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Figure 28 | Histograms show the average DSA obtained from the use of B. amyloliquefaciens strains
(a) and their filtrates (b). Significant differences were found between the seedlings treated
with bacteria and their filtrates compared to the control treated with water (C-). Duncan’s
multiple range test was performed for P<0.05. 91

Figure 29 | Effect of B. amyloliquefaciens strains on wheat germination. The graph shows the
percentage of seeds germinated daily. 92

Figure 30 | Growth promotion of wheat seedlings by B. amyloliquefaciens strains. On the left a wheat
seedling watered with SDW (C-). 93

Figure 31 | Wheat growth promoted by B. amyloliquefaciens strains. Histograms show the effects of
treatment with bacterial suspensions on wheat seedlings in terms of increase: dry weight
(a), length of shoots (b), root length (c) and number of roots (d). Duncan’s multiple range
test was performed for P<0.05. 94

Figure 32 | B. amyloliquefaciens ability to colonize soil (a) and rhizosphere (b). Duncan’s multiple
range test was performed for P<0.05. 96
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Summary

Wheat is one of the most important crop all over the world and its widespread diffusion
makes it constantly exposed to many abiotic and biotic stresses. Among the latter,
pathogenic fungi represent a serious threat to the cultivation of this cereal. Nowadays the
use of biocontrol agents (BCASs) is one of the most successful strategies for the prevention
and control of plant diseases.

This study deals with (i) the in vitro evaluation of the antifungal activity of three strains of B.
amyloliquefaciens against Fusarium graminearum, Fusarium culmorum, Bipolaris
sorokiniana and Septoria tritici, (ii) the molecular and chemical characterization of the
compounds involved in the activity, (iii) the in vivo evaluation of the antifungal activity against
B. sorokiniana and (iv) the in vivo wheat growth promotion carried out by B.
amyloliquefaciens strains.

The inhibitory action showed by the filtrates and the extracts of the bacterial growth broths
against all the tested pathogens highlighted the nature of the molecules involved, that are
released, liposoluble and thermostable. The analysis of the presence of ituA, fenD, surfA,
bmyB and mycA genes confirmed the potential production of cyclic lipopeptides (cLPs), such
as iturin, fengycin, surfactin, bacillomycin and mycosubitilin, that are reported as antifungal
compounds. The production of cLPs was confirmed with the characterization of the culture
filtrates by FPLC and the antagonistic assays performed with the fractions obtained. It was
confirmed that fengycins were mainly responsible of the antifungal activity, especially
against B. sorokiniana, that was in vivo inhibited by B. amyloliquefaciens cells and their
filtrates.

Wheat growth promotion was evaluated on seedlings after treatment with B.
amyloliquefaciens suspensions. The three bacterial strains promoted germination of wheat
seeds, seedling growth and root development, confirming to be potential biofertilizers for this
cereal.

The results obtained confirm that B. amyloliquefaciens can be considered a valid BCA
against the most important pathogens of wheat, and its use can be recommended in the

formulation of commercial bio-pesticides.

Key Words: Bacillus amyloliquefaciens, Wheat, Biocontrol, Cyclic Lipopeptides, PGPR.



2 |



INTRODUCTION Wheat | 3

INTRODUCTION

1 Wheat

Cereals are the most cultivated plants in the world with a production of 2,611
million tonnes (FAO, 2017). They are used worldwide, contributing more than
50% of total human nutritional requirements (Mipaaf, 2017). They belong to the
Poaceae family and caryopsis represent the edible part of their grains. Once it
is grinded, the flour obtained is used to be transformed in a wide range of
foodstuffs, that satisfy different food habits and traditions. Cereals are used in
basic human nutrition, such as wheat and rice, but they are also the main
product fed to animals, such as corn, oats and barely.

Among cereals, wheat, is considered the most important one for human
consumption. The most common species are Triticum durum or durum wheat,
used for pastification, and Triticum aestivum or common wheat, used for bread

and bakery production.
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Wheat is cultivated worldwide and its production is gradually increasing year
by year; with 220.4 million hectares cultivated (FAOSTAT, 2014) and a world
production of 749 million tonnes (FAO, 2017).

The global demand for this cereal, driven by the ever-growing human
population’s need for food, has led agricultural entrepreneurs to maximize the
crop productivity. This process has been implemented through the
intensification of the cropping systems, that brings with it several negative
inputs. Examples of these are the exhaustion of soil’s organic matter (causing
the degradation of soil quality and increasing soil erosion); the over-use of
chemical pesticides and the rise of greenhouse gas emissions (Gan et al.
2014).

In addition to environmental problems, wheat cultivation is constantly exposed
to many abiotic and biotic stresses that negatively affect plant growth and
development, reducing crop productivity (Qin et al. 2015; Figueroa et al. 2017).
Among the latter, pathogenic fungi represent a serious and steady problem in
wheat cultivation and furthermore could be a threat for human and animal
health. For this reason, the management of the fungal diseases is one of the

biggest priorities in this crop system.
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2 Fungal diseases of wheat

In recent years, fungal diseases of wheat have emerged as a serious worldwide
plant health and economical problem as they compromise crop yields and grain
guality more than bacteria and virus ones (Goutam et al. 2015).

The most important wheat pathogenic fungi are: Fusarium graminearum,

Fusarium culmorum, Bipolaris sorokiniana and Septoria tritici.

2.1 Fusarium head blight

Fusarium head blight (FHB) is caused meanly by F. graminearum (Schwabe)
Group 2 [teleomorph, Gibberella zeae (Schw.) Petch]. Other pathogens that
are associated with this disease are F. culmorum (Wm. G. Smith) Sacc. and F.
avenaceum (Corda ex Fr.) Sacc. [teleomorph G. avenacea (Cook)]
(Buerstmayr et al. 2012). FHB occurs in the principal wheat cultivation areas of
Europe, North and South America and Asia, representing a global problem
(Lenc et al. 2015; Rawat et al. 2016).

The fungus attacks every part of the plant. The infection starts from the ear,
where F. graminearum colonizes the extruded anthers, the floral bracts, the
caryopsis and finally the rachis. The initial symptoms involve the glumes that
turn brown with water-soaked spots (Sutton 1982; Bai and Shaner 1994). The
pathogen from the inoculation point can reach the near spikelets through the
rachis and in few days the wilting and the premature death of the entire upper
part of the ear is observed (Fig. 1).

FHB causes a severe reduction of grain yield and seed quality, reduces seed
germination and leads to seedling blight. In addition, the grains infected with
Fusarium spp. may become contaminated with mycotoxins, in particular with
deoxynivalenol (DON), that are a serious threat to human and animal health
(Lenc et al. 2015; Salgado et al. 2015; Palazzini et al. 2016; Payros et al. 2016).
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Different strategies based on cropping practices, cultivar resistance and foliar
fungicides application are used to minimize the crop losses and to control the
disease (Willyerd et al. 2012; Clark et al. 2016).

Figure 1 | FHB symptoms on wheat ears (a and b) (Scherm et al. 2013).

2.2 Fusarium crown rot

Fusarium crown rot (FCR) is one of the most chronic and serious diseases of
cereals throughout the world. Different species of Fusarium can cause FCR,
but the most predominant ones are F. culmorum (Wm. G. Smith) Sacc. and F.
pseudograminearum (O’Donnell and Aoki) (teleomorph G. coronicola)
(Akinsanmi et al. 2004, Erginbas-Orakci et al. 2016).

FCR starts with the proliferation of the pathogen near by the site of infections
(the lower part of the plant), leading to crown and root tissues necrotization and
leaf sheaths and lower stem browning (James Cook 1992; Beccari et al. 2011,
Powell et al. 2017). Finally, diseased plants can also be attacked in the ear,
presenting white heads with little or no grain which lead to a severe decrease
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in production (Fig. 2). The quality of grains is also compromised due to the
production of Fusarium mycotoxins (Smiley et al. 2005; Mudge et al. 2006).
FCR is managed through the use of chemical products, resistant and tolerant
cultivars and agronomics practices (Pariyar et al. 2014; Moya-Elizondo and
Jacobsen 2016).

Figure 2 | FCR symptoms on wheat (a) crown, root and (b) ear (white
head) (Scherm et al. 2013).

2.3 Leaf spot blotch

Bipolaris sorokiniana (Sacc.) Shoem. syn. Drechslera sorokiniana (Sacc.)
Subrm and Jain (syn. Helminthosporium sativum, teleomorph Cochliobolus
sativus) is the causal agent of leaf spot blotch (LSB). This disease can be
observed in wheat and other cereal cultivation in the warmer and more humid
regions of the world. B. sorokiniana may be also responsible for other diseases
like common root rot, foot rot, seedling blight and seed rot (Acharya et al. 2011,
Minotto et al. 2014).
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Presence of LSB in wheat crops is characterized by considerable vyield
production losses.

Infected seeds and crop residues represent the main disease sources of
inoculum from which the pathogen starts the infection processes involving both
phylloplane and radical apparatus of wheat (Rioux et al. 2016).

LSB aerial symptoms are characterized by oval necrotic lesions surrounded by
chlorotic halos, that may reduce leaf photosynthetic area, leading to premature
plant senescence (Ghazvini and Tekauz 2007). Seedlings emergence can be
also compromised by rotting or with the abortion of germination (Burlakoti et al.
2014). In addition, the fungus may affects roots, interfering in the search and
absorption of water and nutrients (Minotto et al. 2014) (Fig. 3).

Cropping practices (crop rotation and tillage), seeds disinfection, use of
resistant cultivars and fungicides applications are the only strategies adopted
for the prevention of LSB. Indeed, despite many attempts to manage the
disease, field results show that B. sorokiniana is still the cause of substantial
grain yield reductions, emphasizing the need to find out new defense strategies
(Acharya et al. 2011).

Figure 3 | LSB symptoms on wheat (a) leaves and (b) roots (source:
Mary Burrows, Montana State University, bugwood.org).
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2.4 Septoria tritici blotch

Septoria tritici (Desm.) [teleomorph Zymoseptoria tritici (Desm.) Quaedvlieg
and Crous; syn. Mycosphaerella graminicola (Fuckel) J. Schrét], is the causal
pathogen of septoria tritici blotch (STB). It is widespread globally, especially in
European countries were it represents the most damaging wheat foliar disease
(Jorgensen et al. 2014). Indeed, STB can lead to a severe reduction of yield
production (Ponomarenko et al. 2011).

S. tritici is a hemibiotrophic fungus exhibiting a symptomless period, lasting 8-
11 days post inoculation (dpi), during which pathogen hyphae grow between
leaf's mesophyll cell (without causing any kind of damage). This stage is
followed by a short phase where S. tritici increases its biomass and starts to
produce cell wall-degrading enzymes, followed by pycnidium formation and a
final necrosis development (Siah et al. 2010), that reduce the fitness of the

leaves compromising their photosynthetic activity (Fig. 4).

- a

Figure 4 | STB symptoms on wheat leaf (Ponomarenko et al. 2011).
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The management of STB is centrally focused on the use of synthetic fungicides
and varietal resistance through wheat breeding programs (Ghaffary et al. 2012;
Goudemand et al. 2013; Torriani et al. 2015). However, it's reported that
chemical and genetic control strategies are compromised in the field, due to
the ability of pathogen to frequently develop resistance to fungicides and hosts
(Cowger et al. 2000; Cools and Fraaije 2008; Cheval et al. 2017).

The development of new tools and approaches are needed to set up new

integrated disease management strategies.
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3 Biological control

Management of fungal diseases is based on conventional plant protection and
breeding strategies that are quite easy and effective tools, but actually they can
lead to different types of problems. Overuse of chemical pesticides increases
environmental pollutions and could be considered as human and animal health
threat. In addition, political regulations on chemical pesticides restrict their use,
and in some cases for the most harmful ones, oblige for their withdrawal from
the market (Heydari and Pessarakli 2010). Moreover, breeding practices,
targeted on identification and selection of resistant genes, are time-consuming
and slow process practices (Goutam et al. 2015). These strategies need high
investment costs (Sharma, 2003; Keller et al., 2008) and very often are not
determined approaches, as they can lead to pathogens resistance (Torriani et
al. 2009; McDonald et al. 2015). Nowadays the use of microorganisms is
considered as the best and safest method for plant disease control (Palazzini
et al. 2016).

According to Cook and Baker (1983) biological control is the inhibition of
growth, infection or reproduction of one organism accomplished by or through
one or more organisms other than men. In plant pathology, this term and its
abbreviated synonym biocontrol refers to the use of antagonistic
microorganisms to suppress diseases. These organisms are employed as
natural enemies for eradication and control of pests and pathogens and they
are named as biocontrol agents (BCAs). They can be applied directly on plant
surfaces (e.g. in the rhizosphere, phylloplane and fruit surfaces) and soil, or
from their growth extracted and fermented compounds can be obtained. These
may be the constituents of different formulations with specific activities or with
multiple effects on the host as well as on the target pest and pathogen.

Complex mixtures of natural ingredients can be referred to as bio-pesticides or
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biofertilizer, depending on the primary benefit provided to the host (Cook 1993).
For these reasons, before developing a product base on antagonistic
microorganism, it is essential to understand the way it acts. It is also necessary
to focus the attention on its production, formulation and strategies of
applications, in order to maximize its effects and exploit all its potential (Burges
1998; Alabouvette et al. 2006).

Several reviews have outlined the traits that characterize the ideal microbial
antagonist (Larkin and Fravel 1998; Droby et al. 2009; Sharma et al. 2009;
Ulloa-Ogaz et al. 2015). According to Wilson and Wisniewski (1989), later
reported and extended by Abano and Sam-Amoah (2012), the aspects that

need to be focused during the selection of the BCA are the following:

1. must be genetically stable;

2. should be effective at low concentrations;

w

. should be able to colonize the surface of vegetables and persist in the site
effectively;

. must not be demanding in terms of required nutrients;

. must have better ability than the pathogen to obtain nutrients;

. must be able to survive under adverse environmental conditions;

~N o o b

. should be effective against a wide spectrum of pathogens under different

conditions:

00}

. should be amenable to production on inexpensive growth media;

9. should be amendable to formulations with a long shelf life;
10. should be easy to store without being hazardous to human health;
11. must be resistant to chemicals used in the postharvest environments;
12. must be environmentally friendly;
13. must be compatible with commercial processing practices;
14. should not be detrimental to the quality of crops it preserves.
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Antagonistic effects can be promoted not only through a direct interaction
between BCAs and pathogens, mainly during the saprophytic phase, but also
from an indirect action through induced resistance of the host plant (Cook 1993;
Schouten et al. 2004).

Beyond good agronomic and cultural practices, biological control represents a
viable and safe method to manage plant diseases, that requires a greater and
continuous understanding of the complex interactions among microorganisms,

plants, people and the environment.

3.1 Microbial interactions
One of the precepts on which plant pathology is based is the interaction
between a susceptible host plant, a virulent pathogen and a favorable
environment, from which the degree of severity of disease is determined
(Stirling and Stirling, 1997). This is reported schematically in the disease
triangle (Francl 2001) (Fig. 5).

Host plant

DISEASE

Plant
Pathogen

Environment

Figure 5 | The disease triangle.

During the life cycle, plants and pathogens interact with a wide variety of

organisms. This can affect plant health in various ways, so it is important to
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understand all the mechanisms behind these interactions, that are also
foundations of the biological control.

The types of interaction involving plants and microorganisms refer to:
mutualism, protocooperation, commensalism, neutralism, antagonism,
competition, parasitism and predation.

Mutualism is an association based on a close physical and biochemical contact
among species where all of them take benefits from this interaction. This kind
of association is typical between plants and mycorrhizal fungi.

Protocooperation can be considered as a form of mutualism, but where the

organisms involved do not depend strictly to each other for the survival. This
happens between Rhizobium bacteria and legume plants. Mutualistic
interactions can contribute to biological control stimulating host defense
mechanisms and improving plant nutrition (Biermann and Linderman 1983;
Fitter and Garbaye 1994; Chisholm et al. 2006; Heydari and Pessarakli 2010).

Commensalism is a symbiotic association between two living organisms,

where one organism benefits and the other is neither harmed nor benefited
(Fitter and Garbaye 1994). Most plant-associated microorganisms fall into this
kind of interaction, as their presence can favor host development and defense
(Cook 1993; Chisholm et al. 2006).

Neutralism occurs when the population density of a species does not inflict on
that of another. This can be traced to the dynamics of populations of a
pathogen and another microorganism (Berg et al. 2005; Chisholm et al. 2006).
On the other hand, antagonism describes microbial interactions leading to a
negative outcome for one or both species involved.

Competition, instead, leads to decreasing growth, activity and/or fecundity of

the interacting organisms. Non-pathogenic microorganism can compete with
the pathogenic ones for nutrients and site in host plants (Cook 1993).
Parasitism occurs when one organism, named parasite (usually the physically

smaller one), benefits on the other, called host. This symbiotic coexistence
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takes place over a prolonged period. This interaction can be found in biocontrol
thanks to microbial agents that parasitize plant pathogens (Cook 1993; Lo et
al. 1997; Pal and Mc Spadden Gardener 2006). Finally, predation is when an
organism hunts and kills another one for consumption and sustenance. In plant
pathology this phenomenon can be detected in some fungal species that

nourish from nematodes and arthropods (Cook 1993).

3.2 Biocontrol mechanisms

Application of BCAs for disease management greatly increases interactions
within the crop system. Indeed, pathogens are contended with presence and
activities of other microorganisms that they face off.

Biological control is carried out according to the synergistic action of different
mechanisms, such as: predation, parasitism, competition for nutrients and
space, production of antimicrobial substances and induced resistance (Stirling
and Stirling 1997) (Fig. 6). However, they are still always dependent on
environmental conditions in which they occur (Heydari and Pessarakli 2010).
These interactions are foundations of the antagonistic process, that can be
highlighted in two different ways: direct and indirect antagonism. The first is the
physical contact and/or the high-degree selectivity for the pathogen by the
mechanisms exerted by BCA. It occurs by competition and/or production of
antibiotics and secondary metabolites. The second, instead, does not directly
involve the pathogen, but is based on the improvement and stimulation of host

plant defense mechanisms by biocontrol organisms.
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Figure 6 | Biocontrol mechanisms of BCAs for plant diseases management (Singh 2014).

Competition: Nutritional sources in soil and plant surfaces (rhizosphere

and phylloplane) are limited for the survival of many microorganisms. This
phenomenon allows, therefore, to regulate the population dynamics of
organisms that share the same ecological niche. Indeed, it has been
demonstrated that non-pathogenic microorganisms can protect the plant by
rapidly colonizing and thereby exhausting the limited available substances,
preventing the growth and development of pathogens (Heydari and Pessarakli
2010). These microbes colonize the sites where water and carbon sources are
most readily available.

Soil and rhizosphere represent a region of intense microbial exchanges due to
the presence of exudates, leachates and senescent tissues, and where there
may also be competition for oxygen. On leaf surface, where nutrients are in

short supply, competition is thought to play a significant role for limiting the
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incidence and the severity of the disease. The most effective pathogenic
competitors are BCAs that have the same nutritional requirements.
Competition for minor but essential elements, such as iron, has been
demonstrated to be also important for the biological control of pathogens. Iron
is an element found in limited concentrations in soil and rhizosphere. The low
concentration depends on soil pH values, which make this metal insoluble (in
ferric form) and unavailable for microbial growth. Microorganisms to survive in
such condition have begun to secrete metabolic products of iron-binders, called
siderophores; bounded iron can be transported from the environment into the
microbial cell (Kageyama and Nelson, 2003; Asghar and Nader, 2009). Iron
competition is one of the strategies used by fluorescent pseudomonads to limit
pathogen growth, reducing the incidence and severity of the disease (Kloepper
et al. 1980; Heydari and Pessarakli 2010).

Beyond trophic competition, BCAs can also compete for space. The
competition between microorganisms for colonization of the same site is called
“site exclusion”. This occurs most frequently among organisms that are

taxonomically closer.

Antibiosis: Many BCAs produce and secrete various compounds

interfering with pathogen growth and activities; among these, antibiotics are
the most effectives ones. Antibiotics are microbial toxins that, even at low
concentrations, can poison or kill the organism that has been exposed.

In antibiotic processes, not only antibiotics in sensu stricto are involved, but
other molecules like: bacteriocins, cell wall degrading enzymes and volatile
compounds with antifungal activity (Alabouvette et al. 2006). Many of these
compounds, produced by BCAs, have been proved effective against plant
pathogens, but among all 2,4-Diacetylphloroglucinol (DAPG), phenazines,
pyluteorines, pyrrolnitrines and cyclic lipopeptides are the most promising

ones. Pseudomonas spp., Bacillus spp. and Trichoderma spp. are the most
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important species that produce these molecules (Yoshihisa et al. 1989; Islam
et al. 2005; Pal and Mc Spadden Gardener 2006).

For being effective (in vitro and in situ conditions) an antimicrobial compound
(AMC) must be produced in sufficient quantity (Heydari and Pessarakli 2010).
Furthermore, for the selection of a potential BCA, it is important to know when
and where these molecules are produced, but also their mechanisms of action.
Depending on the specific cellular composition, an organism may be more
susceptible to an AMC than another one. Indeed, each molecule has its own
mechanism of action: some attack the cellular membranes, others have
inhibitory effects on the ribosome and others alter cellular constituents
(McSpadden Gardener and Fravel 2002; Sturz 2006; Ulloa-Ogaz et al. 2015).
Many microorganisms perform direct antagonism through production and
release of lytic enzymes which are able to hydrolyse a wide range of polymeric
compounds (proteins, cellulose, hemicellulose and DNA). Chitinase and 3-1,3
glucanase, are the most important lytic enzymes as they can degrade the main
components of the cell walls (chitin and B-1,3 glucan) of many pathogenic
fungi, leading to their deaths (Chernin and Chet 2002; Singh 2014).

In addition to previously described metabolites, other AMCs that control plant
diseases are volatile compounds, such as hydrogen cyanide (HCN). It is
typically produced by some fluorescent pseudomonads and it acts by blocking
the cytochrome oxidase pathway, becoming toxic, even in small
concentrations, to all aerobic microorganisms (Ramette et al. 2003; Heydari
and Pessarakli 2010).

Induction of host resistance: Plants respond to abiotic and biotic

stresses by activating defense responses. Physical stress, interaction with
pathogenic and non-pathogenic organisms and organic and synthetic chemical
molecules, can induce or affect the defenses of the host plant, which reacts

through biochemical changes. These processes can be localized or systemic
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and depend on the type and amount of stimulation agents. There are two
pathways leading plants to elicit defensive responses: systemic acquired
resistance (SAR) and induced systemic resistance (ISR) (Vallad and Goodman
2004).

SAR is mediated by salicylic acid (SA), which is produced by the host following
infection of a pathogen. This leads to the expression of pathogenesis-related
(PR) proteins, such as phytoalexins, which act directly by lysing the pathogen
cells, leading to the death of the localized cells of the affected tissues or to the
reinforcement of cell walls, allowing them to withstand infection (Ryals et al.
1996; Durrant and Dong 2004; Vallad and Goodman 2004).

ISR is mediated by jasmonic acid (JA) and/or ethylene, that are produced by
the host plant after bounding with non-pathogenic microorganisms.

It has been reported that host defenses are constantly stimulated throughout
its life cycle this is due to the involvement of a substantial number of microbial
products (Ryu et al. 2003).

Several strains of Pseudomonas spp., Trichoderma spp. and Bacillus spp. can
elicit ISR, allowing plants to withstand pathogen attacks to the leaves and roots
without offering a direct protection (Harman et al. 2004; Kloepper et al. 2004,
Pal and Mc Spadden Gardener 2006; Choudhary et al. 2007).

The characteristics previously analyzed make BCAs a potential resource for
the control of plant diseases in modern agriculture. Moreover, a part of them
can also be considered as potential biofertilizers, due to their ability to solubilize
insoluble substances present in the soils and to produce phytohormones
promoting a greater growth and development of crops. The microorganisms
that combine these two activities are referred to Plant Growth Promoting
Rhizobacteria (PGPR) (Beneduzi et al. 2012).

Bacillus spp., together with Pseudomonas spp. are the most important bacteria
belonging to this group.
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4 Bacillus spp.

4.1 General information

Bacillus is a bacterial genus belonging to Firmicutes phylum and Bacillaceae
family. It was described for the first time by Cohn in 1872, after the discovery
of a strain by Ehrenberg in 1835. Bacillus spp. are Gram+ bacteria, obligate
aerobes or facultative anaerobes (Alina et al. 2015). Size and cell morphology
may differ between and within species, as they can show up rod-shaped,
straight or slightly curved; occurring singly, in pairs or in chains and
occasionally as long filaments. The terminal electron acceptor is molecular
oxygen (O2). Many Bacillus species are able to secrete large quantities of
enzymes (they are oxidase and catalase positive) and some of them can also
produce pigments in presence of specific nutrients (Khaneja et al. 2010). Many
Bacillus species appear to be mobile by means of peritrichous flagella; they
can metabolize carbohydrates by fermentation and they are typically resistant
to penicillin (with the exception of B. anthracis).

According to Bergey’s Manual (Logan and De Vos 2009) over 90 Bacillus
species have been described. These include both pathogenic (for humans and
animals) and beneficial (probiotics) species, widely adapted to grow in different
contexts (Earl et al. 2008).

This group of bacteria is mostly ubiquitous in nature, being distributed in all the
ecological environments (soil, air and water) (Zhang et al. 2008). This skill is
certainly linked to the ability of this genus to form a highly resistant dormant
endospore in response to environmental stresses, like: heat, salinity, nutrient
depletion, radiation exposure, pH variations and other conditions that can lead
to the impairment of bacterial metabolic and physiological processes. There is
only one endospore in the sporangia cell that can be distinguished from the

rest of vegetative cell, as they are refractile and less colored (Alina et al. 2015).
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Based on its position within the bacteria it is possible to use it as a distinctive
trait among species.

Cohn (in 1872) and Koch (in 1876) describe for the first time resistance,
development and formation cycle of bacterial spore (Logan and De Vos 2009).
It is formed inside the bacterial cell, so why called endospore, and
subsequently released as a free spore after the lysis of the mother cell.
Endospores are formed by vegetative cells after receiving an adverse
environmental signal, and only when they found appropriate vital conditions
germinate, originating a new vegetative cell. This feature combined with their
metabolic diversity allowed these bacteria to spread and colonize a wide
variety of environments (Wipat and Harwood 1999).

B. subtilis is the type species for this genus and has been used as a model
organism for the prokaryotic research concerning the investigation of the
sporulation system and the capacity of these bacterium to produce antibiotics
and enzymes of industrial importance (Devine 1995). For these reasons, in
1997, B. subtilis strain 168 was the first Bacillus species to have the complete
genome sequenced (Kunst et al., 1997). Its genome consists of 4,214,810
base pairs (bp) and includes about 4,100 genes encoding proteins; of these,
192 have proved to be indispensable, others 79 are considered essential or
highly determinant (Kobayashi et al. 2003).

The main studied Bacillus species are divided into two specific groups. The first
one, referring to Bacillus subtilis group, includes: B. subtilis, B. pumilus, B.
licheniformis and B. amyloliquefaciens among others. The second group,
referring to Bacillus cereus group, includes: B. cereus, B. thuringiensis, B.
mycoides and B. anthracis (Priest et al. 1988; Mora 2013).

4.2 Bacillus in industry

Bacillus species have always been an important industrial resource and they
have been used in most of industrial sectors: food, pharmaceutical, chemical,
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energy, medical and agricultural. Their application has been possible due to
their biological and metabolic characteristics. That being the ability to grow at
very high rates with very short fermentation cycles, to form spores and produce
different types of proteins on extracellular medium (Mora 2013). Moreover, all
the developments on the biochemical, physiological and genetic knowledge of
Bacillus species allow to have a greater development and industrial application
of these organisms (Schallmey et al. 2004).

In addition, most of the Bacillus species, such as B. subtilis, B.
amyloliquefaciens and B. licheniformis have been granted "Qualified
Presumption of Safety” (QPS) status by the European Food Safety Authority
(EFSA) and as "Generally recognized as safe" (GRAS) by the Food and Drug
Administration (FDA) of the US (Hazards 2013; U.S. Governmen Publishing
Office 2017).

Bacillus species are able to produce three important industrial products:
enzymes, antibiotics and insecticides.

Enzymes, such as proteases, amylases, glucanases and cellulases are
produced by different Bacillus species, which growing in a liquid substrate
under industrial fermentation conditions, can produce up to 20-25 g of enzymes
per liter of supernatant (Ferrari et al. 1993; Schallmey et al. 2004). The ability
of different species to carry out fermentative processes at different pH and
temperature ranges led to the development of various new commercial
enzymatic products with different stability properties, allowing these products
to deal with a variety of specific applications. Natural mutations and/or selection
techniques, along with advanced cloning and protein engineering strategies,
have been exploited to improve these products and increase the quality and
guantity of their production.

Among Bacillus species, B. subtilis, B. licheniformis and B. amyloliquefaciens
have a high secreting capacity of extracellular enzymes, that are used in

different industrial sectors (Tab. 1).



INTRODUCTION Bacillus spp. | 23

Table 1 | Industrial application of Bacillus spp. enzymes and products.

Enzyme / Product Industrial sector Bacillus spp.
Protease Detergent B. licheniformis, B. clausii and B. amyloliquefaciens
Feed additive B. thermoprotyolyticus
Amylase Detergent B. subtilis and B. licheniformis
Starch B. subtilis and B. licheniformis
Textile B. halodurans
Feed additive B. licheniformis and B. amyloliquefaciens
Cellulase Bioenergy B. subtilis
B-glucanase Feed additive B. subtilis and B. licheniformis
Lipopeptides Pharmaceutical B. subtilis
Purine nucleotides  Feed additive B. subtilis
Manufacturing B. subtilis
Endotoxins Agrochemical B. thuringiensis

Among Bacillus compounds, primary and secondary metabolites are those
characterized by a strong antimicrobial activity. Bacitracin A and surfactin are
the most widespread antibiotic molecules in various industrial fields. Bacitracin
A is a cyclic oligopeptide synthesized from B. licheniformis and is mainly used
as a dietary antibiotic in poultry consumption, mainly in chicken farms.
Surfactin, instead, is a cyclic lipopeptide (cLP) with strong surfactant activity
and emulsification capacity and it is produced by B. subtilis and related species.
It has great potential application in agricultural, chemical, food and
pharmaceutical industries to prevent or control spoilage and pathogenic
microorganisms, as well as in bioremediation of contaminated sites (Stein
2005; Coutte et al. 2010; Saimmai et al. 2011).

One of the major industrial uses of some Bacillus species is as probiotics. In
fact, their ability to form spores allows these microorganisms to be used for
more than fifty years, gaining more interest than other Gram+ bacteria (i.e.
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Lactobacillus spp.). B. clausii, B. subtilis and B. licheniformis are the most used
probiotics, among other Bacillus species (Raddadi et al. 2012; Shahcheraghi
et al. 2015).

Vitamins (like riboflavin) and purine nucleotides are other Bacillus compounds
used in pharmaceutical and feed industries (Schallmey et al. 2004; Raddadi et
al. 2012).

Furthermore, in the food sector, can be found the employment of a B. subtilis
strain, called Bacillus "nattd". It is used in the preparation of a typical Japanese
dish called Natto, which consists of the fermentation of soybeans with this
microorganism (Schallmey et al. 2004; Logan and De Vos 2009). It has been
demonstrated that this dish is effective in reducing blood coagulation by
fibrinolysis and eliciting host's immune system (Raddadi et al. 2012;
Shahcheraghi et al. 2015).

As previously mentioned some species of Bacillus can produce carotenoids, in
addition to being used as food colorants or supplements. These pigments may
also have cosmetic and pharmaceutical purposes as nutraceuticals as well as
biological properties such as anti-cancer, anti-inflammatory and anti-oxidative
(Raddadi et al. 2012).

At last other important enzymes produced by Bacillus spp. are cellulases and
xylanases. They are used in various fields such as in the paper and pulp
industry, for improving texture of baked goods, in the textile industry and in

poultry feed (as food supplements).

4.3 Bacillus in agriculture
Most Bacillus species used in biotechnological processes are located in
Bacillus subtilis group. They are implicated in several industrial productions
including enzymes, functional foods and biopolymers. In addition to the
industrial applications, mentioned above, many Bacillus spp. strains. have

different uses in agriculture. Their growing use, especially in recent years, has
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been due to the setup of new methods of controlling plant diseases in order to
replace, or at least supplement, the existing chemical-based strategies.
Moreover, species of Bacillus have resulted in being part of the microflora that
colonize and inhabit several plant species tissues (including cereals, legumes,
vegetables and several fruit trees), where they naturally play roles of protection
and growth stimulation for plants (Kumar et al. 2011). This bacterial community
is therefore a pool from which, in the last few years, researchers have isolated
and selected strains that act as natural BCAs.

They are used both as natural antagonists, carrying out biocontrol action
against different phytopathogens and pests, as well as biofertilizers, carrying
out a plant growth promotion activity (Mishra and Kumar 2012; Alina et al.
2015) (Fig. 7).

Figure 7 | Bacillus target triangle (Adapted from: Pérez-Garcia
et al. 2011).
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Bacillus subtilis group, due to its importance in biotechnological industry and
agriculture, is the most studied bacterial group as it incorporates species that
act as BCAs and growth promoters of plants. B. subtilis, B. amyloliquefaciens,
B. licheniformis and B. pumilus are the most important Bacillus spp. among
others (Pérez-Garcia et al. 2011; Raddadi et al. 2012).

These species have high anti-microbial activity, both anti-fungal and anti-
bacterial. Several Bacillus-based commercial products have been established
to counteract different plant pathogens (Tab. 2).

The Bacillus spp. formulation is more readily achieved compared with other
BCAs due to endospore-forming that allows these microorganisms to have a
resistant life stage.

These products include different types of formulations: liquids (aqueous
suspensions and flowables), wettable powders and dry flakes. Moreover they
can contain one or more strains of active ingredients and can be applied to
foliage, soil and to transplants mix when seeding (Ardakani et al. 2009).
Bacillius spp. BCAs-products possess all possible biological traits to suppress
pathogenic microbes and enhance plants health. These processes are carried
out through different activities such as a direct mechanism mediated through
trophic and spatial competition (only if applied in advance) and antagonizing
plant pathogens through a wide range of self-produced substances (such as
extracellular lytic enzymes and secondary metabolites), or carrying out an
indirect mechanism inducing host plant resistance by promoting growth and

nutrient acquisition capabilities (Rahman 2016).
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Plant growth promotion induced by Bacillus species can involve the

production of several hormones that assist development and plant growth, like:
auxins, cytokinins and gibberellins.

The production of indole-3-acetic acid (IAA) has been found in many strains of
Bacillus spp. The synthesis in these bacterial species is tryptophan (Trp)-
dependent and involves indole-3-pyruvic acid (IPA). However, it can have a
Trp-independent pathway from different aromatic amino acids (such as praline,
cysteine alanine) (Acufia and Jorquera 2011).

Quantitative analysis on cytokinins and gibberellic acid production have been
carried out on B. subtilis, B. licheniformis and B. pumilus, by gas
chromatography and mass spectrometry (Gutiérrez-Mafero et al. 2001;
Arkhipova et al. 2005; Hussain and Hasnain 2009).

Plant growth is also promoted improving nutrient uptake of low-soluble
minerals, such as phosphorus, that can be found in soils as phosphate and
phytate. It can be solubilized by biofertilizer strains that have extracellular
phytase activity, leading plant tissues development even under limited
phosphate conditions. This phenomenon was described to be promoted by the

use of FZB45 strain of B. amyloliquefaciens (Idris et al. 2002).

Bio-control is promoted by Bacillus spp. to provide plant protection

against microbial pathogens. This activity involves antibiotics and extracellular
lytic enzymes productions, nutrients and niche competitions and induced
defense response in host plants.

Synthesis of antibiotic compounds in Bacillus spp. occurs during sporulation
and steady growth phase (Alina et al. 2015). Among these zwitteriomicin A,
kanosamine and peptides are the most important ones.
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The former is a linear aminopolyol with a broad spectrum of inhibitory action
against bacteria and eukaryotic organisms, including Oomycetes (Van
Straaten et al. 2013).

B. subtilis, B. pumilus and B. cereus UW85 are Kanosamine (3-amino-3deoxy-
D-glucose) producers. This antibiotic has an inhibiting action especially against
Oomycetes (Phytophthora spp.), but also, a moderate activity against
Ascomycetes (Botryotinia fuckeliana, Venturia spp. Sclerotinia spp.),
Basidiomycetes (Rhizoctonia solani), mitosporic fungi (Alternaria spp.
Fusarium spp. and Verticilium spp.) and some bacteria (Milner et al. 1996; Pal
and Mc Spadden Gardener 2006; Van Straaten et al. 2013).

Among the antibiotic compounds produced by Bacillus spp., lipopeptides (LPSs)
are the most extensively studied (Alina et al. 2015).

They are amphiphilic compounds having a common structure consisting of a
lipid tail linked to a short linear or cyclic oligopeptide. Depending on their amino
acid sequence, cLPs, are classified into three families: iturins, fengycins and
surfactins (Ongena and Jacques 2008).

Iturin is reported to have a strong antibiotic effect. Indeed, the one produced
by B. amyloliquefaciens strains A:Z (isolated from soybean rhizosphere),
successfully inhibited F. oxysporum, Sclerotinia sclerotiorum and
Macrophomina phaseolina, three taxonomically diverse fungal pathogens
(Kumar et al. 2008). B. subtilis has also proved to be a iturin producer.
Specifically the bacillomycin D (Iturin A group) produced by AU195 strain is the
compound responsible for antagonism against Aspergillus flavus and other
plant pathogenic fungi (Moyne et al. 2001). Other four strains of B. subtilis,
UMAF6614, UMAF6616, UMAF6639 and UMAF8561, suppressed powdery
mildew of cucurbits caused by Podosphaera fusca thanks to the inhibitory

activity of iturin and fengycin (Romero et al. 2007).
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In addition to antifungal activity, lipopeptides have antibacterial activity.
Surfactin produced by B. subtilis provides protection against Pesudomonas
syringae in Arabidopsis thaliana (Bais et al. 2004).

Polyketides are other secondary metabolites that are involved in the
antagonism processes against phytopathogenic bacteria. Difficidin and
bacilysin, produced by BCAs strains FZB4 of B. amyloliquefaciens, are the
active compounds against Erwinia amylovora, causal agent of fire blight
disease in orchard trees.

The antifungal activity of Bacillus sp. is also carried out by enzymes, such as
chitinase, B-1,3-glucanase and protease. The former acts inhibiting fungal
spore germination and germ-tube elongation. B-1,3-glucanase lyses the cell
walls of M. phaseolina, F. oxysporum, F. solani, S. sclerotiorum, Colletotricum
spp. and R. solani. Protease is able to hydrolyze cell wall, inhibiting fungal
growth (Chen et al. 2009c, 2004; Kumar et al. 2012).

Besides antimicrobial activity against several plant pathogens, a particular
Bacillus species named B. thuringensis is used to control pests important in
agriculture, forestry and medicine. This activity is excreted by the bacterium
inside the digestive tract of insects, where it is able to synthesize, during
sporulation, a crystalline inclusion. It contains proteins known as &-endotoxins
or Cry proteins, which have insecticidal properties (Schallmey et al. 2004;
Pérez-Garcia et al. 2011). B. thuringensis has become the leading biological
insecticide employed worldwide in agriculture, representing nearly 70% of the
global biopesticides market. Moreover it is considered completely safe for non-
target organism, including humans and animals, and for the environments
(Raddadi et al. 2012).

ISR is another way of action enhanced by Bacillus species for promoting
plant health (Choudhary and Johri 2009). Specific strains of different Bacillus
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spp. have been shown to induce systemic resistance, eliciting a significant
reduction in the incidence or severity of various diseases in several crops
(Kloepper et al. 2004).

The extraordinary competence to survive in extreme environments, the spore-
forming ability and versatility make Bacillus spp. highly effective as
biopesticides and biofertilizers, and stimulate their continuous study and

research for their unlimited application in agriculture.

4.4 Bacillus amyloliquefaciens

Bacillus amyloliquefaciens was isolated from soil and was described for the
first time in 1943 by Fukumoto. The name derives from the ability to produce
(faciens) amylase (amylo), an enzyme capable of liquefying (lique) or better
degrading complex sugars into simple sugars. Until a few years ago it was
considered a subspecies (subsp.) of Bacillus subtilis, in fact, only since 1987 it
has been recognized as a new species (Logan and De Vos 2009)

As phenotypic and biochemical differentiation between closely related species
is difficult to achieve, only in recent years, with new molecular tools, has it been
possible to reclassify several strains from B. subtilis species to B.
amyloliquefaciens. The only traits that allow for discrimination between this two
Bacillus species are that B. amyloliquefaciens produces acid from inulin, its
cells tend to be enchained and has central-located cell endospores (Alina et al.
2015).

B. amyloliquefaciens is a ubiquitous microorganism, it is commonly found in
soil and vegetation all over the world.

There are a multitude of enzymes produced by this species, but a-amylase and
protease production make B. amyloliquefaciens the largest producer among
bacterial species. These enzymes are used in various industrial fields: from

food to biotechnology.
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Moreover, it does not produce toxins harmful to human health and for this
reason granted the QPS status from EFSA.

Nowadays, B. amyloliquefaciens is self-standing species with two approved
varieties, subsp. amyloliquefaciens and subsp. plantarum (Alina et al. 2015).
B. amyloliquefaciens subsp. plantarum strain FZB42 is the model bacterium of
this species.

The entire genome of B. amyloliquefaciens was recently available (Chen et al.
2007). Its core-genome contains 3,151 genes while the pan-genome contains
more than 6,000 genes. This suggests a high degree of flexibility in the genome
of B. amyloliquefaciens strains (Chowdhury et al. 2015). Furthermore, fifty-four
genes belonging exclusively to the subsp. plantarum have been identified, as
they were absent in the genome of the free-living bacterium B.
amyloliquefaciens subsp. amyloliquefaciens (such as gene cluster involved in
carbon metabolism and that of polyketides synthesis) (Qiao et al. 2014).

B. amyloliquefaciens stimulates plant growth and has a high antimicrobial
activity, being able to control several plant diseases. Indeed, the type strain
FZBA42 is used as BCA, resulting efficient against many fungal and bacterial
phytopathogens (Borriss 2011). There are three strains of B. amyloliquefaciens
constituting four different bioformulates used in agriculture (Tab. 2). These
products exploit the potentiality of these strains both as BCAs and as PGPR.
B. amyloliguefaciens ability to promote plant growth and suppress diseases
was documented in many crops (Guel et al. 2008 Wang et al. 2009; Chowdhury
et al. 2013).

Furthermore, it has been demonstrated that radical colonization processes of
this bacteria, are promoted by radical exudates, which stimulate the expression
of genes involved in plant-bacteria interactions (Fan et al. 2012, 2015; Borriss
2015; Kierul et al. 2015).

Its exceptional rhizospheric competence and the high capacity to produce

antibiotic compounds could create problems for the microbial communities



INTRODUCTION Bacillus spp. | 33

present in nature (Chowdhury et al. 2015). However, regardless its mode of
application B. amiloliquefaciens does not alter the composition of the bacterial
community of the rhizosphere to a measurable extent (Correa et al. 2009). This
happens with the inoculation of pathogens, which change the structure of
rhizospheric microbial communities (Erlacher et al. 2014; Borriss 2017).
The ability of this Bacillus sp. to support the growth of many crops is due to
several factors that involve the complex interplay between root-colonizing
bacteria and plants.
These skills are listed below:
- ability to colonize and persist in plant roots (as describe above);
- production of phytohormones (IAA) and volatiles compound (2,3-
butanediol and acetoin) that enhance plant growth (Ryu et al. 2003; Idris
et al. 2007);
- improvement of nutritional availability (phosphorus solubilization) (Acuia
and Jorquera 2011);
- antibacterial and antifungal activity (Borriss 2011).
The analysis of the entire genome of B. amyloliquefaciens has shown the
remarkable ability of this species to produce a wide spectrum of different
secondary metabolites, able to counteract many plants pathogenic
microorganisms (Chen et al. 2007).
The synthesis of AMCs, produced by B. amyloliquefaciens involves 11 gene
clusters, representing more than 9% of the entire genome (Chowdhury et al.
2015). Nine of them are involved in the non-ribosomal synthesis of lipopeptides
and polyketides, while two are involved in the synthesis of bacteriocins (Tab.
3).
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In contrast, other Bacillus spp. dedicate only around 5%, or less, of their
capacity to synthesize antimicrobial compounds (Fig. 8).

As demonstrated in previous studies it is widely assumed that antibacterial
activity is carried out primarily by ribosomally synthesized bacteriocins (Scholz
et al. 2014), non-ribosomally synthesized poliketides (Chen et al. 2006) and
bacilysin (Chen et al. 2009c¢); whereas, antifungal activity is due to non-
ribosomal peptides (NRPs) (Koumoutsi et al. 2004), the cyclic lipopeptides
(cLPs).

This arsenal of antimicrobial compounds makes B. amyloliquefaciens an

efficient biopesticide to be used in plant disease control (Borriss 2011).
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Figure 8 | Genome comparison of B. amyloliquefaciens, B. subtilis and B. licheniformis type strains. The whole
genomes of B. amyloliguefaciens plantarum SQR-9 (outside circle), B. amyloliquefaciens
amyloliqguefaciens DSM7T (second circle), B. subtilis subtilis 168T (third circle), and B. licheniformis
DSM213T (inner circle) were aligned with FZB42T. The color code indicates % similarity of single

gene products (Chowdhury et al. 2015).



36 | Bacillus spp. INTRODUCTION

4.5 Cyclic Lipopeptides
The main biocontrol mechanism of plant pathogens is antagonism. This activity
Is exploited by Bacillus spp. in the production of enzymes degrading the cell
wall, volatile organic compounds and antibiotics. These capacities make Bacilli
to be considered as microbial factories of a wide range of biologically active
molecules, some of which have potentially antimicrobial activity against plant
pathogens (Stein 2005; Pérez-Garcia et al. 2011).
Genetic analyses revealed that 5 - 9% of the genomes of respective B. subtilis
and B. amyloliquefaciens are involved with synthesis of several antimicrobial
compounds, that are implicated in their fithess as BCAs (Stein 2005; Chen et
al. 2009b; Ruckert et al. 2011). Antimicrobial Peptides (AMPs) are the
predominant compounds produced by Bacillus spp. including B.
amyloliquefaciens, B. subtilis B. licheniformis, B. thuringiensis, and B. cereus
(Rahman 2016).
Bacillus LPs are released into the medium during the stationary phase of the
culture, near to endogenous spore formation time (Rahman 2016): they are
amphiphilic compounds consisting of a common structure made up of a lipid
tail linked to short linear or cyclic peptide. They can differ according to length
and composition of the fatty acid tail, to the number, to the type and to the
configuration of amino acids of the peptide (Stein 2005; Ongena and Jacques
2008). This considerable structural diversity of cLPs is related with their
synthesis processes, that are mediated by proteins defined as non-ribosomal
peptides synthetases (NRPSs) (Strieker et al. 2010; Deravel et al. 2014).
Synthesis occurs by elongation of activated monomers of amino and hydroxyl
acid building blocks (Patrick 2012; Mora 2013).
Based on their amino acid sequence, cLPs can be classified into three different
families: Surfactins, Iturins and Fengycins (Ongena and Jacques 2008; Guo et
al. 2014; Mejri et al. 2017) (Fig. 9).
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Surfactin family
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0
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Figure 9 | Structures of representative members and diversity within the three lipopeptide families
synthesized by Bacillus species (Ongena and Jacques 2008).
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Surfactins family includes heptapeptides associated with a B-hydroxy
fatty acid, consisting of 13 to 16 carbon atoms. Esperin, lichenysin, pumilacidin
and surfactin are members of this cLPs group (Ongena and Jacques 2008;
Jacques 2011). Their amphyphilic nature makes them powerful biosurfactants
with haemolytic, antiviral, antimycoplasmic and antibacterial activity (interfering
with biological membrane), but without a marked fungitoxicity (with some
exceptions) (Vollenbroich et al. 1997; Huang et al. 2006, 2011; Tendulkar et al.
2007; Ptaza et al. 2013). Because these properties, in addition to being used
in biological control of many plant pathogens and pests (Assié et al. 2002; Bais
et al. 2004; Toure et al. 2004), surfactins are employed as emulsifying, foaming
and oil recovery, having a biotechnological, medical, industrial and
environmental applications (Seydlova et al. 2011; Pathak and Keharia 2014).
The synthesizing surfactin complex consists of four enzymatic subunits SrfA,
SrfB, SrfC and the acyltransferase SrfD which, during the surfactin initiation
process, transfers the B-hydroxy fatty acid substrate from coenzyme A to the
first SfA module (Steller et al. 2004; Shaligram and Singhal 2010).

Surfactin biosynthesis is growth-phase dependent, induced during the
transition to the stationary phase (Chen et al. 2009b) and in some cases strictly
related with the early stage of sporulation (Nakano et al. 1991). Its regulation
Is mediated by the complex cellular exchanges network promoted also by the

guorum sensing (Nakano et al. 1991; Yazgan et al. 2001).

Iturins is a large family of antimicrobial compounds, which includes
bacillomycin D, F and L, iturin A and C, and mycosubtilin (Ongena and Jacques
2008). They are heptapeptides with a B-amino fatty acid, consisting of 14 to 17
carbon atoms (Stein 2005). They have an exceptional antifungal activity
against a wide range of fungi and yeasts, a moderate antibacterial and antiviral
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activity, a limited surfactant action and enhance swarming motility
(Roongsawang et al. 2002; Romero et al. 2007; Jacques 2011).

lturin antifungal activity is based on their capacity of membrane
permeabilization (Bonmatin et al. 2003). This occurs through the formation of
lonic pores, which lead to an osmotic perturbation (Aranda et al. 2005). Iturin
mechanism of action differs from the one mediated by surfactins, which cause
membrane destruction or solubilization (Patel et al. 2011).

lturins NRPSs gene cluster is composed of four large open reading frames
(ORFs) called bmyD, bmyA, bmyB and bmyC for bacillomycin; ituD, ituA, ituB
and ituC for Iturin; fenF, mycA, mycB, mycC for mycosubtilin (Moyne et al.
2004; Duitman et al. 1999; Koumoutsi et al. 2004). The first gene (bmyD, ItuD
and fenF) code for malonyl-CoA transcylase, responsible for the biosynthesis
of the fatty acid chains. The last three genes code respectively for the proteic
machinery responsible for the incorporation of the first residue (bmyA, ituA and
mycA), the following four residues (bmyB, ituB and mycB) and the two last
residues (bmyC, ituC and mycC) of the cyclic peptide in the cLP (Chen et al.
2009b; Ongena and Jacques 2008). Bacillomycin is characterized for the
presence of a terminal threonine (Thasana et al. 2010). Instead, iturin A and
mycosubtilin present almost the same structure with the exception of the last

two amino acids that turn out to be reversed (Ongena and Jacques 2008).

Fengycins are decapeptides containing an internal lactone ring in the
peptidic moiety and with a B-hydroxy fatty acid consisting of 14 to 18 carbon
atoms. The fengycins, compared to the previous cLPs described above,
despite being equally widespread in occurence, have a low structural diversity
within the family; including fengycin A and B and plipastatin A and B, closely
related (Stein 2005; Romero et al. 2007; Jacques 2011). The fengycin A and
the fengycin B differ for a structural variant that corresponds to the amino acid

residue in position 6, Ala for the former and Val for the latter (Ongena and



40 | Bacillus spp. INTRODUCTION

Jacques 2008). These compounds are able to degrade the structure of
biological membranes, increasing their permeability with subsequent
deformation and collapse (Deleu et al. 2005). This mechanism of action allows
the control of many plant pathogens; which also adds the ability to induce
systemic resistance in plants (Romero et al. 2007).

If used as biosurfactants, Fengycins can also inhibit the formation of biofilm in
some bacteria and degrade polycyclic aromatic hydrocarbons (Das et al. 2008;
Rivardo et al. 2009).

The synthesis of fengycins is mediated by NRPSs encoding for an operon with
five ORFs fenA-E. In B. subtilis 168 fen operon is related to the pps operon and
Is situated at the same locus as this, instead in B. amyloliquefaciens it is about

25 kb distant from the bmy gene cluster (Chen et al. 2009a).

Cyclic lipopeptides, as said before, show a wide range of biological activities
against many plant pathogens mediated by direct antagonism and/or induction
of the plant immune system (Ongena and Jacques 2008; Deravel et al. 2014;
Farace et al. 2015). Iturins and fengycins are mainly recognized for their
antimicrobial properties, while surfactins are known for their biosurfactant
potential, as promoters of many bacterial biological processes and as elicitors
of ISR activation in plants (Fig. 10) (Toure et al. 2004; Ongena and Jacques
2008; Pérez-Garcia et al. 2011).

These properties make cLPs a precious resource for modern agriculture, which
have to be studied in deep, in order to maximize their value and applications in

plant defense and in other research fields.
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AIM OF THE WORK

Wheat, due to its economic importance, is subjected to an intensified crop
system, characterized by a massive increase in input such as irrigation, tillage,
use of fertilizers and pesticides. This predisposes the environment to be subject
to different forms of pollution and the crop to be more vulnerable to the attack
of many pathogens.

F. graminearum, F. culmorum, B. sorokiniana and S. tritici, represent a steady
and a worldwide spread threat for the cultivation of this cereal.

These fungal pathogens are only controlled by the use of chemical compounds.
Therefore, it is important to find a viable alternative that allows to control these
plant pathogens and in the same time, to be environmentally friend.

In recent years plant defense strategies, proposed by scientific researches, are
based on the use of beneficial microorganisms to plants. B. amyloliquefaciens
represents one of the most important because it combines the BCA and PGPR

activities.
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As stated, the objectives of this work are to:

Objective 1: Evaluate the in vitro antagonistic activity of B. amyloliquefaciens

against the fungal pathogens of wheat.

Objective 2: Characterize the cLPs through molecular and chemical analysis

and evaluate their stability.

Objective 3: Check for in vivo wheat growth promotion by B.

amyloliquefaciens strains and evaluate their in vivo antagonistic

activity against B. sorokiniana.
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MATERIALS AND METHODS

1 Bacillus amyloliquefaciens strains

B. amyloliquefaciens strains used in this work are Bal5, Bal6 and Bal8. They
were isolated from tomato spermosphere and were in-vitro characterized
(Caracciolo 2014) as PGPR and potential BCAs of the most important seed

born bacterial diseases of tomato.

B. amyloliguefaciens strains were cultured in Lysogenic broth (LB) agar at 27
°C for 24 h. For long-term preservation, bacteria were stored at -80 °C in LB

with 20% glycerol.

B. amyloliquefaciens suspensions were adjusted at 108 cfu/ml, using a
spectrophotometer at a wavelength of 600 nm, using a standard curve that

correlates the optical density (OD) with the cell concentration, obtained by
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ten-fold serial dilutions. The OD value corresponding to the proper cell

concentration of B. amyloliquefaciens strains (108 cfu/ml) was 0.4.

2 Fungal strains

The four fungal pathogen of wheat used in this work are listed in Table 4, shown

below:
Table 4 | Strains of the fungal pathogen used in this work.
Disease Fungal Pathogen Strain
Fusarium head blight F. graminearum 3827
Fusarium crown rot F. culmorum 5761
Leaf spot blotch B. sorokiniana DSMZ 62608
Septoria tritici blotch S. tritici MUCL 31967

Fungal strains were cultured in Potato Dextrose Agar (PDA) at 24 °C for 24 h.
For long-term preservation, fungal pathogens were stored at 4 °C in vials of

PDA slants, and re-cultured every six months.

Fungal cultures of one-month-old PDA Petri dishes were used for conidial
production. Conidia suspensions were obtained, for Fusarium spp. and B.
sorokiniana, by flooding the mycelium of pathogens with sterilized distilled
water (SDW) added with Tween 80 at 0.05% v/v. S. tritici spores, instead, were
collected by crushing and washing the picnidia with the same solution

described above.
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The concentration of conidial suspensions was determined by counting the

spore number with Thoma chamber under microscope and subsequently

adjusted to 10° spores/ml.

For fungal spore germination Potato Dextrose Broth (PDB) was used.
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3 Invitro assays

3.1 Filtrate assay

Erlenmeyer flask containing 100 ml of LB were inoculated with B.
amyloliguefaciens strains suspension at 108 cfu/ml and incubated at 27 °C in a
thermostatic shaking bath for 48 h.

Further, the growth broths were centrifuged (8,000 rpm for 15 min at 4 °C) and
the supernatants filtered through 0.21 ym Whatman filters.

One hundred and fifty ul of each filtrate (B) was distributed in well (1.2 cm @)in
the center of LB agar (LBA) Petri dishes.

In the center of the distance between the Petri dish wall and the well, a PDA
agar square (5 x 5 mm) containing fungal pathogen mycelium (P) was placed
(Fig. 11). The inoculated Petri dishes were incubated at 24 °C. After 72 h, the
antagonistic activity was evaluated by measuring the inhibition halo (IH) as the
distance between the edge of the well and the edge of the fungal mycelium
growth.

Not-inoculated LB and filtered B. clausii growth broth, were used as negative
controls.

Five replicates for each B. amyloliguefaciens-fungal pathogen interaction were

carried out.

3.2 Extract assay
Extract of each B. amyloliquefaciens strain was obtained through Ethyl Acetate
50% [v/v] by overnight stratification of bacterial filtrates. The next day, after
solvent evaporation, the extract obtained was dissolved in 2 ml of 95% Ethanol.
One hundred and fifty pl of each extract (B) were transferred into wells in LBA
Petri dishes inoculated with each pathogen (P), as described above (Fig. 11).

Five replicates were provided for each BCA-pathogen interaction.
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After 72 h of incubation at 24 °C the IHs were measured.
Ethanol, not-inoculated LB and B. clausii extracts were used as negative

controls.

3.2 Incorporated filtrate assay

Bacterial filtrates from growth broths were used as dissolving solution for LB
components, subsequently agarized and autoclaved at 121 °C for 20 min and
finally poured into Petri dishes.

The day after LB Filtrate Agar (LBFA) were inoculated placing a small square
of PDA containing the mycelium of each pathogen in the center of each Petri
dish. After the incubation period of 72 h at 24 °C, the diameter of fungal growth
(Fig. 12) was measured and used to calculate the mycelial growth inhibition of

the pathogens according to the following formula by Pandey et al. (1982):

dc_dt

MGI (%) = x 100

MGI = Mycelial growth inhibition.
dc= Growth diameter of pathogen mycelium in the control.

d: = Growth diameter of pathogen mycelium in LBFA.

Percentage inhibitions obtained were used for statistical analysis.
LBA and LBFA from B. clausii filtrate were used as negative control.

This assay provided six replicates for each bacterial-fungus interaction.
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Figure 11 | Antagonistic activity assay performed in PDA Petri dishes inoculate with
(B) B. amyloliquefaciens filtrate or extract and (P) fungal pathogens
mycelium. The distance between the edge of the well and the pathogen
mycelium is named as Inhibition halo (IH).

Figure 12 | Incorporated filtrate assay performed in LBFA Petri dishes inoculated
with fungal pathogens mycelium (P). Mycelium growth diameter (D) was
measured and used to evaluate the antifungal activity of bacterial
strains.
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3.3 Anti-fungal activity in broth assay
The three strains of B. amyloliquefaciens were grown for 72 h at 27 °C in
Erlenmeyer flasks containing 100 ml of LB.
At 16, 24, 48 and 72 h, 2 aliquots of 2 ml were taken, from which the filtrates
were subsequently obtained. These filtrates were used to verify the anti-fungal
activity of bacterial strains in broth.
Filtrate of not-inoculated LB was used as negative control.
The assay was leaded in 96-well microplate, as follows.
Twenty ul of each filtrate, at different hours, were added to 180 pl of fungal
spore suspension, forming the contact suspension (CS). The inoculated
microplate was stirred at room temperature in an orbital agitator at 100 rpm.
After the incubation period, 20 pl of CS were withdrawn from each well, and
added to 180 pl of PDB, into the wells of a new microplate.
In order to allow spore germination, microplates were placed inside a
Varioskan® Flash Multimode Reader (Thermo Scientific™) at 23 °C for 72 h.
The absorbance values at 620 nm were recorded at 24, 48 and 72 h after the
spore inoculation, which represent the fungal growth monitoring period (day 1,
day 2 and day 3).
These values were used to evaluate the percentage of fungal growth inhibition

(FGI), according to the following formula:

Abs, — Abs;
FGI (%) = Abs x 100
C

Abs. = Absorbance of not-inoculated LB filtrate (control).
Abs = Absorbance of filtrates from bacterial growth broth at 16, 24, 48 and 72
h.
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Averages of the percentage values obtained were calculated, then undertaken
to statistical analysis.
Each BCA filtrate-pathogen interaction was performed in duplicate in three
different microplates.
For every tested bacterial strain non-inoculated broth was used as a negative

control.
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4 CLPs characterization

4.1 Genetic characterization

Antimicrobial biosynthetic genes were characterized in Bal5, Bal6 and Bal8.
Specifically, five sequences were chosen for the coding regions of srfAA
(surfactin synthetase subunit 1), bmyB (bacillomycin L synthetase B), ituA
(iturin A synthetase A), mycA (mycosubtilin synthetase A) and fenD (fengycin
synthetase) (Tab. 5). For the detection of srfAA, bmyB and fenD primers
described by Mora et al. (2011) were used. Instead, for ituA and mycA new
primers have been developed through gene sequences obtained from
GeneBank database (NCBI). These were aligned through the MultiAlin
software (Corpet 1988), to identify the consensus regions, which were used to
design specific primers by means of Primer3 software (version 4.1.0) (Mora et
al., 2011). To verify their specificity, the newly designed primers were checked
by blasting them through the Basic Local Alignment Search Tool for Nucleotide
(NCBI).

Table 5 | Oligonucleotide primers used for cLPs detection.

Expression Product Gene Primer Sequence (5'- 3") Melting T (°C)  Product size (bp)
Surfactin * srfAA SRFAF TCGGGACAGGAAGACATCAT 60.4 201
SRFAR CCACTCAAACGGATAATCCTGA
Bacillomycin * bmyB BMYBF GAATCCCGTTGTTCTCCAAA 59.9 370
BMYBR GCGGGTATTGAATGCTTGTT
Iturin ituA ITUAF TCGCCCTTCACTTTCAGCAT 67.0 479
ITUAR TTAGCCGTCCTTCGCCATTT
Mycosubtilin mycA MYCAF GCTGGACAAATTGCGGTTGT 67.1 296
MYCAR TGAGAAACAGCGGGCATCTT
Fengycin * fenD FENDF GGCCCGTTCTCTAAATCCAT 60.1 269

FENDR GTCATGCTGACGAGAGCAAA

* Primers described by Mora et al. (2011).
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DNA extraction

DNA extraction was performed from bacterial suspension of 108 cfu/ml using
QlAamp DNA Mini Kit (Qiagen, Iberia S.L., Madrid, Spain), a specific kit for
Gram+ bacteria. The extraction protocol has been modified in comparison to
the original one (Tab. 6). The genomic DNA was quantified by NanoDrop 2000
Spectrophotometer (Thermo Scientific, Barcelona, Spain) and stored at -20 °C

in sterile ultrapure water.

PCR
The PCR assay, for each single gene, was performed for each amplification
reaction in a final volume of 50 pl consisting of 1X PCR buffer, 1.5 mM MgClz,
0.2 mM dNTPs (Invitrogen Technologies), 0.2 uM of each primer, 2.0 U of Taq
DNA polymerase (Invitrogen) and 100 ng of genomic DNA (Mora et al., 2015).
To amplify all the targets the following cycle conditions have been adopted: 95
°C for 5 min; 40 cycles of 94 °C 1 min, annealing temperature for 1 min and 72
°C for 1 min; final extension step of 5 min at 72 °C.
The annealing temperature was set to 55 °C for bmyB and to 58 °C for all the
other genes.
The amplifications were conducted in a T3000 thermocycler (Biometra,
Germany). Amplification products were analyzed in a 1.8% agarose gel in 1X
Tris-acetate EDTA (TAE) buffer, for 45 min at 90 V. The dimension comparison
was estimated by comparison to 1-kb Plus Ladder marker (Invitrogen, CA,
USA).
For each PCR assay, B. amyloliquefaciens strains EPS2017 and A59 (from
CIDSAV collection, University of Girona) were introduced as positive controls,
while water and B. clausii were used as negative controls.
After permanence in ethidium bromide, gel images were captured with
ChemioDoc XRS + System (Bio-Rad, USA).
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Table 6 | DNA extraction using QlAamp DNA Mini Kit (QIAGEN).

Step  Description

1 Place 1000 ul of sample into an microcentrifuge tube (1.5 ml) and collect the pellet bacteria by
centrifugation for 10 min at 5000 g (7500 rpm)

2 Suspend bacterial pellet in 180 pl of the enzyme solution (20 mg/ml lysozyme; 20 mM Tris-HCI, pH 8.0:
2 mM EDTA,; 1.2 % Triton)

3 Incubate for at least 30 min at 37 °C

4 Add 20 pl proteinase K and 200 ul Buffer AL. Mix by vortexing

5 Incubate at 56 °C for 30 min and then for a further 15 min at 95 °C

6 Centrifuge for a few seconds

7 Add 200 pl Buffer AL to the sample, mix by pulse-vortexing for 15 sec., and incubate at 70 °C for 10
min. Briefly centrifuge the 1.5 ml microcentrifuge tube to remove drops from the lid

8 Add 200 pl ethanol (96-100%) to the sample, and mix by pulse-vortexing for 15 sec. After mixing, briefly
centrifuge the 1.5 ml microcentrifuge tube to remove drops from inside the lid

9 Carefully apply the mixture (including the possible precipitate) to the QlAamp Mini spin column (in a 2
ml collection tube) without wetting the rim. Close the cap, and centrifuge at 6000 g (8000 rpm) for 1 min.
Place the QIAamp Mini spin column in a clean 2 ml collection tube, and discard the tube containing the
filtrate

10 Carefully open the QlAamp Mini spin column and add 500 pl Buffer AW1 without wetting the rim. Close
the cap, and centrifuge at 6000 g (8000 rpm) for 1 min. Place the QIAamp Mini spin column in a clean 2
ml collection tube, and discard the collection tube containing the filtrate

11 Carefully open the QlAamp Mini spin column and add 500 | Buffer AW2 without wetting the rim. Close
the cap and centrifuge at full speed 20000 g (14000 rpm) for 3 min.

12 Recommended: Place the QlAamp Mini spin column in a new 2 ml collection tube and discard the old
collection tube with the filtrate. Centrifuge at full speed for 1 min.

13 Place the QIAamp Mini spin column in a clean 1.5 ml microcentrifuge tube, and discard the collection

tube containing the filtrate. Carefully open the QIAamp Mini spin column and add 30 | distilled ultrapure
water. Incubate at room temperature for 30 min, and then centrifuge at 6000 g (8000 rpm) for 1 min.
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4.2 Chemical characterization

The production of cLPs was evaluated in bacterial filtrates at 48 h of growth,
obtained as described in § 3.4, through fast protein liquid chromatography
(FPLC) analysis. In order to validate the profiles of the chromatograms
obtained from the analysis of Bacillus filtrates, not-inoculated LB filtrate and
three commercial cLPs standards, at the concentration of 100 ug/ml, have
been used: iturin A (1 mg/ml), fengycin (5 mg/ml) and surfactin (10 mg/ml)
(Sigma-Aldrich, USA). In addition, a solution consisting of their mix was used
too.

The FPLC analysis was conducted on Amersham Biosciences AKTA FPLC
System (GE Healthcare, UK) equipped with a multi wavelenght detector and a
fraction collector, using a reverse-phase Kinetex XB-C18 column (column
dimension, 75 x 4.5 mm; particle size, 2.6 ym; pore size, 100 A; Phenomenex,
Madrid, Spain).

One hundred pl of each sample were analyzed through a flow rate of 1.00
ml/min using an aqueous solution of trifluoracetic acid (TFA) at 0.1% (solvent
A) and a solution of TFA 0.085% in acetonitrile (solvent B). The solvent B
gradient (%) over time was: 0 min - 5%, 21 min - 75%, 24 min - 100%, 27 min

- 100%, 29 min - 5%. The elution was monitored at 220 nm.

4.3 Fraction characterization

In addition to the chromatographic analysis by AKTA FPLC, fractions were
collected from the run of each filtrate. The eluted collection was performed by
AKTA Frac-920 Fraction Collector at establish time intervals fixed in individual
group of peaks or single peak. In total, 37 fractions were collected for each
sample.

In order to remove the solvent from each eluted, the fractions were evaporated
under vacuum, by a Scan Speed 40 Teflon (AAPPTEC, LCC, Louisville, USA).



MATERIALS AND METHODS CLPs characterization | 57

Then they were ten-fold concentrated (compared to the elution volume)
rehydrating them in 100 pl of SDW.

Subsequently, the antagonistic activity of the single fractions was tested
against B. sorokiniana, as described in § 3.4.

The Abs values read by Varioskan® were registered 2 dpi of fungal spores.
Furthermore, fractions from individual cLPs standards, their mix solution and

not-inoculated LB filtrate were used as controls.

4.4 Molecule stability

The stability of the molecules responsible for antagonism between bacterial
and fungal strains, was evaluated after one year by filtrate assay, as described
in § 3.3.

Filtrates were stored in 50 ml falcon at three different temperatures: -20 °C
(freezer), 4 °C (fridge) and 23/25 °C (room temperature).

After one year their activity, against the four fungal pathogens of wheat, was
evaluated. The IHs were measured and compared, for each bacterial-fungal

interaction, with the ones registered the year before.
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5 Microbial in vivo assays

5.1 Epiphytic survival assay
Ephiphytic survival of Bal5, Bal6é and Bal8 was evaluated on wheat
seedlings. Forty-five wheat seeds (T. durum cultivar Svevo) were surface
sterilized with sodium hypochlorite (0.5%, vol/vol) for 20 min and then rinsed
thoroughly in SDW. Then they were seeded in Jyffypots® using commercial Brill
substrate (Gebr. Brill Substrate GmbH & Co. KG, Georgsdorf, Germany).
Plants were vernalized at 4 °C for 2 weeks and grown in a climatic chamber at
18 to 23 °C with a 14-h photoperiod (300 uE m s™). The growth stages were
counted using the Zadoks method (Zadoks et al. 1974).
At second leaf stage the seedlings (15 for each bacterial strains), were
inoculated with a 108 cfu/ml B. amyloliquefaciens suspension, by 180 ml
Nalgene® aerosol spray bottle (Merck KGaA, Darmastadt, Germany).
At 0, 16, 24, 48 and 72 h post inoculation 3 seedlings, for each bacterial strain,
were cut and taken to the laboratory. Here the samples were washed in tubes
containing 5 ml of sterilized Phosphate buffer (PB) (Mariotti 2012) added with
Tween 80 at 0.05% v/v. The washing suspensions were later diluted according
to ten-fold serial dilutions. One hundred pl from 4" to 6" dilution were plated
on LBA Petri dishes and incubated at 27 °C.
After 24 h microbial charge was evaluated counting the number of cfu/Petri
dish.

5.2 In vivo antagonistic assay
The antifungal activity against B. sorokiniana of the three strains of B.
amyloliquefaciens was verified in wheat seedlings, at the second leaf stage.
This assay was performed using both bacterial cells and filtrates obtained from
their growth broths at 48 h.
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The bacterial inoculation was carried out with 108 cfu/ml bacterial suspensions
distributed on 10 seedlings (for each bacterial strain) by Nalgene® aerosol
spray bottle. Once treated with bacterial strains, seedlings were placed in a
vessel inside a climatic chamber at 18 to 23 °C with a 14-h photoperiod (300
HE m=2 s1). After 24 h the spores of B. sorokiniana were inoculated on the
second leaf of each seedling, distributing a drop (20 pl) of conidial suspension
(108 conidia/ml) through the use of a small soft brush (Volpi et al. 2011).
Filtrates distribution on seedlings was, instead, carried out both at 24 h before
and after the inoculation of the pathogen, through Nalgene® aerosol spray
bottles.

Leaves were collected three dpi and the infected leaf areas were analyzed by
Assess®: Image Analysis Software for Plant Disease Quantification (American
Phytopathological Society - APS).

These values were used for determining the Disease Severity Area (DSA) as

follows:

areadjqc;
DSA (%) — lesion x
aAredje,f

100
Finally, the DSA values were used to calculate the IR as follows:

E
IR(%) = X 100

IR= Inhibition ratio;
C = DSA of control leaves;

E = DSA of bacterial cell/filtrate treated leaves.

Infected wheat seedlings with B. sorokiniana spores represented negative

control.
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5.3 Growth promotion assay
The promotion of growth by Bal5, Bal6 and Bal8 was evaluated on wheat
seedlings, examining their effectiveness in promoting germination and plant

growth and in colonizing the rhizosphere.

5.3.1 Seed Germination
Mangenta™ vessels (77 x 77 mm) (Merck KGaA, Darmastadt, Germany) filled
with 30 g of Brill substrate were sterilized and then sowed with sterilized wheat
seeds cv. Svevo.
Twenty-five seeds, for each B. amyloliquefaciens strain, were watered with 5
ml of bacterial suspension 102 cfu/ml and placed in a climatic chamber.
Germination was monitored by recording the seeds germinated daily, up to the
total germination of the seeds.
The values were subsequently used to calculate the daily seed germination

percentage (DSGP) as follows:

germinated seedsg,j,

DSGP = x 100

total seeds

Twenty-five seeds watered with 5 ml of sterilized water represented the

negative control.

5.3.2 Wheat growth promotion
Wheat seeds were germinated in Mangenta™ vessels, after having been
watered with B. amyloliquefaciens suspensions, as described in § 5.3.1.
Twenty-five seeds for each Bacillus treatment were used. Watering with

sterilized water was the negative control.
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Seven dpi the wheat seedlings growth promotion has been evaluated
considering the shoot and root length, the root number and the dry weight
increase.

The length of the shoots was measured from the collar to the tip of the second
leaf, using a ruler.

Instead, the total root length was measured by using the “Root L” function of
the ASSESS® - APS program after scanning the root systems of the seedlings.
The number of roots was evaluated by counting the radicles for each wheat
seedling.

Finally, the dry weight was measured by precision scale (Sartorius AG,
Gottingen, Germany) after drying the seedlings in oven (NKR Continental Pte
Ltd®) for 48 h at 80 °C.

5.3.3 Rhizospheric competence
The ability to colonize soil and the wheat root system was evaluated in Bal5s,
Bal6 and Bal8. Soil and seeds in the 5 Mangenta® vessels (for each bacterial
strains) were inoculated with 5 ml of suspensions 108 cfu/ml of B.
amyloliquefaciens strains.
Seven dpi soil and roots of each seedling were washed for 2 min at speed 7,
using ULTRA-TURRAX® Tube Drive (IKA®, Werke Staufen, Germany), as
follows:
- 1 g of soil in 9 ml of PB added with Tween 80 at 0.05% v/v.;
- 100 mg of rhizosphere (roots and adherent soil) in 10 ml of PB added
with Tween 80 at 0.05% vi/v.
Then samples were later diluted according to ten-fold serial dilutions. One
hundred pl from 4™ to 6™ dilution were plated on LBA Petri dishes and incubated
at 27 °C.
After 24 h colonies for each petri dishes were counted for the quantification of
B. amyloliquefaciens strains.
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The initial bacterial inoculum charge was evaluated in the soil and used as a
control, analyzing as previously described 1 g of soil immediately after

inoculation with bacterial strains.
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6 Statistical analysis

In order to highlight significant differences, data from each assay were
analyzed by analysis of variance (ANOVA).

Statistical analysis was performed by the macro DSAASTAT ver. 1.101 (Onofri
2007) of Microsoft Excel 2016. Duncan's multiple range test was performed for
P<0.05.
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RESULTS

1 In vitro assays

Objective 1: Evaluation of in vitro antagonistic activity of B.

amyloliquefaciens strains against the fungal pathogen
of wheat.

The antagonistic activity of the three strains of B. amyloliquefaciens, Bal5s,
Bal6é and Bal8, was evaluated through in vitro tests against four fungal
pathogens of wheat: F. graminearum, F. culmorum, B. sorokiniana and S. tritici.
Bacterial growth broth filtrates and extracts were used to evaluate the nature

of the molecules involved in the antagonism processes.
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1.1 Filtrate assay
The antagonism assay performed with filtrates of bacterial growth broths,
showed that Bal5, Bal6 and Bal8 are able to inhibit the fungal mycelium
growth, of each pathogen tested. The histogram (Fig. 13) shows as the most
inhibited fungal pathogen is B. sorokiniana with an IH between 1 and 1.2 cm,
followed by S. tritici (from 0.6 to 0.8 cm) and finally by the two Fusarium spp.,
F. graminearum (between 0.3 and 0.5 cm) and F. culmorum (from 0.15 to 0.30
cm) respectively. Moreover, from statistical analysis it is clear that the
differences among the averages observed, relative to antagonists, pathogens

and each antagonist-pathogen interaction, are highly significant.

Inhibition halos average of B. amyloliquefacies strains filtrates

Bal5 Bal6 Bal8

Inhibition Halo (cm)
© o o ©o =P
N N o o0 [ N N

o

Bacterial and Fungal Strains

Figure 13 | Filtrate Assay — Average inhibition halos of B. amyloliquefaciens strain filtrates against the fungal
pathogens of wheat: F. graminearum (Fg), F. culmorum (Fc), B. sorokiniana (Bs) and S. tritici
(St). Duncan’s multiple range test was performed for P<0.05.
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1.2 Extract assay
Fungal growth inhibition, mediated by bacterial extracts, was effective against
all pathogens. The differences of the means of the IHs were not very variable,
but nevertheless statistically highly significant.
As reported in the histogram (Fig. 14) B. sorokiniana proved to be the most
inhibited pathogen with an IH of 0.8 cm; while Fusarium spp. and S. tritici

showed a smaller halo, around 0.6 cm.

Inhibition halos average of B. amyloliquefacies strains extracts

a a
bc b c bc bc bc
de de d

Bs St Fg Fc Bs St F Fc Bs St

Fg Fc

Inhibition Halo (cm)
© o o o =
o N BN (o)) (o] = N AN
(]

Bal5 Bal6 Bal8
Bacterial and Fungal Strains

Figure 14 | Extract Assay — Average of the Inhibition halos of B. amyloliquefaciens strain extracts against
the fungal pathogens of wheat: F. graminearum (Fg), F. culmorum (Fc), B. sorokiniana (Bs) and
S. tritici (St). Duncan’s multiple range test was performed for P<0.05.

1.3 Incorporated filtrate assay
The IR values obtained from the average diameter of the mycelium growth of
each pathogen is reported in histogram below (Fig. 15). B. amyloliquefaciens
strains can inhibit fungal growth also by incorporation of their growth broth
filtrates into LBA.
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B. sorokiniana turned out to be, even in this assay, the most inhibited pathogen
with almost 100% of MGI. Instead, S. tritici and F. graminearum growth was
inhibited about 65% and 60% respectively. Finally, F. culmorum was
approximately 40% inhibited.

It is also important to focus the attention on the inhibitory activity of each B.
amyloliquefaciens strain. If against B. sorokiniana the three bacterial strains
gave a similar antifungal activity, they behaved dissimilar each other against
the other pathogens.

Bal6 appears to be the most inhibitory strain against the two Fusarium spp.,
followed by Balb, which has greater antagonistic activity against S. tritici. In

general, Bal5 was the antagonist with less inhibitory activity.

Average percentage of inibition of mycelium growth

a
100 .
b
80 c
¢ cd d Ba

_ e strains
o 60 e I
= I f Ba 15
2 g BBa 16
s 40 I mBa 18

20

0
F. graminearum F. culmorum B. sorokiniana S. tritici
Pathogens

Figure 15 | Incorporated Filtrate Assay — Average percentage inhibition of B. amyloliquefaciens strain
filtrates against the four fungal pathogens of wheat. The filtrates of each bacterial strain were
incorporated in agarized LB. Duncan’s multiple range test was performed for P<0.05.
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1.4 Anti-fungal activity in broth assay
The ability of the three B. amyloliquefaciens strains to inhibit fungal growth was
evaluated also in liquid. The use of filtrates at different times of bacterial growth,
allowed to understand when the BCAs produce the compounds responsible of
the antagonistic processes. Moreover, the absorbance readings, in the three
days following the microplate inoculation, allowed to control the progress of the
microbial interaction over time. The percentage values of FGI are shown in the
following histograms (Figs. 16, 17, 18 and 19).

F. graminearum was inhibited by all antagonists on the first day of
incubation. The effective filtrates were those at 48 and 72 h, giving a FGI
percentage of 20%. Only Bal5 inhibited the pathogen also on the second day,
maintaining the same percentage values of the previous day. Moreover, only
for this strain, the 16 and 24 h filtrates proved to be effective against the fungal
spores (Fig. 16).

F. culmorum was inhibited from the second day onwards, with
percentage values of FGI unchanged. All filtrates have proven to be active
against the fungal mycelium, especially those at 48 and 72 h. In general, B.
amyloliquefaciens strain that inhibited most was Bal6, followed by Bal8 and
Bal5, with FGI values around 40, 30 and 20%, respectively (Fig 17).

B. sorokiniana was the most inhibited pathogen even in broth assay. As
can be seen from the histograms the levels of inhibition have been increasing
day by day. A further singularity, compared to the other pathogens, is that all
the bacterial filtrates have proved to be active against the fungal mycelium for
all three days of incubation. Indeed, just on the first day, for all the bacterial
strains tested and for all their filtrates, there was an antagonistic activity around
40%. This grew on the second day, reaching 60% of FGI, and then remaining
stable on the third. Only in the case of Bal8 filtrates the inhibition activity was
equal to 80% (Fig. 18).
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S. tritici was inhibited between the second and third day. In the first, the
values of FGI, were between 5 and 10%. Subsequently, the activity of
antagonism for Bal5 was 20%, for all the tested filtrates, except for that at 72
h, which reached 40%, only in the second day.

Bal6 and Bal8 had stable FGI values over the last two days. Especially the
filtrates at 48 and 72 h that reached inhibition values of 40% for Ba16 and 50%
for Bal8 (Fig.19).
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Average of F. graminearum inhibition
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Figure 16 | Average of FGI index of F. graminearum inhibited by Bal5 (a), Bal6 (b) and
Ba18 (c). Duncan’s multiple range test was performed for P<0.05.
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Average of F. culmorum inhibition
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Figure 17 | Average of FGI index of F. culmorum inhibited by Bal5 (a), Bal6 (b) and
Ba18 (c). Duncan’s multiple range test was performed for P<0.05.
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Average of B. sorokiniana inhibition
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Figure 18 | Average of FGI index of B. sorokiniana inhibited by Bal5 (a), Bal6 (b) and
Ba18 (c). Duncan’s multiple range test was performed for P<0.05.
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Figure 19 | Average of FGI index of S. tritici inhibited by Bal5 (a), Bal16 (b) and Bal8 (c).

Duncan’s multiple range test was performed for P<0.05.
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1.5 Discussion |

The aim of these assays was to evaluate in vitro the antagonistic activity of
Bal5, Bal6 and Bal8 against F. graminearum, F. culmorum, B. sorokiniana
and S. tritici.

The assays performed have highlighted the type of interaction between B.
amyloliquefaciens and the four pathogenic fungi. Specifically, from each assay
it was possible to delineate the nature of the antagonism processes.

The filtrates obtained from bacterial growth broths and their extracts (obtained
with the addition of ethyl acetate), have proved to be effective against the
selected pathogens both in solid and in liquid assays.

The use of filtrates allowed to understand that the compounds involved in the
antagonism, mediated by the bacteria, are released in the growth substrate.
On the other hand, the assay carried out with bacterial extracts highlighted the
ability of these compounds to be dissolved in apolar solvents. In fact, the
molecules involved in the antifungal activity turn out to be liposoluble.

The assay performed incorporating the bacterial filtrates to the growth
substrate showed the thermostability of the antifungal compounds produced by
B. amyloliquefaciens strains. In fact, they have maintained their activity despite
the autoclave cycle (121 °C for 20 minutes). This allowed to exclude enzymes
from these microbial interactions.

The inhibition of the fungal mycelium growth was verified also in liquid. In fact,
mycelium from the germinated spores of each pathogen was inhibited by
bacterial filtrates.

Beyond antagonism, two more aspects emerged from this assay, concerning
the production time and the persistence of antifungal compounds produced by
bacteria.

The bacterial filtrates active against F. graminearum are released by B.
amyloliquefaciens strains already at 16 h, reaching their activity peak between
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48 and 72 h. This is in contrast with their persistence, as they are effective only
for 24 hours with an inhibition activity of 20%. The antagonism persists even at
48 h only with Bal5s. Itis also interesting to focus the attention on the difference
antagonism response observed on the agarized substrate and the broth. In
fact, the pathogen mycelium turns out to be more sensitive in agarized medium
than in liquid. This could be related to the ability of the mycelium originated
from spore germination to metabolize and to adapt to AMC more easily.

The inhibition of spore-originated-mycelium of F. culmorum had a different
outcome compared to the previous Fusarium species. It started from the
second monitoring day, recording double inhibition values (around 40%)
compared to those of F. graminearum. Despite this fact, active filtrates have
proven to be the same for both.

B. sorokiniana was the only pathogen to have a gradual and increasing
inhibition trend of the mycelium originated from spores over time. Furthermore,
all bacterial filtrates were found to be effective against this fungal pathogen,
which probably means that the production of these molecules could be
proportional to bacterial growth.

Also for S. tritici, as it was for the former pathogen, the trend of mycelium
inhibition was gradual throughout the monitoring time. The most active filtrates
were those obtained at 48 and 72 h of bacterial growth.

In conclusion, it can be stated that the antagonism operated by B.
amyloliquefaciens strains against the four pathogenic fungi of wheat is
promoted by one or more molecules. It is however certain that they are

liposoluble and thermostable compound(s) that are released by the bacteria.
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2 CLPs characterization

Objective 2: To characterize the cLPs through molecular and

chemical analysis and evaluate their stability.

The previously described assays allowed to delineate the intrinsic
characteristics of the molecules that promote the antagonistic interaction
between B. amyloliquefaciens strains and the four fungal pathogens of wheat.
This allowed to identify a class of microbial compounds with antifungal activity,
the cLPs.

The purpose of the following assays is to verify the production of such
compounds by Bal5, Bal6é and Bal8 through molecular and chemical

analysis, and to evaluate their stability and activity over time.

2.1 Genetic characterization

The PCR products were successfully obtained for all the genes of interest.
Specifically, surfAA (surfactin), bmyB (bacillomycin), mycA (mycosubtilin), ituA
(iturin) and fenD (fengycin) were detected in all the three strains of Bacillus
amyloliquefaciens (Fig. 20). The two newly designed pairs of primers, mycA
and ituA, gave a product with the expected dimension. In general, non-specific

bands were not detected in each reaction.
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Figure 20 | PCR analysis of surfAA (~201 bp) (a), bmyB (~370 bp) (b), mycA (~296 bp) (c),
ituA (~479 bp) (d) and fenD (~269 bp) (e) genes of Bacillus strains: Bal5 (1), Bal6
(2), Bal8 (3), B. clausii (4); B. amyloliquefaciens strains EPS2017 (5) and A59 (6).
M, 1kb Plus Ladder (Invitrogen); W, water.
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2.2 Chemical characterization

From FLPC analysis of the 48 h bacterial filtrates, chromatograms were
obtained (Fig. 21). It was possible to discriminate the peaks related to LB
substrate, located at the beginning of each chromatogram (from minute 3 to
minute 12), comparing these with the not-inoculated LB ones.

Moreover, through the chromatograms obtained from standards cLPs and their
mix (Fig. 22) it was possible to link the peaks to the respective family of AMCs.
Specifically, the peaks detected from minute 13 to minute 22 belong to iturin
and fengycin and finally those detected from minute 23 to minute 28 belong to

surfactin.

Figure 21 | AKTA FPLC chromatograms of non-inoculated LB (a), Ba15 (b), Bal6 (c) and Bal18 (d) filtrates
using a reverse-phase Kinetex XB-C18 column.
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Figure 22 | AKTA FPLC chromatograms of commercial cLPs standards iturin
(a), fengycin (b) and surfactin (c) using a reverse-phase Kinetex
XB-C18 column. Standards has a concentration of 100 pg/ml.

2.3 Fraction characterization

The inhibitory activity of the fractions collected, from each eluted Bacillus
sample, was evaluated against the germination of B. sorokiniana spores.
Almost all fractions had an inhibiting activity against fungal mycelium; however,
the most active ones proved to be fractions from 18 to 21, with inhibition values
between 50 and 60% (Fig. 23).

The cLP commercial standards, and their mix, inhibited fungal growth of 15%
for iturin, from 40 up to 60% for fengycin and 10% for surfactins (Fig. 24).

It is important to highlight that fraction 20 (Fig. 25) was the most active fraction
of Bacillus strains, fengycin standard and cLP standard mix, with an inhibition

value of 60%.
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2.4 Molecule stability

The antifungal activity of bacterial broth filtrates, stored at three different
temperatures (RT, 4 and -20 °C), was evaluated after one year (Fig. 26).
Bacterial filtrates after one-year, regardless storage method and B.
amyloliquefaciens strain, have lost their effectiveness against the causal agent
of FHB; instead they maintained in part or slightly increased the antagonistic
activity against F. culmorum.

The inhibition of B. sorokiniana, after one year from the original assay, was
different among filtrates of the same bacterial strain. This means that storage
temperature influences the effectiveness of the compound(s) responsible for
the antagonism. In particular, filtrates stored at room temperature has
maintained or increased the inhibition activity against the mycelium of B.
sorokiniana, compared to those used the year before. In general, the filtrates
stored at low temperatures (4 and -20 °C) had drastically reduced, or in some
cases halved, their effectiveness against the fungal pathogen.

Also for S. tritici, as observed for F. graminearum, the stored bacterial filtrates
reduced their inhibitory activity compared to the fresh ones used the year

before.
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Figure 26 | Average inhibition halos of Bal5 (a), Bal6 (b) and Bal8 (c) filtrates
against the four fungal pathogens of wheat. The filtrates were stored at
three different temperatures: room temperature (RT), 4 °C, -20 °C.
Their effectiveness was evaluated comparing with fresh filtrates of the
year before (2016). Duncan’s multiple range test was performed for
P<0.05.
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2.5 Discussion Il

The aim of these assays was to verify the production of cLPs by Bal5, Bal6
and Bal8 and to correlate it with antagonism activity against the four
pathogenic fungi of wheat. This was done through genetic and chemical
characterization.

Through molecular analysis, all the genes coding for the production of surfactin
(surfAA), bacillomycin (bmyB), mycosubtilin (mycA), iturin (ItuA) and fengycin
(fenD) were detected in B. amyloliquefaciens strains. Also, Spanish Bacillus
strains, ESP2017 and A59, confirmed to be valid positive controls for the
detection of cLPs genes.

B. clausii, instead, proved to be an excellent negative control for the detection
of bmyB and mycA, but not for surfAA, ituA and fenD. This could be related to
the presence of the latter in B. clausii genome, possibly as part of a different
pathway, not coding for the production of cLPs. It could be said that these
genes (surfAA, ituA and fenD ) could be important for this genus, as they are
found in several Bacillus species (Mora et al., 2015).

In general, the detection of these genes cannot be directly correlate with the
production of AMPs, because the synthesis pathway of each cLPs involves
several genes, so it becomes necessary to compare the results of molecular
analysis to those linked to the direct production of cLPs, such as FPLC.

The phenotypic characterization of AMCs was performed, by AKTA FPLC, on
bacterial growth broth 48 h filtrates, as these showed a high inhibition activity
against all the tested pathogens.

Chromatograms have demonstrated the production of iturins, fengycins and
surfactins for Bal5, Bal6 and Bal8, thanks to the use of commercial cLPs as
standards.

In addition, the eluted fractions peaks were collected and their activity was
evaluated against B. sorokiniana spores, as it was the most inhibited fungal
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pathogen. Through this assay has been possible to identify fraction 20, as the
most active fraction, responsible for the antagonism against this pathogen.
Indeed, the eluted 20™ fraction of Bacillus strains, fengycin standard and cLPs
standards mix had the same inhibition value (around 60%) corresponding to
the ones obtain with original Bacillus 48 h filtrates, at the 2"? dpi (Fig.18).

So probably fengycin should be the AMC involved in this microbial interaction;
further analysis of eluted fractions, like HPLC-MS, should be recommended, in
order to confirm that evidence.

Furthermore, antifungal Bacillus compound stability was assessed verifying
filtrates’ effectiveness one year after their collection. Moreover, their storage
temperature effects were evaluated.

The storage method negatively influenced, apart from the temperature,
bacterial filtrate activity against F. graminearum and S. tritici, which were less
effective after one year.

This was not observed in the same filtrates tested against F. culmorum and B.
sorokiniana. In fact, the filtrates stored at RT were as active or more active than
fresh ones used the previous year; it did not happen for those stored at low
temperature. This phenomenon could be explained by the fact that B.
amyloliquefaciens could produce different compounds, which are involved
depending on the type of interaction.

A further explanation, about the antagonism against B. sorokiniana, could be
related to the chemical nature of the compound(s) involved. In fact, if we
consider fengycin to be responsible for this interaction, it is possible to explain
the inhibition gap between the RT filtrates and the other stored at low
temperature. One of the amino acids of the cyclic peptide constituting fengycin
is Tyrosine. It could be involved in oxidation processes, due to the presence of
O: inside the falcon, that can lead to the formation of quinones. They, as proved
by Bernini et al. (2006), have high antifungal activity. So, the inhibiting gap

could be compensated by the activity of these compounds.
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3 Microbial in vivo assays

Objective 3: To evaluate in vivo the antagonistic activity of B.

amyloliquefaciens strains against B. sorokiniana and to

check for their wheat growth promotion activity.

After in vitro characterization of the antifungal activity and cLPs production by
the three B. amyloliquefaciens strains, it was necessary to evaluate their
growth promotion activity on wheat seedlings and to confirm in vivo the

antagonistic one against B. sorokiniana.

3.1 Epiphytic survival assay

In order to verify the ability of Bal5, Bal6 and Bal8 to survive on wheat leaf
surface, cv. Svevo seedlings were sprayed with a 10® cfu/ml bacterial
suspension. The epiphytic survival of B. amyloliquefaciens was monitored up
to 72 h post inoculation.

The histogram (Fig. 27) shows how B. amyloliquefaciens has a very stable
growth trend over time. This means that it colonizes the leaves of the seedlings
of wheat but it fails to increase its population. This could be explained by the

ability of these bacteria to form biofilms (Caracciolo 2014).
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B. amyloliquefaciens epiphytic wheat survival

1.00E+08
1.00E+07
1.00E+06 W
1.00E+05
1.00E+04
© 1.00E+03
1.00E+02
1.00E+01
1.00E+00

E
>

0 16 24 48 72
Time (h)

Figure 27 | Epiphytic survival of B. amyloliqguefaciens on wheat seedlings leaves surface. All the
three B. amyloliquefaciens strains are reported in this single growth curve, as they
had the same growth trend.

3.2 In vivo antagonistic assay

Antagonistic activity, performed in vivo, was evaluated only for B. sorokiniana
as it was the most inhibited wheat pathogen in in vitro assays.

The antifungal activity has been verified both by the direct use of B.
amyloliquefaciens strains and their filtrates.

B. amyloliquefaciens strains confirmed their biocontrol action against B.
sorokiniana (Fig. 28). In fact, the DSA obtain from the seedlings treated with
Bal5, Bal6 and Bal8 was significantly lower than the one in the control, with
an inhibition percentage around 80% (Table 7). The same result was obtained
using the bacterial filtrates, with witch a fungal inhibition around 90% (Tab.7)
was reached. It is important to highlight that no significant DSA differences
were observed among B. amyloliquefaciens strains and among the respective

filtrates.
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Figure 28 | Histograms show the average DSA obtained from the use of B.
amyloliquefaciens strains (a) and their filtrates (b). Significant differences
were found between the seedlings treated with bacteria and their filtrates
compared to the control treated with water (C-). Duncan’s multiple range
test was performed for P<0.05.

Table 7 | DSA and Inhibition percentage values related to B. amyloliquefaciens in vivo
antagonism against B. sorokinianana.

B. amyloliquefaciens Bacterial cells Bacterial filtrates

strains % DSA  %IR % DSA % IR
Bal5 4.0 86 3.7 87
Bal6 3.3 89 1.5 95
Bal8 5.6 81 2.4 92

Control 29.4 28.3
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3.3 Growth promotion assays
The growth promotion activity of the three B. amyloliquefaciens strains was
carried out on wheat by evaluating: seed germination time, seedling

development and bacterial rhizospheric competence.

3.3.1 Seeds Germination

Wheat seed germination was evaluated after watering seeds with bacterial
suspensions (108 cfu/ml). The graph (Fig. 29) shows the positive effect of the
bacterization with Bal5, Bal6 and Bal8 comparing with the control, watered
with SDW.

Specifically, the bacterial strains allowed the germination of about 50%, of the
bacterial treated seeds, just from the first day after the inoculation. Moreover,
the total germination of the seeds was registered on the third day, two days

before the total germination of the seeds of control.

Wheat Germination
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Figure 29 | Effect of B. amyloliquefaciens strains on wheat germination. The graph shows the percentage of
seeds germinated daily.
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3.3.2 Wheat growth promotion
The growth promotion of wheat seedlings by B. amyloliquefaciens strains has
been evaluated (Fig. 30). The parameters considered were: dry weight, length
of the shoot and length and number of roots.
A significant increase, for all the selected parameters, was observed in the
seedlings treated with Bal5, Bal6 and Bal8 compared to the control, after
seven days (Fig. 31). Significant differences between the strains were

observed only for dry weight and total root length.

C- Ba15 Ba16 Ba18

Figure 30 | Growth promotion of wheat seedlings by B. amyloliquefaciens strains. On the left a
wheat seedling watered with SDW (C-).



RESULTS

94 | Microbial in vivo assays

‘G0’ 0sd 1o} pawlopuad sem

1s9) abuel aidinw s ,uesunq ‘(p) sjood jo Joquinu pue (2) yibus) 1001 {(q) siooys jo yibus| ‘(e) ybiam Aip :aseauoul Jo swud) ul sbuljpass
TeayM UO suolsuadsns [eLialoeg YliM Juawieal] Jo S198))e ayl moys swelboisiH "surells sualoejanbijojAwe 'g Aq palowoid yimoib 1eaypn | T ainbi4

8] sulels suaioejanbijojAwe g 2 sulens suarogjanbijojAwie g
glLed aLed glLed -0 glLed oLegd glLeq -0
0 0
0L
Z 3 o
- | 0z 2
= 2 =
(=] —
=] 0g o
q v @ 1 . 32
G W T q qe ov
e 9 © 0S
Jaquinu sjool sBuljpaas 1eaym Jo abeliany y1bus| sj001 sbulpass 1eaym Jo abeiany
q sule.)s susjogjanbijowe °g e sulells suslogjenbioifwe ‘g
gled 9leq gled -0 gled galed Ggled -0
0 0
= G
-
- oL
2 T
Zl o —
q 3 a 0z &
G M ol qe 6z
e B e
0¢ e (0]
Y16us| 100ys sbupaas 1eaym Jo abeliany 1yBram Aip sBuijpaas 1eaym Jo abeliany



RESULTS Microbial in vivo assays | 95

3.3.3 Rhizospheric competence

The ability to colonize soil and rhizosphere by Bal5, Bal6 and Bal8 was
evaluated in wheat seedlings. To verify these skills, the values of bacterial
populations after seven days from the inoculation, were compared with the
initial ones.

Bacterial strains have proven to be good colonizers of soil and wheat roots.
Indeed, from rhizosphere were isolated little more colonies in comparison of
the seedlings’ growth substrate (Fig. 32), but these differences seem to be not
statistically significant.

Substantial differences were observed in both cases between B.
amyloliquefaciens strains and the initial bacterial inoculum. While, according to
Duncan’s multiple range test, a significant difference was observed among the
bacterial strains only in rhizosphere as Bal6 developed more than the other

two strains.
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B. amyloliquefaciens concentration in soil
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Figure 32 | B. amyloliquefaciens ability to colonize soil (a) and rhizosphere (b). Duncan’s
multiple range test was performed for P<0.05.
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3.4 Discussion Il

The in vivo assays, carried out on wheat seedlings cv. Svevo, allowed to
understand in detail the mechanisms linked to the interactions between B.
amyloliquefaciens and this cereal.

The three bacterial strains, Bal5, Bal6 and Bal8, have proved to be able to
survive on wheat leaf surface, for at least 72 h. Their survival is stationary and
is not dependent on their cell growth. This could be due to the ability of these
bacteria to form spores. This behavior was observed in B. pumilus on tomato
leaves (Varvaro and Fabi 2001).

The spores, in addition to allow survival, would also allow Bacillus strains to
colonize plant niches, promoting an indirect antagonism against other
microorganisms.

Direct antagonism was also confirmed through in vivo assay, against B.
sorokiniana, the most in vitro inhibited pathogen. The antifungal activity was
promoted both by bacterial cells and by their filtrates. However, the latter
proved to be slightly more effective than the former. This could mean that B.
amyloliquefaciens strains would be able to produce cLPs, in particularly
fengycin (as demonstrated in the previous chapter), even in natural
environments.

In order to confirm the results obtained from in vitro assays, further in vivo
investigations should be performed on the antagonism of the three strains of
B. amyloliquefaciens against F. graminearum, F. culmorum and S. tritici.

In fact, different strains of Bacillus spp. proved to control these pathogens
(Baffoni et al. 2015; Zalila-Kolsi et al. 2016; Mejri et al. 2017; Mnasri et al.
2017).

In addition to protect wheat, the three strains of B. amyloliquefaciens have

proved to be potential growth promoters for this cereal.
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In particular, the use of bacterial suspensions in seeds watering during sowing,
allowed to anticipate germination of 2 days, in comparison with the usual wheat
growth. This stimulation could be linked to the ability of these bacteria to
produce a-amylase (Caracciolo 2014) which would make sugars available to
seeds (Taiz and Zeiger 2002).

In addition to promoting a faster germination, Bal5, Bal6 and Bal8 allowed a
biomass increase of seedlings. In fact, these present epigeal and hypogeal
apparatus much more developed than those of the control.

This could also be linked to the ability of Bacillus spp. to naturally colonize
wheat rhizosphere (Velazquez-Sepulveda et al. 2012).

Moreover, Bal5, Bal6 and Bal8 confirmed their rhizospheric competence
(Caracciolo 2014), promoting the establishment of those beneficial ties with
wheat seedlings.

In general, all these assays allowed to define the interaction among B.
amyloliquefaciens strains, wheat seedling and B. sorokiniana.

The ability of Bal5, Bal6 and Bal8 to control leaf spot blotch and to promote
wheat growth make them to be considered as PGPR and BCAs.



CONCLUSION | 99

CONCLUSION

Wheat is one of the most important crops in the world. Its production is related
to the growing global needs. This has led to the intensification of its cropping
system, so that it is exposed to the increase of abiotic and biotic stresses
affecting it. Among the latter, pathogenic fungi F. graminearum, F. culmorum,
B. sorokiniana and S. tritici represent a steady and worldwide spread threat,
for this cereal.

The promotion of new defense strategies, whose aim is to reduce the use of
chemical products, need valid alternative for controlling plant diseases. The
use of beneficial microorganisms represents an innovative solution to this
requirement.

Among these microorganisms Bacillus spp. are a rich pool where several
strains, able to control plant diseases, could be selected from. One of this

species is represented by B. amyloliquefaciens.
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In this research the antifungal activity of three strains of B. amyloliquefaciens
(Bal5, Bal6 and Bal8) against four fungal pathogens of wheat has been
investigated.

The antagonism is promoted by specific molecules, the cLPs. These are
liposoluble and heat-resistant compounds. B. amyloliquefaciens strains
released them during the log exponential phase of bacterial growth and they
can reach the maximum production during stationary phase, close to spore
formation.

The main cLPs families are: iturins, fengycins and surfactins. They were
characterized by molecular and chemical analysis. Their inhibition activity
against the phytopathogenic mycelium growth was confirmed in vitro on both
agarized and liquid media.

Among cLPs, fengycins could be considered as the main compounds
responsible for the antagonism against B. sorokiniana. Bacterial filtrates, where
these molecules can be found, maintained or increased their antifungal activity
over time, allowing their conservation at room temperature for at least one year.
The inhibition against B. sorokiniana was also confirmed in in vivo assay, on
wheat seedlings (Triticum durum) cv. Svevo. The use of B. amyloliquefaciens
cells and their filtrates controlled leaf spot blotch.

Furthermore, Bal5, Bal6 and Bal8 proved to be excellent growth promoters,
colonizing leaves and roots niches on wheat seedlings. The use of their
suspensions on wheat seeds allowed the advance of germination and a
considerable increase in seedlings biomass.

The results obtained in this work confirm the potential of the three B.
amyloliquefaciens strains as a valid plant growth promoters and biocontrol
agent against the most important fungal pathogens of wheat, so their use can
be recommended in the formulation of commercial bio-fertilizers and bio-

pesticides.
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DNA extraction buffer [pH 7.5]

Tris base [pH 7.5] 24.2 ¢
NaCl 146 ¢
EDTA 93 g
Sodium Dodecyl Sulfate (SDS) 5 ¢
Polyvinilpyrrolidone (PVP) 20 g
Distilled water 1 |

Sterilization by filtration
(Mora 2013)

Tris-Acetate-EDTA (TAE) buffer 50X [pH 8.0]

Tris base
Glacial acetic acid
EDTA (0.5M) [pH8.0]

Volume adjusted with distilled water up to

(Mora 2013)
Phosphate buffer [pH 7.0]
K2HPO4 1.7 ¢
KH2PO4 14 ¢
Distilled water 1

20 min sterilization by autoclaving (121 °C)

(Mariotti 2012)
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FPLC Solvent A

Trifluoracetic Acid (TFA) 1 mi
Distilled water 1 I

Filtered by cellulose nitrate filter (pore 0.45 pm)
30 min homogenization and degasification

(Mora 2013)
FPLC Solvent B
Trifluoracetic Acid (TFA) 0.85 ml
HPLC acetonitrile 1 I

Filtered by cellulose nitrate filter (pore 0.45 pm)
30 min homogenization and degasification
(Mora 2013)

CULTURE MEDIA

Lysogenic Broth / Agar medium (LB / LBA) [pH 7.0]
Tryptone 10 ¢
Yeast extract 5090
NaCl 10 g
Agar 15 g
Distilled water 1 |

20 min sterilization by autoclaving (121 °C)

Potato Dextrose Broth / Agar medium (PDB / PDA) [pH 5.6]
Potato-dextrose broth (Merck - P6685) 24 ¢
Potato-dextrose agar (Merck - 70139) 39 ¢
Distilled water 1 |

20 min sterilization by autoclaving (121 °C)



BIBLIOGRAPHY | 103

BIBLIOGRAPHY

Abano, E. E., and Sam-Amoabh, L. K. 2012. Application of antagonistic microorganisms for the control

of postharvest decays in fruits and vegetables. Int. J. Adv. Biol. Res. 2:1-8

Acharya, K., Dutta, A. K., and Pradhan, P. 2011. Bipolaris sorokiniana (Sacc.) Shoem.: The most
destructive wheat fungal pathogen in the warmer areas. Aust. J. Crop Sci. 5:1064-1071

Acufia, J., and Jorquera, M. 2011. Indole acetic acid and phytase activity produced by rhizosphere
bacilli as affected by pH and metals. J. Soil Sci. Plant Nutr. 11:1-12

Akinsanmi, O. A., Mitter, V., Simpfendorfer, S., Backhouse, D., and Chakraborty, S. 2004. Identity
and pathogenicity of Fusarium spp. isolated from wheat fields in Queensland and northern New
South Wales. Aust. J. Agric. Res. 55:97-107

Alabouvette, C., Olivain, C., and Steinberg, C. 2006. Biological control of plant diseases: The
European situation. Eur. J. Plant Pathol. 114:329-341

Alina, S. O., Constantinscu, F., and Petruta, C. C. 2015. Biodiversity of Bacillus subtilis group and
beneficial traits of Bacillus species useful in plant protection. Rom. Biotechnol. Lett. 20:10737—
10750

Aranda, F. J., Teruel, J. A., and Ortiz, A. 2005. Further aspects on the hemolytic activity of the
antibiotic lipopeptide iturin A. Biochim. Biophys. Acta - Biomembr. 1713:51-56

Ardakani, S. S., Heydari, A., Khorasani, N. A., Arjmandi, R., and Ehteshami, M. 2009. Preparation
of new biofungicides using antagonistic bacteria and mineral compounds for controlling cotton

seedling damping-off disease. J. Plant Prot. Res. 49:49-55

Arkhipova, T. N., Veselov, S. U., Melentiev, A. I., Martynenko, E. V., and Kudoyarova, G. R. 2005.
Ability of bacterium Bacillus subtilis to produce cytokinins and to influence the growth and

endogenous hormone content of lettuce plants. Plant Soil. 272:201-209

Assié, L. K., Deleu, M., Arnaud, L., Paquot, M., Thonart, P., Gaspar, C., and Haubruge, E. 2002.
Insecticide activity of surfactins and iturins from a biopesticide Bacillus subtilis Cohn (S499
strain). Meded. Rijksuniv. Gent. Fak. Landbouwkd. Toegep. Biol. Wet. 67:647-55

Baffoni, L., Gaggia, F., Dalanaj, N., Prodi, A., Nipoti, P., Pisi, A., Biavati, B., and Di Gioia, D. 2015.

Microbial inoculants for the biocontrol of Fusarium spp. in durum wheat. BMC Microbiol. 15:242

Bai, G., and Shaner, G. 1994. Scab of wheat: prospects for control. Plant Dis. 78:760—766



104 | BIBLIOGRAPHY

Bais, H. P., Fall, R., and Vivanco, J. M. 2004. Biocontrol of Bacillus subtilis against infection of
Arabidopsis roots by Pseudomonas syringae is facilitated by biofilm formation and surfactin
production. Plant Physiol. 134:307-319

Beccari, G., Covarelli, L., and Nicholson, P. 2011. Infection processes and soft wheat response to
root rot and crown rot caused by Fusarium culmorum. Plant Pathol. 60:671-684

Beneduzi, A., Ambrosini, A., and Passaglia, L. M. P. 2012. Plant growth-promoting rhizobacteria
(PGPR): Their potential as antagonists and biocontrol agents. Genet. Mol. Biol. 35:1044-1051

Berg, G., Krechel, A., Ditz, M., Sikora, R. A., Ulrich, A., and Hallmann, J. 2005. Endophytic and
ectophytic potato-associated bacterial communities differ in structure and antagonistic function

against plant pathogenic fungi. FEMS Microbiol. Ecol. 51:215-229

Bernini, R., Mincione, E., Barontini, M., Fabrizi, G., Pasqualetti, M., and Tempesta, S. 2006.
Convenient oxidation of alkylated phenols and methoxytoluenes to antifungal 1,4-
benzoquinones with hydrogen peroxide (H202)/methyltrioxorhenium (CH3ReO3) catalytic
system in neutral ionic liquid. Tetrahedron. 62:7733—-7737

Biermann, B., and Linderman, R. G. 1983. Use of vesicular-arbuscular mycorrhizal roots, intraradical

vesicles and extraradical vesicles as inoculum. New Phytol. 95:97-105

Bonmatin, J.-M., Laprévote, O., and Peypoux, F. 2003. Diversity among microbial cyclic lipopeptides:
iturins and surfactins. Activity-structure relationships to design new bioactive agents. Comb.
Chem. High Throughput Screen. 6:541-56

Borriss, R. 2011. Use of plant-associated Bacillus strains as biofertilizers and biocontrol agents in
agriculture. Pages 41-76 in: Bacteria in Agrobiology: Plant Growth Responses, Springer Berlin
Heidelberg, Berlin, Heidelberg

Borriss, R. 2015. Transcriptome and proteome profiling for analyzing fates of global gene expression

in plant-beneficial Bacilli. Transcr. Open Access. 3:1

Borriss, R. 2017. Phytostimulation and biocontrol by the plant-associated Bacillus amyloliquefaciens

FZB42: An update. Pages 163-184 in: Bacilli and Agrobiotechnology. Springer Cham

Buerstmayr, H., Adam, G., and Lemmens, M. 2012. 12 Resistance to Head Blight caused by

Fusarium spp. in wheat. Disease resistance in wheat. 1:236

Burges, H. D. 1998. Formulation of Microbial Biopesticides: Beneficial microorganisms, nematodes

and seed treatments. Springer Netherlands.12:412

Burlakoti, R. R., Shrestha, S. M., and Sharma, R. C. 2014. Effect of natural seed-borne inoculum of



BIBLIOGRAPHY | 105

Bipolaris sorokiniana on the seedling emergence and vigour, and early establishment of foliar
blight in spring wheat. Arch. Phytopathol. Plant Prot. 47:812—-820

Caracciolo, R. 2014. Caratterizzazione molecolare e valutazione in vitro dell’attivita antagonista e
PGPR di batteri isolati dall’episperma di pomodoro. MSc Thesis Dissertation, DAFNE Dept.,
Universita degli Studi della Tuscia, Viterbo

Chen, C.-Y., Wang, Y.-H., and Huang, C.-J. 2004. Enhancement of the antifungal activity of Bacillus
subtilis F29-3 by the chitinase encoded by Bacillus circulans chiA gene. Can. J. Microbiol.
50:451-454

Chen, X. H., Vater, J., Piel, J., Franke, P., Scholz, R., Schneider, K., Koumoultsi, A., Hitzeroth, G.,
Grammel, N., Strittmatter, A. W., Gottschalk, G., Stussmuth, R. D., and Borriss, R. 2006.
Structural and functional characterization of three polyketide synthase gene clusters in Bacillus
amyloliquefaciens FZB 42. J. Bacteriol. 188:4024—-36

Chen, X. H., Koumoutsi, A., Scholz, R., Eisenreich, A., Schneider, K., Heinemeyer, I., Morgenstern,
B., Voss, B., Hess, W. R, Reva, O., Junge, H., Voigt, B., Jungblut, P. R., Vater, J., Sissmuth,
R., Liesegang, H., Strittmatter, A., Gottschalk, G., and Borriss, R. 2007. Comparative analysis
of the complete genome sequence of the plant growth—promoting bacterium Bacillus
amyloliquefaciens FZB42. Nat. Biotechnol. 25:1007-1014

Chen, X. H., Koumoutsi, A., Scholz, R., and Borriss, R. 2009a. More than anticipated—production of
antibiotics and other secondary metabolites by Bacillus amyloliqguefaciens FZB42. J. Mol.
Microbiol. Biotechnol. 16:14-24

Chen, X. H., Koumoutsi, A., Scholz, R., Schneider, K., Vater, J., Sissmuth, R., Piel, J., and Borriss,
R. 2009b. Genome analysis of Bacillus amyloliqguefaciens FZB42 reveals its potential for

biocontrol of plant pathogens. J. Biotechnol. 140:27-37

Chen, X. H., Scholz, R., Borriss, M., Junge, H., Mogel, G., Kunz, S., and Borriss, R. 2009c. Difficidin
and bacilysin produced by plant-associated Bacillus amyloliquefaciens are efficient in
controlling fire blight disease. J. Biotechnol. 140:38-44

Chernin, L., and Chet, I. 2002. Microbial enzymes in the biocontrol of plant pathogens and pests.

Cheval, P., Siah, A., Bomble, M., Popper, A. D., Reignault, P., and Halama, P. 2017. Evolution of
Qol resistance of the wheat pathogen Zymoseptoria tritici in Northern France. Crop Prot.
92:131-133

Chisholm, S. T., Coaker, G., Day, B., and Staskawicz, B. J. 2006. Host-microbe interactions: shaping

the evolution of the plant immune response. Cell. 124:803-814



106 | BIBLIOGRAPHY

Choudhary, D. K., Prakash, A., and Johri, B. N. 2007. Induced systemic resistance (ISR) in plants:

mechanism of action. Indian J. Microbiol. Indian J. Microbiol. 47.4; 289-297

Choudhary, D. K., and Johri, B. N. 2009. Interactions of Bacillus spp. and plants - With special
reference to induced systemic resistance (ISR). Microbiol. Res. 164:493-513

Chowdhury, S. P., Dietel, K., Randler, M., Schmid, M., Junge, H., Borriss, R., Hartmann, A., and
Grosch, R. 2013. Effects of Bacillus amyloliquefaciens FZB42 on lettuce growth and health
under pathogen pressure and its impact on the rhizosphere bacterial community. PLoS One.
8.7: e68818.

Chowdhury, S. P., Hartmann, A., Gao, X. W., and Borriss, R. 2015. Biocontrol mechanism by root-

associated Bacillus amyloliquefaciens FZB42 - A review. Front. Microbiol. 6:1-11

Clark, A. J., Sarti-Dvorjak, D., Brown-Guedira, G., Dong, Y., Baik, B. K., and Van Sanford, D. A.
2016. ldentifying rare FHB-resistant segregants in intransigent backcross and F2 winter wheat

populations. Front. Microbiol. 7:277

Cook, R. J., and Baker, K. F. 1983. The nature and practice of biological control of plant pathogens.

American Phytopathological Society

Cook, R. J. 1993. Making greater use of introduced microorganisms for biological control of plant
pathogens. Annu. Rev. Phytopathol. 31:53-80

Cools, H. J., and Fraaije, B. A. 2008. Are azole fungicides losing ground against Septoria wheat
disease? Resistance mechanisms in Mycosphaerella graminicola. Pest Manag. Sci. 64:681—
684

Corpet, F. 1988. Multiple sequence alignment with hierarchical clustering. Nucleic Acids Res.
16:10881-90

Correa, O. S., Montecchia, M. S., Berti, M. F., Fernandez Ferrari, M. C., Pucheu, N. L., Kerber, N.
L., and Garcia, A. F. 2009. Bacillus amyloliquefaciens BNM122, a potential microbial biocontrol
agent applied on soybean seeds, causes a minor impact on rhizosphere and soil microbial
communities. Appl. Soil Ecol. 41:185-194

Coutte, F., Lecouturier, D., Ait Yahia, S., Leclére, V., Béchet, M., Jacques, P., and Dhulster, P. 2010.
Production of surfactin and fengycin by Bacillus subtilis in a bubbleless membrane bioreactor.
Appl. Microbiol. Biotechnol. 87:499-507

Cowger, C., Hoffer, M. E., and Mundt, C. C. 2000. Specific adaptation by Mycosphaerella

graminicola to a resistant wheat cultivar. Plant Pathol. 49:445-451



BIBLIOGRAPHY | 107

Das, P., Mukherjee, S., and Sen, R. 2008. Improved bioavailability and biodegradation of a model
polyaromatic hydrocarbon by a biosurfactant producing bacterium of marine origin.
Chemosphere. 72:1229-1234

Deleu, M., Paquot, M., and Nylander, T. 2005. Fengycin interaction with lipid monolayers at the air-
aqueous interface - Implications for the effect of fengycin on biological membranes. J. Colloid
Interface Sci. 283:358-365

Deravel, J., Lemiéere, S., Coutte, F., Krier, F., Van Hese, N., Béchet, M., Sourdeau, N., Hofte, M.,
Leprétre, A., and Jacques, P. 2014. Mycosubtilin and surfactin are efficient, low ecotoxicity
molecules for the biocontrol of lettuce downy mildew. Appl. Microbiol. Biotechnol. 98:6255—
6264

Devine, K. M. 1995. The Bacillus subtilis genome project: Aims and progress. Trends Biotechnol.
13:210-216

Droby, S., Wisniewski, M., Macarisin, D., and Wilson, C. 2009. Twenty years of postharvest

biocontrol research: Is it time for a new paradigm? Postharvest Biol. Technol. 52:137-145

Duitman, E. H., Hamoen, L. W., Rembold, M., Venema, G., Seitz, H., Saenger, W., Bernhard, F.,
Reinhardt, R., Schmidt, M., Ullrich, C., Stein, T., Leenders, F., and Vater, J. 1999. The
mycosubtilin synthetase of Bacillus subtilis ATCC6633: a multifunctional hybrid between a
peptide synthetase, an amino transferase, and a fatty acid synthase. Proc. Natl. Acad. Sci. U.
S. A. 96:13294-9

Durrant, W. E., and Dong, X. 2004. Systemic acquired resistance. Annu. Rev. Phytopathol. 42:185—
209

Earl, A. M., Losick, R., and Kolter, R. 2008. Ecology and genomics of Bacillus subtilis. Trends
Microbiol. 16:269-275

Erginbas-Orakci, G., Poole, G., Nicol, J. M., Paulitz, T., Dababat, A. A., and Campbell, K. 2016.
Assessment of inoculation methods to identify resistance to Fusarium crown rot in wheat. J.
Plant Dis. Prot. 123:19-27

Erlacher, A., Cardinale, M., Grosch, R., Grube, M., and Berg, G. 2014. The impact of the pathogen
Rhizoctonia solani and its beneficial counterpart Bacillus amyloliquefaciens on the indigenous

lettuce microbiome. Front. Microbiol. 5:175

Fan, B., Carvalhais, L. C., Becker, A., Fedoseyenko, D., Von Wirén, N., and Borriss, R. 2012.
Transcriptomic profiling of Bacillus amyloliquefaciens FZB42 in response to maize root
exudates. BMC Microbiol. 12.1: 116.



108 | BIBLIOGRAPHY

Fan, B., Li, L., Chao, Y., Forstner, K., Vogel, J., Borriss, R., and Wu, X. Q. 2015. DRNA-seq reveals
genomewide TSSs and noncoding RNAs of plant beneficial rhizobacterium Bacillus
amyloliquefaciens FZB42. PLoS One. 10.11: e0142002.

FAO. 2017. Available at: http://www.fao.org/worldfoodsituation/csdb/en/
FAOSTAT. 2014. Available at: http://www.fao.org/faostat/en/?#data/QC

Farace, G., Fernandez, O., Jacquens, L., Coutte, F., Krier, F., Jacques, P., Clément, C., Barka, E.
A., Jacquard, C., and Dorey, S. 2015. Cyclic lipopeptides from Bacillus subtilis activate distinct

patterns of defence responses in grapevine. Mol. Plant Pathol. 16:177-187

Ferrari, E., Jarnagin, A. S., and Schmidt, B. F. 1993. Commercial production of extracellular
enzymes. Pages 917-937 in: Bacillus subtilis and Other Gram-Positive Bacteria. American

Society of Microbiology.

Figueroa, M., Hammond-Kosack, K. E., and Solomon, P. S. 2017. A review of wheat diseases - a
field perspective. Mol. Plant Pathol.

Fitter, A., and Garbaye, J. 1994. Interactions between mycorrhizal fungi and other soil organisms.
Plant Soil. 159:123-132

Francl, L. J. 2001. The disease triangle: A plant pathological paradigm revisited. Plant Heal. Instr.
10

Gan, Y., Liang, C., Chai, Q., Lemke, R. L., Campbell, C. A., and Zentner, R. P. 2014. Improving
farming practices reduces the carbon footprint of spring wheat production. Nat. Commun.
5:5012

Ghaffary, S. M. T., Faris, J. D., Friesen, T. L., Visser, R. G. F., van der Lee, T. A. J., Robert, O., and
Kema, G. H. J. 2012. New broad-spectrum resistance to septoria tritici blotch derived from
synthetic hexaploid wheat. Theor. Appl. Genet. 124:125-142

Ghazvini, H., and Tekauz, A. 2007. Virulence diversity in the population of Bipolaris sorokiniana.
Plant Dis. 91:814-821

Goudemand, E., Laurent, V., Duchalais, L., Ghaffary, S. M. T., Kema, G. H. J., Lonnet, P., Margale,
E., and Robert, O. 2013. Association mapping and meta-analysis: two complementary
approaches for the detection of reliable Septoria tritici blotch quantitative resistance in bread
wheat (Triticum aestivum L.). Mol. Breed. 32:563-584

Goutam, U., Kukreja, S., Yadav, R., Salaria, N., Thakur, K., and Goyal, A. K. 2015. Recent trends

and perspectives of molecular markers against fungal diseases in wheat. Front. Microbiol. 6:861



BIBLIOGRAPHY | 109

Guel, A., Kidoglu, F., Tuezel, Y., and Tuezel, I. H. 2008. Effects of nutrition and Bacillus
amyloliquefaciens on tomato (Solarium lycopersicum L.) growing in perlite. Spanish J. Agric.
Res. 6:422-429

Guo, Q., bong, W, Li, S., Lu, X., Wang, P., Zhang, X., Wang, Y., and Ma, P. 2014. Fengycin
produced by Bacillus subtilis NCD-2 plays a major role in biocontrol of cotton seedling damping-
off disease. Microbiol. Res. 169:533-540

Gutiérrez-Mafiero, F. J., Ramos-Solano, B., Probanza, A., Mehouachi, J., Tadeo, F. R., and Talon,
M. 2001. The plant-growth-promoting rhizobacteria Bacillus pumilus and Bacillus licheniformis
produce high amounts of physiologically active gibberellins. Physiol. Plant. 111:206-211

Harman, G. E., Howell, C. R., Viterbo, A., Chet, I., and Lorito, M. 2004. Trichoderma species —
opportunistic, avirulent plant symbionts. Nat. Rev. Microbiol. 2:43-56

Hazards, B. 2013. Scientific Opinion on the maintenance of the list of QPS biological agents
intentionally added to food and feed (2013 update). EFSA Journal, 2013, 11.11: 3449.

Heydari, A., and Pessarakli, M. 2010. A review on biological control of fungal plant pathogens using
microbial antagonists. J. Biol. Sci. 10:273-290

Huang, X., Lu, Z., Zhao, H., Bie, X, LU, F. X., and Yang, S. 2006. Antiviral activity of antimicrobial
lipopeptide from Bacillus subtilis fmbj against Pseudorabies Virus, Porcine Parvovirus,
Newcastle Disease Virus and Infectious Bursal Disease Virus in vitro. Int. J. Pept. Res. Ther.
12:373-377

Huang, X., Suo, J., and Cui, Y. 2011. Optimization of antimicrobial activity of surfactin and polylysine
against Salmonella enteritidis in milk evaluated by a response surface methodology. Foodborne
Pathog. Dis. 8:439-443

Hussain, A., and Hasnain, S. 2009. Cytokinin production by some bacteria: Its impact on cell division
in cucumber cotyledons. African J. Microbiol. Res. 3:704—-712

Idris, E. E., Makarewicz, O., Farouk, A., Rosner, K., Greiner, R., Bochow, H., Richter, T., and Borriss,
R. 2002. Extracellular phytase activity of Bacillus amyloliquefaciens FZB45 contributes to its

plant-growth-promoting effect. Microbiology. 148:2097-2109

Idris, E. E., Iglesias, D. J., Talon, M., and Borriss, R. 2007. Tryptophan-dependent production of
Indole-3-Acetic Acid (IAA) affects level of plant growth promotion by Bacillus amyloliquefaciens
FzB42. Mol. Plant-Microbe Interact. 20:619-626

Islam, M. T., Hashidoko, Y., Deora, A., Ito, T., and Tahara, S. 2005. Suppression of damping-off

disease in host plants by the rhizoplane bacterium Lysobacter sp. strain SB-K88 is linked to



110 | BIBLIOGRAPHY

plant colonization and antibiosis against soilborne peronosporomycetes. Appl. Environ.
Microbiol. 71:3786-3796

Jacques, P. 2011. Surfactin and Other Lipopeptides from Bacillus spp. Pages 57-91 in:
Biosurfactants,Springer, Berlin, Heidelberg.

James Cook, R. 1992. Wheat root health management and environmental concern. Can. J. Plant
Pathol. 14:76-85

Jargensen, L. N., Hovmgller, M. S., Hansen, J. G., Lassen, P., Clark, B., Bayles, R., Rodemann, B.,
Flath, K., Jahn, M., Goral, T., Jerzy Czembor, J., Cheyron, P., Maumene, C., De Pope, C., Ban,
R., Nielsen, G. C., and Berg, G. 2014. IPM strategies and their dilemmas including an

introduction to www.eurowheat.org. J. Integr. Agric. 13:265-281

Kageyama, K., and Nelson, E. B. 2003. Differential inactivation of seed exudate stimulation of
Pythium ultimum sporangium germination by Enterobacter cloacae influences biological control

efficacy on different plant species. Appl. Environ. Microbiol. 69:1114-20

Khaneja, R., Perez-Fons, L., Fakhry, S., Baccigalupi, L., Steiger, S., To, E., Sandmann, G., Dong,
T. C., Ricca, E., Fraser, P. D., and Cutting, S. M. 2010. Carotenoids found in Bacillus. J. Appl.
Microbiol. 108:1889-1902

Kierul, K., Voigt, B., Albrecht, D., Chen, X. H., Carvalhais, L. C., and Borriss, R. 2015. Influence of
root exudates on the extracellular proteome of the plant growth-promoting bacterium Bacillus
amyloliquefaciens FZB42. Microbiology. 161:131-147

Kloepper, J. W., Leong, J., Teintze, M., and Schroth, M. N. 1980. Pseudomonas siderophores: A

mechanism explaining disease-suppressive soils. Curr. Microbiol. 4:317-320

Kloepper, J. W., Ryu, C., and Zhang, S. 2004. Induced systemic resistance and promotion of plant
growth by Bacillus spp. Phytopathology. 94:1259-1266

Kobayashi, K., Ehrlich, S. D., Albertini, A., Amati, G., Andersen, K. K., Arnaud, M., Asai, K.,
Ashikaga, S., Aymerich, S., Bessieres, P., Boland, F., Brignell, S. C., Bron, S., Bunai, K.,
Chapuis, J., Christiansen, L. C., Danchin, A., Debarbouille, M., Dervyn, E., Deuerling, E.,
Devine, K., Devine, S. K., Dreesen, O., Errington, J., Fillinger, S., Foster, S. J., Fujita, Y.,
Galizzi, A., Gardan, R., Eschevins, C., Fukushima, T., Haga, K., Harwood, C. R., Hecker, M.,
Hosoya, D., Hullo, M. F., Kakeshita, H., Karamata, D., Kasahara, Y., Kawamura, F., Koga, K.,
Koski, P., Kuwana, R., Imamura, D., Ishimaru, M., Ishikawa, S., Ishio, I., Le Coq, D., Masson,
A., Mauel, C., Meima, R., Mellado, R. P., Moir, A., Moriya, S., Nagakawa, E., Nanamiya, H.,
Nakai, S., Nygaard, P., Ogura, M., Ohanan, T., O’'Reilly, M., O’Rourke, M., Pragai, Z., Pooley,
H. M., Rapoport, G., Rawlins, J. P., Rivas, L. A., Rivolta, C., Sadaie, A., Sadaie, Y., Sarvas, M.,



BIBLIOGRAPHY | 111

Sato, T., Saxild, H. H., Scanlan, E., Schumann, W., Seegers, J. F. M. L., Sekiguchi, J.,
Sekowska, A., Seror, S. J., Simon, M., Stragier, P., Studer, R., Takamatsu, H., Tanaka, T.,
Takeuchi, M., Thomaides, H. B., Vagner, V., van Dijl, J. M., Watabe, K., Wipat, A., Yamamoto,
H., Yamamoto, M., Yamamoto, Y., Yamane, K., Yata, K., Yoshida, K., Yoshikawa, H., Zuber,
U., and Ogasawara, N. 2003. Essential Bacillus subtilis genes. Proc. Natl. Acad. Sci. 100:4678—
4683

Koumoutsi, A., Chen, X. H., Henne, A., Hitzeroth, G., Franke, P., Vater, J., Borriss, R., and
Liesegang, H. 2004. Structural and functional characterization of gene clusters directing
nonribosomal synthesis of bioactive cyclic lipopeptides in Bacillus amyloliquefaciens strain
FzB42. J. Bacteriol. 186:1084-1096

Kumar, A., K. Choudhary, D., and Prakash, A. 2008. In vitro antagonism of rhizobacterial strain A1Z
isolated from soybean (Glycine max L.) against soil borne pathogens of soybean. 49" Annual
Conference of AMI, International Symposium on Microbial Biotechnology: Diversity, Genomics

and Metagenomics. University of Delhi, New Delhi, India.

Kumar, A., Prakash, A., and Johri, B. N. 2011. Bacillus as PGPR in crop ecosystem. Pages 37-59
in: Bacteria in Agrobiology: Crop Ecosystems. Springer Berlin Heidelberg.

Kumar, P., Dubey, R. C., and Maheshwari, D. K. 2012. Bacillus strains isolated from rhizosphere
showed plant growth promoting and antagonistic activity against phytopathogens. Microbiol.
Res. 167:493-499

Kunst, F. 1997. The complete genome sequence of the gram-positive bacterium Bacillus subtilis.
Nature. 390:249-256

Larkin, R. P., and Fravel, D. R. 1998. Efficacy of various fungal and bacterial biocontrol organisms
for control of Fusarium Wilt of tomato. Plant Dis. 82:1022-1028

Lenc, L., Czecholinski, G., Wyczling, D., Turéw, T., and Kazmierczak, A. 2015. Fusarium head blight
(FHB) and Fusarium spp. on grain of spring wheat cultivars grown in Poland. J. Plant Prot. Res.
55:266-277

Lo, C. T., Nelson, E. B., and Hartman, G. E. 1997. Improved biocontrol efficacy of Trichoderma
harzianum 1295-22 for foliar phases of turf disease by use of spray applications. Plant Dis.
81:1132-1138

Logan, N. A., and De Vos, P. 2009. Vol. 3: The Firmicutes. Bacillus. Pages 21-128. In: Bergey's
manual of systematic bacteriology (2" ed.) New York, NY, USA: Springer.

Shahraki, M., Heydari, A., and Hasanzadeh, N. 2009. Investigation of antibiotic, siderophore, volatile



112 | BIBLIOGRAPHY

metabolites production by Bacillus and Pseudomonas bacteria. 22:71-84

Mariotti, E. 2012. Metodologie per la quantificazione della carica batterica totale su specie frutticole
(Actinidia e Nocciolo) dirilievo della Regione Lazio. BSc Thesis Diss., DAFNE Dept., Universita
degli Studi della Tuscia, Viterbo

McDonald, M. C., McDonald, B. A., and Solomon, P. S. 2015. Recent advances in the Zymoseptoria
tritici-wheat interaction: insights from pathogenomics. Front. Plant Sci. 6:102

McSpadden Gardener, B. B., and Fravel, D. R. 2002. Biological Control of Plant Pathogens:
Research, Commercialization, and Application in the USA. Plant Heal. Prog. 207-209.

Mejri, S., Siah, A., Coutte, F., Magnin-Robert, M., Randoux, B., Tisserant, B., Krier, F., Jacques, P.,
Reignault, P., and Halama, P. 2017. Biocontrol of the wheat pathogen Zymoseptoria tritici using

cyclic lipopeptides from Bacillus subtilis. Environ. Sci. Pollut. Res. 1-12

Milner, J. L., Silo-Suh, L., Lee, J. C., Haiyin, H. E., Clardy, J., and Handelsman, J. O. 1996.
Production of kanosamine by Bacillus cereus UW85. Appl. Environ. Microbiol. 62:3061-3065

Minotto, E., Bertoni Mann, M., Vélez-Martin, E., Feltrin, T., Pasqualini Milagre, L., Spadari, C., and
Van Der Sand, S. T. 2014. Pathogenicity of monosporic and polysporic Bipolaris sorokiniana
isolates to wheat seed and seedling under controlled conditions. African J. Microbiol. Res.
8:2697-2704

Mipaaf. 2017. Available at: https://www.politicheagricole.it/flex/cm/pages/ServeBLOB.php/L/IT/IDP
agina/664

Mishra, V. K., and Kumar, A. 2012. Plant growth promoting and phytostimulatory potential of Bacillus
subtilis and Bacillus amyloliquefaciens. JABS 7.7:509-519

Mnasri, N., Chennaoui, C., Gargouri, S., Mhamdi, R., Hessini, K., Elkahoui, S., and Djébali, N. 2017.
Efficacy of some rhizospheric and endophytic bacteria in vitro and as seed coating for the
control of Fusarium culmorum infecting durum wheat in Tunisia. Eur. J. Plant Pathol. 147:501—
515

Mora, I., Cabrefiga, J., and Montesinos, E. 2011. Antimicrobial peptide genes in Bacillus strains from

plant environments. Int. Microbiol. 14:213-223

Mora, I. 2013. Antimicrobial activity in Bacillus spp. from plant environments against plant pathogens.
Relationship with cyclic lipopeptide genes and products. PhD Thesis Diss., Escola de Doctorat,

Universitat de Girona, Girona.

Mora, I., Cabrefiga, J., and Montesinos, E. 2015. Cyclic lipopeptide biosynthetic genes and products,



BIBLIOGRAPHY | 113

and inhibitory activity of plant-associated Bacillus against phytopathogenic bacteria. PLoS One.
10.5: e0127738.

Moya-Elizondo, E. A., and Jacobsen, B. J. 2016. Integrated management of Fusarium crown rot of
wheat using fungicide seed treatment, cultivar resistance, and induction of systemic acquired
resistance (SAR). Biol. Control. 92:153-163

Moyne, A. L., Shelby, R., Cleveland, T. E., and Tuzun, S. 2001. Bacillomycin D: An iturin with
antifungal activity against Aspergillus flavus. J. Appl. Microbiol. 90:622—-629

Moyne, A. L., Cleveland, T. E., and Tuzun, S. 2004. Molecular characterization and analysis of the

operon encoding the antifungal lipopeptide bacillomycin D. FEMS Microbiol. Lett. 234:43—-49

Mudge, A. M., Dill-Macky, R., Dong, Y., Gardiner, D. M., White, R. G., and Manners, J. M. 2006. A
role for the mycotoxin deoxynivalenol in stem colonisation during crown rot disease of wheat
caused by Fusarium graminearum and Fusarium pseudograminearum. Physiol. Mol. Plant
Pathol. 69:73—-85

Nakano, M. M., Xia, L., and Zuber, P. 1991. Transcription initiation region of the srfA operon, which
is controlled by the comP-comA signal transduction system in Bacillus subtilis. J. Bacteriol.
173:5487-5493

Ongena, M., and Jacques, P. 2008. Bacillus lipopeptides: versatile weapons for plant disease
biocontrol. Trends Microbiol. 16:115-125

Onofri, A. 2007. Routine statistical analyses of field experiments by using an Excel extension. Pages
93-96 in: Proceedings 6" National Conference Italian Biometric Society:“ La statistica nelle

scienze della vita e dellambiente”, Pisa, 20-22 Giugno 2007

Pal, K. K., and Mc Spadden Gardener, B. 2006. Biological control of plant pathogens. Plant Heal.
Instr. 2: 1117-1142

Palazzini, J. M., Dunlap, C. A., Bowman, M. J., and Chulze, S. N. 2016. Bacillus velezensis RC 218
as a bhiocontrol agent to reduce Fusarium head blight and deoxynivalenol accumulation:

Genome sequencing and secondary metabolite cluster profiles. Microbiol. Res. 192:30-36

Pandey, D. K., Tripathi, N. N., Tripathi, R. D., and Dixit, S. N. 1982. Fungitoxic and phytotoxic
properties of the essential oil of Hyptis suaveolens. Zeitschrift fir Pflanzenkrankheiten und
Pflanzenschutz / J. Plant Dis. Prot. 89:344—-349

Pariyar, S. R., Dababat, A. A., Nicol, J. M., Erginbas-Orakci, G., Goll, M. B., Watrin, C., Duveiller, E.,
Braun, H. J., and Sikora, R. 2014. Fungicide seed treatment and host resistance for the

management of wheat crown rot caused by Fusarium culmorum. Basic Res. J. Agric. Sci. Rev.



114 | BIBLIOGRAPHY

3:116-121

Patel, H., Tscheka, C., Edwards, K., Karlsson, G., and Heerklotz, H. 2011. All-or-none membrane
permeabilization by fengycin-type lipopeptides from Bacillus subtilis QST713. Biochim.
Biophys. Acta - Biomembr. 1808:2000-2008

Pathak, K. V., and Keharia, H. 2014. Application of extracellular lipopeptide biosurfactant produced
by endophytic Bacillus subtilis K1 isolated from aerial roots of banyan (Ficus benghalensis) in
microbially enhanced oil recovery (MEOR). 3 Biotech. 4.1:41-48

Patrick, F. 2012. Antibiotic compounds from Bacillus: Why are they so amazing? Am. J. Biochem.
Biotechnol. 8:40-46

Payros, D., Alassane-Kpembi, I., Pierron, A., Loiseau, N., Pinton, P., and Oswald, I. P. 2016.
Toxicology of deoxynivalenol and its acetylated and modified forms. Arch. Toxicol. 90:2931—
2957

Pérez-Garcia, A., Romero, D., and de Vicente, A. 2011. Plant protection and growth stimulation by
microorganisms: biotechnological applications of Bacilli in agriculture. Curr. Opin. Biotechnol.
22:187-193

Ptaza, G. A., Turek, A., Kroacute |, E., and Szczygtowska, R. 2013. Antifungal and antibacterial
properties of surfactin isolated from Bacillus subtilis growing on molasses. African J. Microbiol.
Res. 7:3165-3170

Ponomarenko, A., Goodwin, S. B., and Kema, G. H. J. 2011. Septoria tritici blotch (STB) of wheat.
Plant Heal. Instr. Available at: http://www.apsnet.org/edcenter/intropp/lessons/fungi/ascomyce
tes/Pages/Septoria.aspx

Powell, J. J., Carere, J., Fitzgerald, T. L., Stiller, J., Covarelli, L., Xu, Q., Gubler, F., Colgrave, M. L.,
Gardiner, D. M., Manners, J. M., Henry, R. J., and Kazan, K. 2017. The Fusarium crown rot
pathogen Fusarium pseudograminearum triggers a suite of transcriptional and metabolic

changes in bread wheat (Triticum aestivum L.). Ann. Bot. 119:853-867

Priest, F. G., Goodfellow, M., and Todd, C. 1988. A numerical classification of the genus Bacillus. J.
Gen. Microbiol. 134:1847-1882

Qiao, J. Q., Wu, H. J., Huo, R., Gao, X. W., and Borriss, R. 2014. Stimulation of plant growth and
biocontrol by Bacillus amyloliquefaciens subsp. plantarum FZB42 engineered for improved

action. Chem. Biol. Technol. Agric. 1.1:12.

Qin, Y., Tian, Y., and Liu, X. 2015. A wheat salinity-induced WRKY transcription factor TaWRKY93

confers multiple abiotic stress tolerance in Arabidopsis thaliana. Biochem. Biophys. Res.



BIBLIOGRAPHY | 115

Commun. 464:428-433

Raddadi, N., Crotti, E., Rolli, E., Marasco, R., Fava, F., and Daffonchio, D. 2012. The most important
Bacillus species in biotechnology. Pages 329-345 in: Bacillus thuringiensis Biotechnology,
Springer Netherlands, Dordrecht. 329-345.

Rahman, M. 2016. Bacillus spp.: A Promising Biocontrol Agent of Root, Foliar, and Postharvest
Diseases of Plants. Pages 113-141 in: Bacilli and Agrobiotechnology, M.T. Islam, M. Rahman,
P. Pandey, C.K. Jha, and A. Aeron, eds.Springer International Publishing

Ramette, A., Moénne-Loccoz, Y., and Défago, G. 2003. Prevalence of fluorescent pseudomonads
producing antifungal phloroglucinols and/or hydrogen cyanide in soils naturally suppressive or
conducive to tobacco black root rot. FEMS Microbiol. Ecol. 44:35-43

Rawat, N., Pumphrey, M. O., Liu, S., Zhang, X., Tiwari, V. K., Ando, K., Trick, H. N., Bockus, W. W.,
Akhunov, E., Anderson, J. A., and Gill, B. S. 2016. Wheat Fhb1 encodes a chimeric lectin with
agglutinin domains and a pore-forming toxin-like domain conferring resistance to Fusarium
head blight. Nat. Genet. 48:1576—-1580

Rioux, S., Pouleur, S., Randall, P., Vanasse, A., Turkington, T. K., Dion, Y., and Belkacemi, K. 2016.
Efficacy of acetic acid vapours and dry heat to control Fusarium graminearum and Bipolaris

sorokiniana in barley and wheat seeds. Phytoprotection. 96:1-11

Rivardo, F., Turner, R. J., Allegrone, G., Ceri, H., and Martinotti, M. G. 2009. Anti-adhesion activity
of two biosurfactants produced by Bacillus spp. prevents biofilm formation of human bacterial
pathogens. Appl. Microbiol. Biotechnol. 83:541-553

Romero, D., de Vicente, A., Rakotoaly, R. H., Dufour, S. E., Veening, J.-W., Arrebola, E., Cazorla,
F. M., Kuipers, O. P., Paquot, M., and Pérez-Garcia, A. 2007. The iturin and fengycin families
of lipopeptides are key factors in antagonism of Bacillus subtilis toward Podosphaera fusca.
Mol. Plant-Microbe Interact. 20:430-440

Roongsawang, N., Thaniyavarn, J., Thaniyavarn, S., Kameyama, T., Haruki, M., Imanaka, T.,
Morikawa, M., and Kanaya, S. 2002. Isolation and characterization of a halotolerant Bacillus
subtilis BBK-1 which produces three kinds of lipopeptides: Bacillomycin L, plipastatin, and
surfactin. Extremophiles. 6:499-506

Ruckert, C., Blom, J., Chen, X. H., Reva, O., and Borriss, R. 2011. Genome sequence of B.
amyloliquefaciens type strain DSM7T reveals differences to plant-associated B.
amyloliquefaciens FZB42. J. Biotechnol. 155:78-85

Ryals, J. A., Neuenschwander, U. H., Willits, M. G., Molina, A., Steiner, H.-Y., and Hunt, M. D. 1996.



116 | BIBLIOGRAPHY

Systemic Acquired Resistance. The plant cell. 8:1809-1819

Ryu, C., Farag, M. A., Hu, C., Reddy, M. S., Wei, H.-X., Pare, P. W., and Kloepper, J. W. 2003.
Bacterial volatiles promote growth in Arabidopsis. Proc. Natl. Acad. Sci. 100:4927-4932

Saimmai, A., Sobhon, V., and Maneerat, S. 2011. Molasses as a Whole Medium for Biosurfactants

Production by Bacillus strains and their application. Appl. Biochem. Biotechnol. 165:315-335

Salgado, J. D., Madden, L. V., and Paul, P. A. 2015. Quantifying the effects of Fusarium Head Blight
on grain yield and test weight in soft red winter wheat. Phytopathology. 105:295-306

Schallmey, M., Singh, A., and Ward, O. P. 2004. Developments in the use of Bacillus species for
industrial production. Can. J. Microbiol. 50:1-17

Scherm, B., Balmas, V., Spanu, F., Pani, G., Delogu, G., Pasquali, M., and Migheli, Q. 2013.
Fusarium culmorum: Causal agent of foot and root rot and head blight on wheat. Mol. Plant
Pathol. 14:323-341

Scholz, R., Vater, J., Budiharjo, A., Wang, Z., He, Y., Dietel, K., Schwecke, T., Herfort, S., Lasch,
P., and Borriss, R. 2014. Amylocyclicin, a novel circular bacteriocin produced by Bacillus
amyloliquefaciens FZB42. J. Bacteriol. 196:1842-1852

Schouten, A., van den Berg, G., Edel-Hermann, V., Steinberg, C., Gautheron, N., Alabouvette, C.,
de Vos, C. H., Lemanceau, P., and Raaijmakers, J. M. 2004. Defense responses of Fusarium
oxysporum to 2,4-diacetylphloroglucinol, a broad-spectrum antibiotic produced by

Pseudomonas fluorescens. Mol. plant-microbe Interact. 17:1201-1211

Seydlova, G., Cabala, R., and Svobodova, J. 2011. Surfactin — Novel Solutions for Global Issues.
Pages 305-330 in: Biomedical Engineering, Trends, Research and Technologies, Dr. Sylwia

Olsztynska, ed.InTech.

Shahcheraghi, S., Ayatollahi, J., and Lotfi, M. 2015. Applications of Bacillus subtilis as an important

bacterium in medical sciences and human life. Trop. J. Med. Res. 18:1

Shaligram, N. S., and Singhal, R. S. 2010. Surfactin-a review on biosynthesis, fermentation,

purification and applications. Food Technol. Biotechnol. 48:119-134

Sharma, R. R., Singh, D., and Singh, R. 2009. Biological control of postharvest diseases of fruits

and vegetables by microbial antagonists: A review. Biol. Control. 50:205-221

Siah, A., Deweer, C., Duyme, F., Sansseng¢, J., Durand, R., Halama, P., and Reignault, P. 2010.
Correlation of in planta endo-beta-1,4-xylanase activity with the necrotrophic phase of the

hemibiotrophic fungus Mycosphaerella graminicola. Plant Pathol. 59:661-670



BIBLIOGRAPHY | 117

Singh, H. B. 2014. Management of plant pathogens with microorganisms. Proc. Indian Natl. Sci.
Acad. 80:443

Smiley, R. W., Gourlie, J. A., Easley, S. A., Patterson, L.-M., and Whittaker, R. G. 2005. Crop
damage estimates for crown rot of wheat and barley in the pacific northwest. Plant Dis. 89:595—
604

Stein, T. 2005. Bacillus subtilis antibiotics: structures, syntheses and specific functions. Mol.
Microbiol. 56:845-857

Steller, S., Sokoll, A., Wilde, C., Bernhard, F., Franke, P., and Vater, J. 2004. Initiation of surfactin
biosynthesis and the role of the SrfD-thioesterase protein. Biochemistry. 43:11331-11343

Stirling, M., and Stirling, G. 1997. Disease management: Biological control. Plant Pathog. Plant Dis.
27:427-440

Van Straaten, K. E., Ko, J. B., Jagdhane, R., Anjum, S., Palmer, D. R. J., and Sanders, D. A. R.
2013. The structure of NtdA, a sugar aminotransferase involved in the kanosamine biosynthetic
pathway in Bacillus subtilis, reveals a new subclass of aminotransferases. J. Biol. Chem.
288:34121-34130

Strieker, M., Tanovi¢, A., and Marahiel, M. A. 2010. Nonribosomal peptide synthetases: Structures
and dynamics. Curr. Opin. Struct. Biol. 20:234-240

Sturz, A. V. 2006. Bacterial root zone communities, beneficial allelopathies and plant disease control.
Pages 123-142 in: Allelochemicals: Biological Control of Plant Pathogens and Diseases,

Kluwer Academic Publishers, Dordrecht.

Sutton, J. C. 1982. Epidemiology of wheat head blight and maize ear rot caused by Fusarium
graminearum. Can. J. Plant Pathol. 4:195-209

Taiz, L., and Zeiger, E. 2002. Giberelline. Pages 701-736 in: Fisiologia Vegetale,Sinauer Associates

Inc., ed.Piccin Nuova Libreria S.p.A.

Tendulkar, S. R., Saikumari, Y. K., Patel, V., Raghotama, S., Munshi, T. K., Balaram, P., and
Chattoo, B. B. 2007. Isolation, purification and characterization of an antifungal molecule
produced by Bacillus licheniformis BC98, and its effect on phytopathogen Magnaporthe grisea.
J. Appl. Microbiol. 103:2331-2339

Thasana, N., Prapagdee, B., Rangkadilok, N., Sallabhan, R., Aye, S. L., Ruchirawat, S., and
Loprasert, S. 2010. Bacillus subtilis SSE4 produces subtulene A, a new lipopeptide antibiotic
possessing an unusual C15 unsaturated p-amino acid. FEBS Lett. 584:3209-3214



118 | BIBLIOGRAPHY

Torriani, S. F. F., Brunner, P. C., McDonald, B. A., and Sierotzki, H. 2009. Qol resistance emerged
independently at least 4 times in European populations of Mycosphaerella graminicola. Pest
Manag. Sci. 65:155-162

Torriani, S. F. F., Melichar, J. P. E., Mills, C., Pain, N., Sierotzki, H., and Courbot, M. 2015.
Zymoseptoria tritici: A major threat to wheat production, integrated approaches to control.
Fungal Genet. Biol. 79:8-12

Toure, Y., Ongena, M., Jacques, P., Guiro, A., and Thonart, P. 2004. Role of lipopeptides produced
by Bacillus subtilis GA1 in the reduction of grey mould disease caused by Botrytis cinerea on
apple. J. Appl. Microbiol. 96:1151-1160

U.S. Governmen Publishing Office. 2017. Code of Federal Regulations (Annual Edition). 21:488—
594

Ulloa-Ogaz, A. L., Mufioz-Castellanos, L. N., and Nevarez-Moorillon, G. V. 2015. Biocontrol of
phytopathogens: Antibiotic production as mechanism of control. Pages 305-309 in: The Battle
Against Microbial Pathogens: Basic Science, Technological Advances and Educational

Programs,A. Méndez-Vilas, ed.Formatex

Vallad, G. E., and Goodman, R. M. 2004. Systemic acquired resistance and induced systemic

resistance in conventional agriculture. Crop Sci. 44:1920

Varvaro, L., and Fabi, A. 2001. Possibility of using Bacillus pumilus to control the etiological agent
of bacterial canker of tomato. Pages 149-150 in: 3" Congress of the Sociedade Portuguesa de
Fitopatologia, University of Evora, Evora (Portugal), 17-20 September, 2001.

Velazquez-Sepulveda, I., Orozco-Mosqueda, M. C., Prieto-Barajas, C. M., and Santoyo, G. 2012.
Bacterial diversity associated with the rhizosphere of wheat plants (Triticum aestivum): Toward

a metagenomic analysis. Phyton-International J. Exp. Bot. 81:81-87

Vollenbroich, D., Pauli, G., Ozel, M., and Vater, J. 1997. Antimycoplasma properties and application
in cell culture of surfactin, a lipopeptide antibiotic from Bacillus subitilis. Appl. Environ. Microbiol.
63:44-49

Volpi, C., Janni, M., Lionetti, V., Bellincampi, D., Favaron, F., and D’Ovidio, R. 2011. The ectopic
expression of a pectin methyl esterase inhibitor increases pectin methyl esterification and limits

fungal diseases in wheat. Mol. Plant-Microbe Interact. 24:1012-1019

Wang, S., Wu, H., Qiao, J., Ma, L., Liu, J., Xia, Y., and Gao, X. 2009. Molecular mechanism of plant
growth promotion and induced systemic resistance to tobacco mosaic virus by Bacillus spp. J.
Microbiol. Biotechnol. 19:1250-8



BIBLIOGRAPHY | 119

Willyerd, K. T., Li, C., Madden, L. V., Bradley, C. A., Bergstrom, G. C., Sweets, L. E., McMullen, M.,
Ransom, J. K., Grybauskas, A., Osborne, L., Wegulo, S. N., Hershman, D. E., Wise, K., Bockus,
W. W., Groth, D., Dill-Macky, R., Milus, E., Esker, P. D., Waxman, K. D., Adee, E. A., Ebelhar,
S. E., Young, B. G., and Paul, P. A. 2012. Efficacy and stability of integrating fungicide and
cultivar resistance to manage Fusarium Head Blight and deoxynivalenol in wheat. Plant Dis.
96:957-967

Wilson, C. L., and Wisniewski, M. E. 1989. Biological control of fruits and vegetables : an Emerging
Technology. Annu. Rev. Phytopathol. 27:425-441

Wipat, A., and Harwood, C. R. 1999. The Bacillus subtilis genome sequence: The molecular blueprint
of a soil bacterium. FEMS Microbiol. Ecol. 28:1-9

Yazgan, A., Ozcengiz, G., and Marahiel, M. A. 2001. Tn10 insertional mutations of Bacillus subtilis
that block the biosynthesis of bacilysin. Biochim. Biophys. Acta - Gene Struct. Expr. 1518:87—
94

Yoshihisa, H., Zeniji, S., Fukushi, H., Katsuhiro, K., Haruhisa, S., and Takahito, S. 1989. Production
of antibiotics by Pseudomonas cepacia as an agent for biological control of soilborne plant
pathogens. Soil Biol. Biochem. 21:723-728

Zadoks, J. C., Chang, T. T., and Konzak, C. F. 1974. A decimal code for the growth stages of cereals.
Weed Res. 14:415-421

Zalila-Kolsi, I., Ben Mahmoud, A., Ali, H., Sellami, S., Nasfi, Z., Tounsi, S., and Jamoussi, K. 2016.
Antagonist effects of Bacillus spp. strains against Fusarium graminearum for protection of

durum wheat (Triticum turgidum L. subsp. durum ). Microbiol. Res. 192:148-158

Zhang, B., Xie, C., and Yang, X. 2008. A novel small antifungal peptide from Bacillus strain B-TL2
isolated from tobacco stems. Peptides. 29:350-355



