observed by the induction of
caspase 3-like activity, chromatin condensation and other morphological cell
alterations; Navazio et al., 2007). Moreover, the production of endochitinase (ech42
has been found to play a key role in mycoparasitism of T. atroviride P1; Woo et al.,
1999) was found to determine a reaction by the plant and affect the plant response to
Trichoderma, as found in comparative testing with wild type or the disrupted mutant
strains culture filtrates on the soyabean tissues. In absence of the endochitinase
production, the Ca’"-signal produced in the cell cultures almost completely
disappeared within 10 minutes after treatment with the metabolite mixture of the

mutant strain. The increasing importance of the ability of some Trichoderma strains
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to cause ISR is becoming more and more apparent as a mechanism used by these
fungi in the biocontrol of plant pathogens (particularly fungi) instead of the exclusive
action of direct mycoparasitism as previously assumed (Howell, 2003; Harman,
2000; Harman et al., 2004a; Woo and Lorito, 2006; Woo et al. 2006). The concept of
“vaccinating” the plant to future pathogen attack, in order to stimulate its defence
system, by using extracts from antagonistic fungi is a new potential strategy for
biological control.

The compounds produced by the BCA in the fungal culture filtrates contained
various secondary metabolites, like peptaibols, which may also act as elicitors of
plant defence mechanisms against pathogens. In fact, the application of peptaibols
were found to activate a defence response in tobacco plants (Benitez et al., 2004;
Viterbo et al., 2007). Similarly, the peptaibol isolated and identified from the Lib1
culture could represent a molecular factor possibly involved in the induction of
defence mechanisms in Trichoderma-treated plants.

Many secondary metabolites produced by Trichoderma have antibiotic activity
and have been demonstrated to play a role in biological control against various
phytopathogens, however, their effect on the plant in the BCA-plant interaction are
not known. Recently, Vinale et al. (2008b) have found that some Trichoderma
compounds, such as 6-pentyl-a-pyrone (6PP) acted as effectors on plant growth,
possibly by acting in an auxin-like manner or by stimulating the hormone production
in the plant, thus enhancing growth of the root system and plant size. Further, when
some fungal BCA secondary metabolites were applied to tomato or canola plants,
they stimulated ISR to subsequent treatments with the foliar pathogens B. cinerea or
Leptosphaeria maculans, respectively, and activated the production of several PR-
proteins associated with plant defense. Other studies have also indicated that
Trichoderma effectors may be used effectively for disease control, as foliar spray
applications or in post-harvest treatments for the conservation of fruits and
vegetables in long term storage (Vinale et al., 2008- unpublished).

The important discovery of factors secreted by Trichoderma that are involved
in the biological control of phytopathogens and responsible for producing other

beneficial effects to the plant, a new liquid formulation can be proposed for
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applications in agriculture that is comprised both of the live BCA organism and its
naturally produced substances. The development of a microbial pesticide requires
several steps: selection of a potential BCA strain, identification of ideal
characteristics, screening of efficacy by means of in vitro or in vivo bioassays in
controlled conditions, then applications to actual field conditions with determinate
crop varieties in diverse geographical regions. Moreover, once a putative BCA has
passed these selective tests for efficacy, the aspects of commercial production and
delivery need to be confronted. It is important to produce the biocontrol agent at an
industrial scale (in solid state or liquid fermentation), determine the culture
conditions necessary to produce the desired biocontrol characteristics, determine the
conditions essential for preservation and conservation, find a formulation for
commercialization and application of the final product (Agosin and Aguilera, 1998;
Jin et al., 1992; Montesinos, 2003). Independent of the method used for
fermentation, the overall aim is to achieve the highest yield possible with the lowest
economic cost of production (Agosin and Aguilera, 1998; Jin et al., 1992).

The objective of this thesis is to develop a novel bio-formulation containing a
synergistic combination of the living fungus, both in forms of mycelia and conidia,
and of a powerful mixture of Trichoderma “effectors” capable of stimulating plant
defense response and growth, as well as directly controlling pathogenic microbes.
The proposed product will be prepared by liquid fermentation in selected low-cost
medium, demonstrate sufficient shelf-life, retain the multiple beneficial effects of the
fungus (antimicrobial, plant growth promotion, ISR inducing activity) and be applied
as a foliar spray or soil drench in most agricultural applications.

On the basis of the consistently good results obtained with the in vitro, in vivo
and in planta testing with the Trichoderma isolate Lib1 from Libya, this isolate was
selected for investigations on the growth parameters in liquid fermentation necessary
to obtain massive production of biomass and high enzymatic activity. Testing in
small scale cultures determined that the most efficient condition to induce overall
enzyme production was found by the use of a minimal salt medium SM that was
amended with lyophilized biomass of the commonly available edible champignon

mushroom A. bisporus (0.5% w/v) + wheat fiber (0.3% w/v). In order to obtain high
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levels of fungal biomass, particularly the production of spores which are stable
dormancy structures that are more stable in retaining the viability of the fungus,
different conditions of agitation and aeration were tested, as well as the time of
application of these conditions during the fermentation. Optimal spore production
was found when the cultures were initially grown with orbital shaking at 100 rpm
and aeration at 0.5 vvm, then after 72 h of fermentation, these parameters were
changed with an increase in orbital shaking up to 200 rpm and aeration reduced to
0.3 vvm. This beginning stage permitted the fungal biomass to develop well by
promoting vegetative growth, then the second phase created an environment that
“stressed” the fungus thus inducing the production of spores for protection of the
fungus, structures important for the conservation of the fungus in adverse conditions.
Thus, the selected growth parameters permitted the production of a culture with a
good combination of characteristics for producing a formulation with a high
concentration of spores and significant levels of enzyme activities. Moreover, with
considerations to reducing the production costs, energy and time that fermenter
needs to be occupied, the fermentation process could be stopped at 120 h and not the
194 h after inoculation, without causing any significant changes in the final product.

More importantly, the novel liquid formulation based on the Lib1 Trichoderma
isolate maintained their good biological activity in the large-scale fermentation. The
obtained culture was able to significantly reduce the disease symptoms caused by B.
cinerea on lettuce and tomato leaves in in vivo testing. The conservation of the
antagonistic activity against the target pest or pathogen is a critical step to overcome
in the commercialization process because not all selected putative biocontrol
microorganisms are able to pass all of the requirements imposed by industrial
production. In order to confirm the efficacy of isolate Libl, the present bioassays
which were performed in a small-scale controlled-environment on a single target
pathogen, will need to be further expanded with testing on different pathogens and
plant species/varieties, as well as in the real field conditions to assess the potential of
the bio-formulation to be applied in the agricultural environment.

The final important factors to consider in a commercial bio-formulation are

product stability, the capacity to produce consistent results by preserving the
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characteristics producing the biological effects; the storability of the material, the
ability to be conserved in unspecialized conditions similar to those of chemical
pesticides; and a reasonable shelf-life or time that the product can be stored and used
without compromising the efficacy (Agosin and Aguilera, 1998; Agosin et al., 1997;
Jin et al., 1991; 1992; 1996; Jones, 1993; Powell and Jutsum, 1993). When a
formulation contains the living microorganism component, the treatment must
consist of stabilizing the viability of the BCA. For liquid formulations this can be
achieved by maintaining the product in refrigeration (<10° C) or by freezing in the
presence of cryoprotectant substances. However, conservation of a commercial
product in these conditions is not economic for maintaining low temperatures or
efficient because the liquid is both bulky and heavy, plus it is difficult to sustain
these conditions in storage and transportation. In comparison, it is preferable to
obtain formulations that contain a dehydrated product, stored as a powder, granule,
talc, etc. This work demonstrated that lyophilization did not reduce chitinolytic
activity and spore vitality when the fermented cultures were treated with compounds
that protect the osmotic integrity of the living material such as glycerol. Generally,
lyophilization is the method that best maintains viability, but its cost is very high. At
the industrial level and in order to obtain a low-cost product, the methods preferred
are spray- or fluidized bed- drying. Many products are obtained by spray-drying, but
this method produces a high loss of viability in some microorganisms (observed also
in this formulation), due to the thermal treatment. Moreover, different compounds
(ampicillin, mineral oil, glycerol, PMSF) were added to determine if they aided in to
maintaining the stability of the formulation. The enzyme activity in samples assayed
over time were not effected neither positively nor negatively by the addition of the
compounds in comparison to the untreated control. Obviously, it is very important to
maintain good sanitary conditions throughout the fermentation process and during
packaging in order to avoid possible contamination that will compromise the product
during storage.

In spite of the relatively abundant number of patents filed for microbial
pesticides, the number of commercial applications has not been as dramatic as

expected (Montesinos, 2003). In Europe, the limiting factor for registration, apart
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from the cost, is undoubtedly the slow process of decision-taking. As an example,
the first application for patenting a biopesticide, Paecilomyces fumosoroseus, was
submitted to the European Union in 1994 and approved only in 2001. In most cases,
excessive specificity is a problem difficult to solve because it is intrinsic to the
biological control system. In fact, success depends on three living systems: the
pathogen or pest, the BCA and the host plant. Biosafety and environmental concerns
are also major limiting factors for microbial pesticide prospects. Furthermore, the
registration procedure to approve a biopesticide formulation on the market has not
been altered to consider the biological aspects of the product, criteria which are
different than those considered for the testing of chemical based products.

Consumer concerns related to the use of living microbes in association to
agricultural products and the limited information available these microbes cannot be
overlooked. Certainly, emerging food-borne diseases and the threat of bioterrorism
does not help to create a socially receptive environment for microbial pesticides. The
future of microbial pesticides is not only in developing new active ingredients
derived from microorganisms beneficial to plants, but in producing self-defending
plants (so-called plant-incorporated pesticides) to potential pathogen attack by
transforming agronomically high-value crop plants with genes from BCAs (Lorito
and Scala, 1999; Lorito et al., 1998), or by using microbial metabolites derived from
the living organisms or other natural substances to “vaccinate” the plants by
improving disease resistance or to promote plant growth and vigor (Vinale et al.,
2008b; Woo and Lorito 2006). The identification and the application of various
derivatives from a fungal antagonist such as Trichoderma provides novel alternatives
to the classical applications of the live microorganism in the biological control field.
The main advantages are also practical — no more concerns for the production,
viability or conservation of a commercial product containing a live organism, but
also more safe, thus addressing public concerns for pesticide safety. Further, it is
easier to industrially produce the fungal substances in greater quantities, to maintain
higher and consistent control of quality and to practically apply such products in the

greenhouse, field or storage facilities.
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Global warming trends predicted in the 2007 Intergovernmental Panel on
Climatic Change (IPCC) report are likely to change the temporal and geographical
distribution of infectious diseases, and thus impact on the evolution of pathogens and
hence diseases associated with crop production. It will be necessary, or better
unavoidable, to update the set of biotechnological products based on microbial
agents which are available today on the agricultural market. New biopesticides and
biofertilizers exhibiting higher adaptability to the climate changes most likely to
occur need to be formulated. This thesis study on the production of a novel liquid
formulation based on Trichoderma isolates, selected for their beneficial effects to the
plant, originating from the extreme meteorological environments of Libya, which
may represent the climatic conditions caused global warming, serves as a useful
initiative for confronting the difficulties and resolving the problems in light of the

agricultural perspectives of the future.
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