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Genome-wide Analyses of Bacillus amyloliquefaciens strains
Provide Insights into their Beneficial Role on Plants

Abstract
The innate immunity system of plants provides a basal defence barrier to most
microorganisms. However, many plant pathogens have evolved to overcome
this defence. Certain bacteria in the PGPB (plant growth promoting bacteria)
category that improve plant growth have also been found to improve plant
defence against insect pests and pathogens. Some bacteria of the genus
Bacillus are known to be associated with plant roots, and have potential as
possible biocontrol agents and biofertilizers in agriculture. For instance,
Bacillus amyloliquefaciens subsp. plantarum strains can support plant growth
and protection to stress after developing physical and biochemical contacts
with plants. This thesis provides detailed descriptions of the genomic structure
of three B. amyloliquefaciens subsp. plantarum strains with ability to promote
plant growth and to suppress disease from several pathogens. The Bacillus
genomes contain the basic genetic traits required for survival in the rhizosphere
and plant growth promotion including chemotaxis and motility, root
colonization, and biosynthesis of phytohormones. Besides growth promotion,
the genomes have the capability to encode several antibacterial and antifungal
compounds that effectively protect plant from pathogenic microorganisms.
Several of the predicted traits were confirmed by experimental analysis.
Genome-wide comparative analysis of the Bacillus strains indicates that the
genomes are very similar although variation has been observed in phenotypes
associated with plant growth promotion and disease suppression. A possible
explanation could be mutations in one or more putative genes. Genomic
comparison with other non-plant associated Bacillus species indicates the
genomic polymorphism has a crucial role in loss and gain of function in the
two groups of Bacillus species.

Keywords: Bacillus, genome, plant-growth promotion, biocontrol, genetic
diversity.
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1 Background

Food crops in modern agriculture face many challenges with respect to
productivity and security. Approximately 16% of the total crop yield is spoiled
globally due to different diseases (Evans et al., 2010). Advancements in
agricultural research have provided solutions like chemical fertilizers and
pesticides, traditional breeding and genetic modification of plants, which have
contributed significantly to plant quality and productivity. But economical
unfeasibility and other drawbacks of application of these methods such as
nutrient leakage, pesticide resistance in insects, and adverse effects on health
and environment demand alternative approaches to overcome such problems
and concurrently maintain food safety and security.

Many soil microorganisms have potential to increase soil fertility and plant
health, but their roles have been disregarded for long time in intensive
agriculture. Plant associated non-pathogenic microorganisms can be used to
achieve sustainable increase in crop yields and to replace chemical fertilizers
and pesticides. However, their successful application in agriculture as an
alternative tool confronts many scientific challenges.

Recent development of genomic and high-throughput sequencing
approaches of organisms allows exploration of genomic features and genetic
traits involved in complex processes related to e.g. physiology, adaptation,
interaction and association. The availability of genomic sequences of many
microorganisms and economically important plants, has laid the foundation to
understand key biological processes involved in plant growth promotion and
antagonism against pathogens. This provides the opportunity to reveal the
genetic traits involved in complex interactions between plants and microbes.
Bacteria-mediated biocontrol is one such strategy that has great promise to
cope with challenges faced by plants but the variation in efficacy and the
underlying mechanisms among different bacterial species, is still poorly
understood. This thesis provides a genomic overview of three Bacillus
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amyloliquefaciens isolates, and possible genetic traits underlying plant growth
promotion and antagonism against pathogens.
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2 Introduction

2.1 Brassica oilseed crops

Oilseed rape (Brassica napus L.), a species of the Brassicaceae family, is one
of a main oilseed crops grown all over the world that accounts for
approximately 13% of global oilseed production (FAO 2013). Another related
less common oil crop is Brassica rapa which together with Brassica oleraceae
formed the amphidiploid species B. napus. Rapeseed oil is used for cooking oil
and biofuel production while the press cake can be used as protein rich animal
fodder. According to the United States Department of Agriculture (USDA),
rapeseed was the third leading source of vegetable oil in the world in 2000,
after soybean and palm oil, as well as the world’s second largest source of
protein meal. Due to its worldwide consumption and utilization, the global
demand of Brassica crops has increased rapidly. Unfortunately, the crop has
become vulnerable to many serious pests and diseases that cause loss in yield
and quality of Brassica crops due to the intensification in cultivation of
Brassicas. Some pathogens that have been reported to cause yield losses in
oilseed rape are fungi such as, Alternaria brassicae, Rhizoctonia solani,
Verticillium dahliae, Leptosphaeria maculans, Sclerotinia sclerotiorum and
Botrytis cinerea, as well as insect pests like Diamondback moth (Plutella
xylostella), pollen beetles (Meligethes aeneus) and flea beetles (Phyllotreta

spp.).

2.2 Arabidopsis as a model plant

Arabidopsis thalianais one of the most well-known members of the
Arabidopsis genus and is extensively used in research. It is a small
dicotyledonous weed that is mostly found in temperate regions of the world
(Alonso-Blanco and Koornneef, 2000). It belongs to the Brassicaceae family
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and is a close relative to Brassica species such as B. napus. A. thaliana has
become firmly established as a plant model organism since the 1980s with the
advantages of having a small and simple genome, rapid life cycle, prolific seed
production and the availability of numerous mutants. It was the first plant to be
completely genome sequenced in the year 2000. The genome has five
chromosomes and a total size of approximately 119,14 Mb with 27,416 genes
annotated thus far (TAIR, 2010).

Arabidopsis offers a great advantage when used in Brassica research due to its
high sequence similarity with Brassica species, and has become the focus of a
genome project to understand the biology of a plant at the molecular level. The
availability of various ecotypes also offers an opportunity to study the effects
of natural variation for example in relation to PGPR.

2.3 Biocontrol

Biocontrol is the use of organisms like predatory insects, nematodes, bacteria
and fungi in a specific ecological niche to protect certain organisms like crop
plants from diseases and pests. Such organisms used to minimize the
undesirable effects of detrimental organisms (pests and pathogens) on plants
are referred to as Biological Control Agents (BCAs). There exists a vast range
of methodologies by which biocontrol can be mediated, for instance; releasing
predatory insects in the field (Wang et al, 1999); introducing bacteria and
fungi on the aerial surface of plants by spraying, which produce toxin in the gut
when taken up by pests and kills them (Roh et al, 2007); and also by
inoculating seeds with bacteria that allows them to colonize the rhizosphere
and consequently protect plants from pathogens. The manipulation of
microbial communities associated to plants has received attention in agriculture
with the purpose to protect plants from diseases and increase crop yields
(Banerjee et al., 2006; Adesemoye et al., 2008).

2.4 Plant-bacteria interactions and biocontrol

Survival of many bacteria is dependent on other organisms such as plants, by
developing close relationships with them. Plant-microbe interactions are
extremely diverse and generally poorly understood. Plants recognise microbe-
derived molecules called as microbe associated molecular patterns (MAMPs)
via the pattern recognition receptors (PRRs) followed by the activation of
immune response. During the early phase of colonization of beneficial bacteria,
the suppression of MAMP responses is critical to protect the plant by MAMP
derived antimicrobial compounds (Millet et al., 2007). Many soil bacteria are
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heterotrophic that rely on external source of organic compounds available in
soil. Dead animals and plant materials as well as compounds released by plant
roots (root exudates) constitute many important carbon compounds such as
carbohydrates, organic acids and amino acids (Lugtenberg et al., 2001). These
carbon compounds are key contributions to soil resources that collectively
support diverse bacterial communities. The root exudates not only constitute
nutrient substrates for bacteria but also contain molecules that affect bacterial
gene expression and behaviour giving the plants possibilities to shape the local
soil microbiota. Secondary metabolites may antagonize many microbes
keeping them away from the root tissues to avoid detrimental effects. Other
signalling molecules in exudates are detected by certain bacteria using
receptors that subsequently elicit signal-transduction mechanisms, which
consequently mediate their response to the local environment (Brencic &
Winans, 2005). The diffusion of signalling molecules in root exudates is
restricted to a limited region of soil surrounding the root known as the
rhizosphere. Bacteria that are present in the rhizosphere are -called
rhizobacteria. Certain rhizobacteria become enriched in the rhizosphere and
develop close physical and biochemical contacts with the plant root surface,
the rhizoplane. The primary source of nutrients for such bacteria is root
exudates and in return the bacteria may support plants by stimulating growth
and improving stress management (Yang et al., 2009).

Certain rhizobacteria help plants to acquire nutrients from soil and provide
protection against biotic and abiotic stress, whereas pathogens utilize plant
tissues and nutrients affecting growth and production of the host plants.
Rhizobacteria that support plant growth are termed as Plant-Growth-Promoting
Rhizobacteria (PGPR). Plant growth promotion by PGPR is mediated in
several ways, for instance, by making adequate amount of macronutrients and
micronutrients available for plants; and by producing growth stimulating
hormones (Varma et al., 2004). Many PGPR have also been noted to confer
plant protection against pests and pathogens (Zehnder et al., 2001; Conrath et
al., 2006; Van Oosten et al., 2008). PGPR confer plant protection by depleting
resources essential for the survival of microorganisms by synthesizing
antibiotics and different enzymes such as, proteases and chitinases that
compromise harmful pests and microorganisms, and by elicitation of defence
responses (Whipps, 2001; Lugtenberg & Kamilova, 2009).

2.5 Induced Plant Resistance/ Priming of plant defence

Together with constitutive defence, plants have also evolved inducible defence
mechanisms to overcome detrimental pathogens and tolerate abiotic stress.
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Induced defence mechanisms occur in two major forms; Systemic Acquired
Resistance (SAR) and Induced Systemic Resistance (ISR), as shown in Figure
1. Non-pathogenic rhizobacteria mediated ISR is similar to pathogen induced
SAR where in the uninfected distal parts of plants are primed for enhanced
resistance to pathogens. The mechanisms of induction of ISR and SAR are via
different signalling pathways, though. Induction of SAR is through salicylic
acid (SA) via the elicitation of PR/ genes while ISR requires jasmonic acid
(JA) and ethylene (ET) (Van Loon et al., 1998; Pieterse et al., 2001). Also
other compounds than the classical phytohormones may be involved in the
stimulation of ISR. An example of this is the plant growth promoting Bacillus
species producing 2,3-butanediol that elicits ISR in A. thaliana and eventually
leads to a significantly lower level of disease incidence by pathogenic Erwinia
carotova in Arabidopsis (Ryu et al., 2004). The enhanced ability of stimulating
stronger resistance responses associated with ISR is called priming and is
achieved by treatment of plants with certain chemicals of microorganisms
(Conrath et al. 2002). PGPR primed plants exhibit enhanced defence
responses are not costly but rather display an accelerated response to
pathogen/pest invasion (Van Hulten et al., 2006; Pozo et al., 2008; Stein et al.,
2008).

2.6 Plant-associated Bacillus species — their potential effects
and uses in agriculture

Bacillus is a genus of gram positive and rod shaped bacteria. They are capable
to form stable dormant structures called endospores in nutrient void and
stressful environmental conditions. Spores are generally viable for a long
period even under harsh conditions. Several PGPR based products are
commercially available and many of them contain Bacillus strains (Kloepper et
al., 2004). Bacillus is one of the dominant genera isolated from soil samples
(Hallmann et al., 1999) along with Pseudomonas and Clostridium strains. The
sporulation ability and easy cultivation of Bacillus species (Ross et al., 2001;
Tiago et al., 2004) are attractive for their practical use as inoculants.

Many Bacillus species have been reported to exhibit positive effects on
various plant species, such as oilseed rape (Danielsson et al., 2007; Bejai et al.,
2009), wheat (El-Daim et al., 2014; Alvarez et al., 2012), tomato (Choudhary
& Johri, 2009; Lim & Kim, 2009), and maize (Oliveira et al., 2009), mainly by
suppressing pathogens. Among Bacillus, species like B. cereus, B. subtilis and
B. amyloliquefaciens are known to support plant growth and protection, and
has therefore gained attention as PGPR species.
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2.6.1 Direct growth promotion

PGPR may operate through several mechanisms that directly effect plant
growth. They can enhance plant growth directly by providing nutrients such as
nitrogen, phosphate, and potassium to plants through nitrogen fixation or
solubilising phosphorus (Kiers et al., 2003; Berg, 2009; Richardson et al,
2009). Also, many rhizobacteria are able to supply iron, by carrying out
solubilisation to avoid precipitation of soil phosphorous (Gyaneshwar et al.,
2002), and vitamins to plants (Richardson et al., 2009). In addition, several
phytohormones such as auxins, ethylene, cytokinins and gibberellins are
known to directly regulate physiological processes and enhance growth of the
plant (Loper & Schroth, 1986; Varma et al., 2004; Berg, 2009). Plant growth-
promoting Bacillus and other species are capable to biosynthesize such
phytohormones or stimulate plant phytohormone synthesis. Indole-3-acetic
acid (IAA), an auxin, produced by bacteria such as Azospirillum and
Pseudomonas, is directly involved in enhancing plant growth (Loper &
Schroth, 1986; Spaepen et al, 2007). Besides production of plant growth
hormones, certain PGPR are able to synthesize volatile organic compounds
(VOCs) such as acetoin and 2,3-butanediol that can trigger plant growth (Ryu
et al.,2003; Ryu et al., 2004).

2.6.2 Plant protection and sustainability

Many PGPR support plant protection by preventing or attenuating negative
effects due to abiotic and biotic stresses i.e. harmful effects caused by
unfavourable environmental changes or phytopathogens. In this way PGPR
make plants sustainable by avoiding costly energy investments into defence
and repair of damaged tissues. The protective effects to pathogens can be
achieved by plant-associated bacteria through antagonism against plant
pathogens, competition in the rhizosphere for nutrients and space, and
induction of ISR in plants. This is termed as biocontrol-mediated plant growth.

Antagonism

Antagonism involves suppression of plant pathogens through production of
antimicrobial compounds against other microorganisms competing for
nutrients and space. A wide range of antibiotics produced by different PGPR
have been identified and characterized. Members of the Bacillus genus produce
several phytopathogen-inhibiting compounds, such as kanosamine and
zwittemycine A, surfactin, iturin, and fengycin, but proteases also play a
determining role for competition for space and nutrients (Emmert &
Handelsman, 1999; Ongena & Jacques, 2008; Hoefler et al., 2012). Besides
antibiotics, the antagonistic ability of bacteria may rely on exoenzymes such as
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chitinases, having the capacity to degrade cell walls of fungal pathogens
(Ordentlich et al., 1988; Inbar & Chet, 1991).
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Figure 1. Schematic representation of induced immune responses in plants. Pathogen infection on
local leaves leads to activation of systemic acquired resistance (SAR) in the systemic (non-
infected) leaves. SAR is typically activated by the induction of SA leading to accumulation of
pathogenesis related (PR) proteins with antimicrobial properties. Root colonising beneficial
bacteria typically activate Induced systemic resistance (ISR). ISR expressing plants are
commonly primed for accelerated jasmonic acid (JA) and ethylene (ET) signalling pathways.
Both SAR and ISR expressing plants show enhanced defense capacity against a broad-spectrum
of pathogens.

Competence

The rhizosphere is a reservoir of organic and inorganic bound carbon sources
that are essential for bacterial survival and proliferation. The availability of
energy rich carbon sources in the rhizosphere attracts beneficial as well as
pathogenic microorganisms towards this environment, and they compete with
each other for their survival. Antagonism is one of the strategies used by
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rhizobacteria to kill or restrain other soil-borne organisms including pathogens
to occupy growth space and thereby get access to essential nutrients. Besides
antagonism activity, beneficial bacteria limit the growth of microorganisms by
making iron unavailable through their efficient iron uptake systems. One of
such mechanisms is the production of siderophores, iron-chelating compounds,
which allow the producing bacteria to scavenge and solubilize iron complexes
and subsequently deplete this micronutrient from the environment, thus
suppressing growth of deleterious bacteria (Whipps, 2001). Many PGPR
including Bacillus species are also able synthesize siderophores (Arguelles-
Arias et al., 2009).

2.7 Bacillus amyloliquefaciens and plants

B. amyloliquefaciens species have been shown to efficiently colonize roots and
overcome the antibacterial action of some plant root exudates (Reva et al.
2004). Various B. amyloliquefaciens isolates have also been shown to promote
salt tolerance (Bochow et al. 2001), increase the yield of several plant species
such as tomato (Guel ef al. 2008), and enhance the root/shoot biomass of e.g.
oilseed rape, wheat, and maize seedlings (Idriss et al. 2002; Asari et al.,
unpublished; El-Daim et al., 2014; Talboys et al., 2014). Certain strains of B.
amyloliquefaciens such as FZB42, a type strain, synthesize secondary
metabolites including cyclic lipopeptides (cLPs) and polyketides (PKs) with
antimicrobial action (Koumoutsi et al., 2004; Chen et al., 2006; Ongena &
Jacques, 2008). Such peptides may facilitate root colonization and interaction
with host plant and prime plant defence responses (Ongena & Jacques, 2008).

Three B. amyloliquefaciens subsp. plantarum UCMB strains have been
identified and characterized as PGPR. The plant growth-promoting efficacy of
these strains has been investigated under different abiotic and biotic stress
conditions. The results from different experiments revealed that all three
bacterial strains had a significant effect on seed germination and seedling
establishment of Brassica napus cv. Westar, wheat, and 4. thaliana ecotype
Col-0 (Asari et al., unpublished; El-Daim et al., 2014). The variability in plant
growth promotion and pathogen inhibition was observed where UCMB5113
enhanced plant growth to a greater extent than the other two strains (Reva et
al., 2004; Danielsson et al., 2007).
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2.8 Bioinformatics and Next Generation Sequencing and
Genomes

The recent progress in next generation sequencing (NGS) technologies such as
Illumina (Bennett, 2004), 454 pyrosequencing (Margulies et al., 2005),
IonTorrent (Rusk, 2011) and PacBio (Eid ef al., 2009) has overcome the
shortcomings of traditional Sanger sequencing by increasing throughput,
scalability, speed, and resolution. This development has ignited a revolution in
biological and biomedical research by increasing opportunities to intensively
explore genomes of various organisms. Thousands of whole genome sequences
of all three domains of life collectively have been deposited in public databases
and more are becoming available. These data have significantly contributed to
an improved understanding of the physiology, evolution and ecology of those
organisms. Genome sequences of many PGPR isolates from the genera
Bacillus, Pseudomonas, and Enterobacter are now available (Chen et al., 2007,
Taghavi et al., 2009; Loper et al., 2012). This information can contribute to
increase the knowledge on factors and mechanisms involved in biocontrol and
plant-growth promotion. A great challenge is now to uncover and elucidate the
genetic mechanisms involved in the plant-associated lifestyle and whole
biocontrol process achieved by PGPR.

This thesis presents the genomes of plant-growth promoting rhizobacteria B.
amyloliquefaciens UCMB isolates sequenced using Illumina and IonTorrent
NGS technologies, and genetic traits underlying biocontrol and plant growth
enhancing activity.
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3 Obijectives

Plant growth promotion by rhizobacteria is a widely accepted phenomenon but
the mode of action and determinants involved in functional mechanisms are not
fully understood. The overall aim of the studies described in this thesis was to
explain the genetic architecture of three B. amyloliquefaciens isolates and to
elucidate genetic traits that could be involved in stress management and plant
growth promotion. It was also necessary to do a comparative study of the
genomes with other Bacillus species with known biocontrol ability and
characterize their overall genomic differences.

The detailed objectives were:

* To characterize the genomes of three plant-beneficial B.
amyloliquefaciens UCMB isolates (Paper I — III).

* To investigate the importance of genetic diversity and variability of
the B. amyloliquefaciens strains in relation to plant growth promotion
(Paper IV).
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4 Results and Discussion

4.1 Genome analysis

4.1.1 General characteristics of UCMB strains

The three strains UCMB-5113, 5036, and 5033 are Gram-positive rod shaped,
motile, spore forming, aerobic, and mesophilic bacteria. They are
approximately 0.8 um wide and 2 um long and can grow on Luria Broth (LB)
and potato dextrose agar (PDA) between 20 °C and 37 °C (28 °C optimal)
within the pH range 4-8. These characteristics are probably required to survive
under diverse environmental conditions. The bacterial strains were initially
identified as members of the B. amyloliquefaciens group based on phenotypic
analysis (Reva et al., 2004). B. amyloliquefaciens species were later proposed
to be classified either as B. amyloliquefaciens subsp. plantarum (plant-
associated) or as B. amyloliquefaciens subsp. amyloliquefaciens (non plant-
associated) species (Borriss et al., 2011). The identity of the three strains was
confirmed as B. amyloliquefaciens subsp. plantarum (Paper I-III). The
phylogenetic tree where two sister groups, subsp. plantarum and subsp.
amyloliquefaciens clustered separately, highlights the close relationship of
UCMB strains with the plantarum family whereas subsp. amyloliquefaciens
displayed less taxonomic proximity (Figure 2). UCMB5113 forms dark orange
colonies while 5036 and 5033 lack the pigment and form pale yellow to white
colonies. Like other rhizospheric and plant beneficial bacteria all three UCMB
strains possess the ability to catabolize plant-derived compounds, colonize
roots, and tolerate several heavy metals and antibiotics (Paper III).

4.1.2 Genomes of plant-associated UCMB isolates (Paper | — V)

The genome sequences of three UCMB isolates 5113, 5036, and 5033 were
assembled and annotated for structural and functional features. The
chromosomal sizes of these bacteria are about 4.0 Mb. The number of protein
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coding genes in the UCMBS5113 strain is less than the other two strains where
UCMBS5033 has more coding genes compared to the other two strains. Protein-
coding genes were assigned functional categories based on clusters of
orthologous group (COG). The percentage of genes in COG categories for
carbon, energy, amino acid and nucleic acid metabolism were found to be high
and similar in all three UCMB strains (Figure 3), indicating their efficient
carbon, amino acid and nucleotide metabolism. This is an indication of their
ability to utilise a wide range of nutrients that enables them to survive in the
rhizosphere.

4.1.3 Antagonistic characteristics

The reduced growth of several pathogens in the presence of UCMB isolates
under in vitro conditions previously demonstrated (Danielsson et al., 2007)
suggested the production of unknown bioactive compounds. Genome sequence
availability reveals the capacity of the Bacillus strains to produce a high
diversity of antifungal and antibacterial compounds. Several gene clusters
directing non-ribosomal synthesis of secondary metabolites, predominantly
cLPs and PKs, were found while other antimicrobial compounds are
ribosomally synthesized. The potential to produce numerous antimicrobial
peptides (AMPs) indicates a competitive advantage over other microbes and
probably also support the development of a symbiotic relationship with plants
(Ongena et al., 2007; Collemare & Lebrun, 2012).

Non-ribosomally synthesized bioactive metabolites

B. amyloliquefaciens strains are known to synthesize cLPs and PKs by
mechanisms not involving the ribosomal machinery otherwise used for peptide
synthesis (Schneider et al., 2007). The cLPs and PKs consist of monomeric
building blocks as amino acids or organic acids that are linked together by
modularly organized non-ribosomal peptide synthetases (NRPS) and
polyketide synthases (PKS), respectively. Similarly, UCMB strains harbour
genes that can synthesize non-ribosomal cLPs such as surfactin, fengycin, the
iturin bacillomycin D (5113 & 5036) and iturin A (5033). These compounds
are amphipathic molecules and vary in their peptide and fatty acid moieties
(Hofemeister et al., 2004). Surfactins are antibiotic compounds but they also
possess hemolytic and surfactant properties (Kowall et al., 1998), whereas
fengycins are potent antifungal agents (Vanittanakom et al., 1986) and iturin is
a family of AMP with wide range of antibacterial and antifungal properties
(Peypoux et al., 1999). Besides cLPs, gene clusters for the production of three
PKs: difficidin, macrolactin, and bacillaene are present in these strains. These
PKs are known for their diverse antibacterial action (Romero-Tabarez et al.,
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2006; Chen et al., 2009a). Other than cLPs and PKs, a cluster responsible for
biosynthesis of bacilysin, a bioactive dipeptide, also exists. The synthesis of
difficidin, bacillaene, and bacilysin AMPs by BCA are effective against the fire
blight disease (Chen et al., 2009b). Except UCMBS5036, both strains 5113 and
5033 possess an extra NRPS/PKS hybrid operon of unknown function in their
genomes. Variability in the antagonistic activity against diverse
phytopathogens was observed between the three strains where the inhibitory
effect of UCMB5036 was higher in comparison with the other two isolates
(Danielsson et al., 2007; Asari et al., unpublished). This could be due to the
variation in the genetic structure in some of the operons due to deletion of
genes, intra-species variation and differences in the length, which can alter
configuration of the amino acids affecting the peptide moieties.

Ribosomally synthesized antibiotics — Bacteriocins and Lantibiotics

Bacteriocins are  ribosomally  synthesized proteinaceous toxins produced
by several bacteria to inhibit the growth of similar or closely related bacterial
strains. They are generally narrow spectrum antibiotic compounds. A circular
bacteriocin, amylocyclicin, has antagonistic effect against closely related
Gram-positive bacteria (Scholz 2014). The operon responsible for
amylocyclicin production exists in the genomes of three UCMB strains
analyzed. Another putative bacteriocin related gene, exclusively present in the
UCMBS5113 strain, has a DNase domain (PF12639) similar to those found in
Colicin/pyocin S1/S2 toxins. A cannibalistic like behaviour was observed quite
often for UCMBS5113. This might be due to a three-gene operon similar to Sdp
in B. subtilis, which probably encodes SdpC-like toxin (killing factor). SdpC
toxin induces the lysis of sibling cells that have not entered the sporulation
pathway, providing a source of nutrients to support sporulation (Ellermeier et
al., 2006). UCMBS5033 also has similar genes in its genome while 5036 lack
this operon.

Lantibiotic (lanthionine-containing antibiotic) is a type of bacteriocins that
form a particular group among the AMPs and are characterized by unique
structural features. They are heat stable peptides produced by and act against
Gram-positive bacteria by pore formation and/or inhibition of cell wall
biosynthesis (Chatterjee et al., 1992; Sahl and Bierbaum, 1998). Mersacidin
and amylolysin are the only lantibiotic AMPs known to be produced so far
only by YAU B9601-Y2 and GAI1 strains of B. amyloliquefaciens (He et al.,
2012; Arias et al., 2013). The UCMB isolates analysed are impaired to produce
these lantibiotics due to absence of synthesizing genes. However, UCMB5113
contains a gene cluster that probably encodes a novel lantibiotic peptide of
unknown function (IV).
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Figure 2. Phylogenetic tree highlighting the position of B. amyloliquefaciens isolates UCMB-
5113, 5036 and 5033. The tree was based on core genome coding sequences (amino acids) and
was constructed with Neighbour Joining method. B. amyloliquefaciens strains are grouped in
single clade with two sub-clades, each for plant associated strains (green) and non plant-
associated strains (pink).

4.1.4 Resistance against antibiotics

Besides the production of antibiotics, the three B. amyloliquefaciens strains
concurrently protect themselves from antibiotic and toxic compounds produced
by them or other microorganisms in the rhizosphere, which improves
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competitiveness in microbial antagonism. The fetB gene provides resistance to
B. subtilis against the antibiotic tetracycline by decreasing its accumulation in
the cell (Sakaguchi et al., 1988). This gene is present in the genomes of the
three strains and the function was confirmed by the good growth of
UCMBS5113 observed on tetracycline containing medium. Additionally, the
sat-4 gene that encodes streptothricin acetyltransferase in Campylobacter coli
BE/G4 is responsible for providing resistance against streptothricin (Jacob et
al., 1994). The presence of the gene yyaR, similar to sat-4, probably implicates
a role in streptothricin resistance. Bacitracin is a broad-spectrum antibiotic that
is non-ribosomally synthesized by B. licheniformis and B. subtilis (Azevedo et
al., 1993; Ishihara et al., 2002). The UCMB strains provide resistance via
bacitracin-specific ABC transporter BceAB probably regulated by a two-
component system, BceRS, located upstream of the operon.

(R) CELLULAR PROCESSES & SIGNALING
[D] Cell cycle, cell division, and chromosome partition
Bl Intracellular trafficking, secretion, & vesicular transport
Wl Signal transduction mechanisms
[M] Cell wall/membrane/envelope biogenesis
0l Posttranslational modification, protein turnover, chaperones
WA Defense mechanisms
[INJ Cell motility
INFORMATION STORAGE & PROCESSING POORLY CHARACTERIZED
I8l Transcription Bl General function
BBl Chromatin structure and dynamics ['S’] Function unknown
Ml Replication, recombination & repair
Bl Translation, ribosomal structure and biogenesis
TRANSPORT & METABOLISM
BBl Amino acids B Lipids
BBl Nucleotides [H] Coenzymes
@l Energy production and conversion Gl Carbohydrates
Secondary metabolites biosynthesis
BB Inorganic ion transport & metabolism

81.1% @

(B) )

Figure 3. COG classification of protein-coding genes of UCMB strains. The percentage of
protein-coding genes classified in at least one COG group is labeled in the center. (A) 80.2%
(2944/3656) coding sequences of the B. amyloliquefaciens UCMB5113 genome were functionally
classified in COG groups. (B) 81.1% (2945/3636) CDSs of the UCMB5036. (C) 77.1%
(2984/3877) CDSs of the UCMBS5033 genome.

Remarkably, the biosynthetic genes responsible for the production of any
characterized lantibiotics are absent in the genomes of the three UCMB strains,
but the traces of their immunity genes and regulators are present in their
genomes. The two-component systems Mrsk2/MrsR2 or SpaK/SpaR induce
expression of the immunity genes MrsEFG or SpaEFG upon detection of
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mersacidin or subtilin produced by other competing microorganisms in the
environment. Subtilin related immunity genes are present in all three UCMB
strains, while genes providing protection from mersacidin are only present in
UCMB5036.

4.2 Genetic traits involved in plant association and growth
promotion (Paper Ill & 1V)

4.2.1 Chemotaxis and motility

PGPR respond to changes in chemical composition of the environment, mainly
in the concentration of plant-derived carbon compounds, by modulating the
flagellar machinery to move towards the appropriate direction. The response is
based on two-component signal transduction system that induces both genes
for chemoreceptors (methyl-accepting chemotaxis proteins) and genetic
determinants (che) that control flagellar rotation. All of the UCMB strains
exhibit swarming motility due to presence of genes for intact pathways of
chemotaxis (cheD, cheC, cheW, cheY, cheV, cheB, cheR), flagellar biosynthesis
and components assembly (flg, flh, fli and mot operons) and regulatory gene
swrA that up-regulates the expression of flagellar genes and increases
swarming motility (Kearns et al., 2004; Ghelardi et al., 2012). The production
of surfactin that lowers the surface tension and facilitates swarming motility is
indispensible for swarming phenotype (Ghelardi ez al., 2012). UCMB5113 has
been observed to produce higher levels of surfactins as compared to the other
two strains in drop collapse tests. These traits greatly favour host plant sensing
and movement towards a suitable environment that enables proliferation of the
UCMB strains.

4.2.2 Biofilm formation, root colonization and establishment

Adhesion to plant roots is a prerequisite for colonization and establishing
associations with host plants. Bacterial adhesion on root surface may occur
through factors like flagellin, externalized polysaccharides and adhesins
leading to surface colonization. The UCMB strains, especially 5113, have been
shown to colonize plant seeds and seedlings (Reva et al., 2004). This is
indication of the presence of genes encoding proteins involved in surface
adhesion. Genes present in the genomes of UCMB isolates putatively encode
proteins with a collagen-like GXT structural motif, which is suggested to form
fiber-like protein structures for adhesive purposes (Chen et al., 2007).

Biofilm formation is essential for efficient surface colonization. It is an
extracellular matrix comprised of a variety of polysaccharides. UCMB isolates
contains genes important for formation and regulation of biofilm process. For
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instance, epsA-O and ygxM-sipW-tasA, which are required for the formation of
biofilms in B. subtilis (Branda et al., 2006; Romero et al., 2011; Ostrowski et
al., 2011). Biofilms have permeable water channels that allow exchange of
nutrients and toxins and protection from different environmental stresses
(Costerton et al., 1999; Davey & O'toole, 2000). It is also possible that biofilm
produced by UCMB strains with a hydrophobic layer on the surface probably
provide a protective shield to protect them as well as the host plant from
pathogenic toxins and antimicrobial compounds.

4.2.3 Phytohormones and Volatiles

PGPR can influence plant growth directly by producing plant-growth
promoting substances ‘phytohormones’, and their regulators, that modulate
metabolism and plant physiology. Studies suggest that phytohormones like
auxin and cytokinin produced by rhizobacteria have vital roles in the
enhancement of plant growth and health (Salamone et al., 2001; Spaepen et al.,
2007). The results presented in paper IV described the presence of genes
encoding the biosynthesis of an auxin family compound, indole-3-acetic acid
(IAA). Besides the production of phytohormones, these bacterial strains have
been observed to directly influence plant growth by signalling (unpublished
data). Volatile organic compounds (VOCs) are active organic compounds with
high vapour pressure that play an important role in communication with plants
(Farag et al,, 2013). These strains possess genes encoding for different
volatiles such as acetoin and 2,3-butanediol that not only directly enhance plant
growth through airborne signals but also elicits induced systemic resistance
(ISR) in plant (Ryu et al., 2003; Farag et al., 2013). It is possible that bacterial
VOCs are among those factors, which initiate cross talks between bacteria and
plants. Indirect plant-growth promotion is also possible through production of
diverse compounds such as antibiotics, exo-enzymes, siderophores and
lipopolysaccharides that suppress the growth of phytopathogens and degrades
toxic compounds. Genetic traits required for biosynthesis of these compounds
are conserved in UCMB isolates.

4.2.4 Exo-enzymes — tools for host interaction and virulence

Plant-associated bacteria secrete various enzymes to hydrolyze polysaccharides
and other compounds available in the rhizosphere. Some exo-enzymes are
featured with modules such as; glycoside hydrolases, glycosyltransferases,
polysaccharide lyases, and carbohydrate esterases that catalyze the breakdown
or modification of carbohydrates. These enzymes play important roles in
acquiring nutrients as well as in interaction with bacteria, fungi and plants. The
three UCMB strains contain such genes encoding enzymes for chitinase-like
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activity and members of the polysaccharide lyase family such as pectate lyase
(pel) and pectin lyase (pelB) facilitating degradation of the plant cell wall
(Marin-Rodriguez et al., 2002). Such genes play important roles in host
interaction as well as virulence but may also be used to process plant surfaces
for establishment and colonization of plant roots by beneficial bacteria.
UCMBS5113 degrading activity on substrates such as amylose, phosphate, and
urea compounds was positive. Besides these corresponding exo-enzymes, the
genomes of the three UCMB strains encode proteins with Lysin motif (LysM).
The LysM modules containing proteins in fungal pathogen Cladosporium
fulvum have been suggested as potential “LysM effectors” that dampen host
plant immunity (de Jonge & Thomma, 2009; de Jonge et al, 2010).
UCMBS5113 has three proteins, CwiS, [ytF and an unknown protein, possessing
LysM domains at the N-terminus and NlpC/60 at the C-terminal region. CwlS,
an endopeptidase has been shown to be dependent on the number of LysM
domains thus regulating efficient binding to PGNs (Wong et al, 2014).
Expression of these genes in the presence of Arabidopsis and V. dahliae were
examined to analyse plant-associated traits. The results revealed that in
addition to the known function of LysM domains in PGN binding, proteins
possessing these domains also attenuate the defence responses supporting an
efficient colonization. Further studies are needed to verify their biological role
in interactions with pathogens and host plants.

4.2.5 Type VIl secretion system

Many proteins are translocated across the inner and outer membrane of cells
using secretion or translocation systems. Type III and IV systems are generally
found in Gram-negative bacteria that deliver virulence factors, “effectors”, into
host organism. B. amyloliquefaciens species lack these secretion systems in
their genomes but they indeed secrete proteins through the Sec pathway. The
genomes of UCMB strains also possess an Esat-6-like secretion system (ESS)
also known as the Type VII secretion system (T7SS). The role of T7SS in M.
tuberculosis, S. aureus and B. anthracis is known in terms of bacterial
pathogenicity (Guinn et al., 2004; Burts et al., 2005; Abdallah et al., 2007,
Garufi et al.,, 2008). Secretion targets of this system are small proteins
containing a WXG motif. T7SS-like apparatus in B. subtilis shares structural
homology with S. aureus and was recently shown to mediate YukE (WxG
motif) protein secretion (Huppert et al, 2014). The genomes of B.
amyloliquefaciens subspecies possess an array of genes similar to T7SS.
Expression of yukE is observed in UCMBS5113 during exponential and
stationary phases of growth, suggesting the system to be functional in this
strain (Paper IV). But the biological role of T7SS in these strains is not known
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yet. Studying the role of this export pathway in the future might contribute to
the understanding of new cellular roles.

4.3 Genomic diversity of B. amyloliquefaciens (Paper Il & IV)

4.3.1 Genomic Comparison of the two subspecies/Inter-species comparison

The comparison of the genomes of subsp. plantarum and subsp.
amyloliquefaciens strains shows that 72-84% of the coding genes of each strain
are shared among the genomes. A high level of genomic homogeneity between
the strains of plantarum and amyloliquefaciens indicates that these two groups
have recently diverged. It is intriguing that amyloliquefaciens strains
sequenced so far lack two large gene clusters in their genomes, encoding
difficidin and macrolactin. Like cLPs, e.g. surfactins and fengycins (Ongena et
al., 2007), conservation of PK-synthesizing operons in the plantarum group
suggests a role in both virulence and avirulence activities. Genes unique to
plant-associated strains probably distinguish bio-control strains from non plant-
associated species. These include putative antibiotics, hydrolysing enzymes,
transporters and proteins of unknown function (Figure 4), which may be
important for the symbiotic lifestyle of the plantarum species.

Unchracterized, unknown and hypothetical proteins ‘

Putative enzymes ‘

Antibiotics related proteins

Transporters and permeases

Regulation and signal transduction

0 5 10 15 20 25

Figure 4. Product types of Plantarum specific protein-encoding genes.

4.3.2 Genetic polymorphisms

Single nucleotide polymorphisms (SNPs) appear to be key factors in
understanding the adaptive process resulting in a lifestyle that supports plant
association and protection. The genomic data revealed that variation between
strains of the two subspecies was mainly due to the accumulation of SNPs,
some of which may either alter the protein function or cause gene inactivation.
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Two regions of the chromosome were found to have accumulated a large
number of polymorphic sites unique within the plantarum strains. These
regions mainly contain genes related to non-ribosomal synthesis of secondary
metabolites. The high potential for production of various secondary
metabolites, siderophores and other metabolites for members of the B.
amyloliquefaciens subsp. plantarum group seems to be an important feature for
the efficacy of providing beneficial effects to plants.

4.3.3 Carotenoid biosynthesis

UCMBS5113 is dark orange pigment producing bacterium probably due to
production of carotenoid. However, the intensity of pigment formation depends
on composition of the medium, growth temperature, and light conditions
(Paper 1V). Many of the orange pigments (carotenoids) produced by bacteria
exhibit biological roles, such as providing protection to photo-oxidative
damage, reactive oxygen species, and influence membrane integrity (Olson &
Krinsky, 1995; Britton 1995; Mishra et al., 2011). It has been observed that the
pigment is only produced when the strain is grown under dark conditions. A
gene probably encoding phytoene/squalene synthases, a key enzyme in the
process of carotenoid biosynthesis, was found in the genomes of the three
UCMB strains with high identity. The analysis revealed that only UCMB5113
encoded phytoene/squalene synthases and was highly expressed during
pigmentation while the expression was significantly lower in the other two
non-pigmenting strains. The production of the orange pigment by UCMB5113
probably controls environmental stress. Further studies are needed to
completely characterize the molecule and its function in the cell.
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5 Conclusions

The genomes of all three B. amyloliquefaciens isolates contain genes that
are required for a free-living life style. They have high capacity to produce
several antibiotics and also exo-enzymes to improve nutrient acquisition in the
rhizosphere. The potential to produce hormones and volatile compounds can
also influence plant growth. These strains seem to have the capability to utilize
a wide range of carbon and organic compounds available in the rhizosphere
and in exchange improve nutrient uptake and stress handling capabilities of the
host plant. The comparison of the three genomes indicates that they undergo
similar biological processes involved in plant growth promotion and protection
due to common genetic traits, which are found across the species. Though
small genetic variation in genetic traits and regulatory apparatus exists between
the genomes that may affect the underlying plant growth promotion and
protection ability.
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6 Future perspectives and implications

The results presented in this thesis provide a genomic overview of some plant-
growth promoting Bacillus ecotypes. Elucidation of some of the putative
genetic traits involved in antagonism against pathogens and plant-growth
promotion mechanisms described in this thesis are the first step to foster more
effective BCAs. Furthermore, the available information provides a good basis
to investigate the evolution of plant growth promotion and biocontrol
mechanisms in biocontrol microbial species by comparative genomics
approach.

The successful application of PGPR in agriculture is challenging and,
therefore, direly requires deep understanding of the hitherto unknown
biological processes mediating cross talks and modes of action that make plant
more tolerant to biotic and abiotic stress as well as trigger plant growth.
Transcriptome profiling will be advantageous for the identification of
functional traits involved in different plant-associated mechanisms and will
help to provide an overview of interactions between microbes and plants.
Several genes discussed in this thesis are putatively involved in physiological
and metabolic processes but many hypothetical genes were also predicted
without any known function. A combination of mutagenesis and proteomics
studies will allow us to verify the putative genes and attribute biological
functions to the unknown genes. Furthermore, the use of metagenomics
approaches will be valuable to better understand the possible impact of
biocontrol organisms on cohabiting microbial communities under natural
conditions. There is very poor understanding about the role of host-associated
bacteria in switching on and off the host genes. It will be valuable to elucidate
role of bacterial association in genetic and epigenetic reprogramming of host
plant genes.

35



36



References

Abdallah, A.M., Gey van Pittius, N.C., DiGiuseppe Champion, P.A., Cox, J., Luirink, J.,
Vandenbroucke-Grauls, C.M.J.E., Appelmelk, B.J. & Bitter, W. (2007). Type VII secretion —
mycobacteria show the way. Nature Reviews Microbiology, 5(11), pp. 883-891.

Adesemoye, A.O., Torbert, H.A. & Kloepper, J.W. (2008). Enhanced plant nutrient use efficiency
with PGPR and AMF in an integrated nutrient management system. Canadian Journal of
Microbiology, 54(10), pp. 876-886.

Alonso-Blanco, C. & Koornneef, M. (2000). Naturally occurring variation in Arabidopsis: an
underexploited resource for plant genetics. Trends in Plant Science, 5(1), pp. 22-29.

Arguelles Arias, A., Ongena, M., Devreese, B., Terrak, M., Joris, B. & Fickers, P. (2013).
Characterization of amylolysin, a novel lantibiotic from Bacillus amyloliquefaciens GAL.
PloS One, 8(12).

Azevedo, E.C., Rios, E.M., Fukushima, K. & Campos-Takaki, G.M. (1993). Bacitracin
production by a new strain of Bacillus subtilis. Extraction, purification, and characterization.
Applied Biochemistry and Biotechnology, 42(1), pp. 1-7.

Banerjee, M. R., Yesmin, L. & Vessey, J.K. (2006). “Plant-growthpromoting rhizobacteria as
biofertilizers and biopesticides,” in Handbook of Microbial Biofertilizers, M. K. Rai, Ed., pp.
137-181, Food Products Press, Binghamton, NY, USA.

Bennett, S. (2004). Solexa Ltd. Pharmacogenomics, 5(4), pp. 433-438.

Berg, G. (2009). Plant-microbe interactions promoting plant growth and health: perspectives for
controlled use of microorganisms in agriculture. Applied Microbiology and Biotechnology,
84(1), pp. 11-18.

Bochow, H., El-Sayed, S.F., Junge, H., Stavropoulou, A. & Schmiedeknecht, G. (2001). Use of
Bacillus subtilis as biocontrol agent. IV. Salt-stress tolerance induction by Bacillus subtilis
FZB24 seed treatment in tropical vegetable field crops, and its mode of action. Zeitschrift Fur
Pflanzenkrankheiten Und Pflanzenschutz-Journal of Plant Diseases and Protection 108: 21-
30.

Borriss, R., Chen, X.-H., Rueckert, C., Blom, J., Becker, A., Baumgarth, B., Fan, B., Pukall, R.,
Schumann, P., Spréer, C., Junge, H., Vater, J., Piihler, A. & Klenk, H.-P. (2011). Relationship
of Bacillus amyloliquefaciens clades associated with strains DSM 7T and FZB42T: a proposal
for Bacillus amyloliquefaciens  subsp. amyloliquefaciens  subsp. nov. and Bacillus

amyloliquefaciens subsp. plantarum subsp. nov. based on complete genome sequence

37



comparisons. International Journal of Systematic and Evolutionary Microbiology, 61(Pt 8),
pp. 1786-1801.

Branda, S.S., Chu, F., Kearns, D.B., Losick, R. & Kolter, R. (2006). A major protein component
of the Bacillus subtilis biofilm matrix. Molecular Microbiology, 59(4), pp. 1229-1238.

Brencic, A. & Winans, S.C. (2005). Detection of and response to signals involved in host-microbe
interactions by plant-associated bacteria. Microbiology and molecular biology reviews:
MMBR, 69(1), pp. 155-194.

Britton, G. (1995). Structure and properties of carotenoids in relation to function. FASEB journal:
official publication of the Federation of American Societies for Experimental Biology, 9(15),
pp. 1551-1558.

Burts, M.L., Williams, W.A., DeBord, K. & Missiakas, D.M. (2005). EsxA and EsxB are secreted
by an ESAT-6-like system that is required for the pathogenesis of Staphylococcus aureus
infections. Proceedings of the National Academy of Sciences of the United States of America,
102(4), pp. 1169-1174.

Chatterjee, S., Chatterjee, S., Lad, S.J., Phansalkar, M.S., Rupp, R.H., Ganguli, B.N., Fehlhaber,
H.W. & Kogler, H. (1992). Mersacidin, a new antibiotic from Bacillus. Fermentation,
isolation, purification and chemical characterization. The Journal of Antibiotics, 45(6), pp.
832-838.

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., Stissmuth, R., Liesegang, H., Strittmatter, A., Gottschalk, G. & Borriss, R. (2007).
Comparative analysis of the complete genome sequence of the plant growth-promoting
bacterium Bacillus amyloliquefaciens FZB42. Nature Biotechnology, 25(9), pp. 1007-1014.

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., Siissmuth, R., Liesegang, H., Strittmatter, A., Gottschalk, G. & Borriss, R. (2007).
Comparative analysis of the complete genome sequence of the plant growth-promoting
bacterium Bacillus amyloliquefaciens FZB42. Nature Biotechnology, 25(9), pp. 1007-1014.

Chen, X.H., Koumoutsi, A., Scholz, R., Schneider, K., Vater, J., Siissmuth, R., Piel, J. & Borriss,
R. (2009). Genome analysis of Bacillus amyloliquefaciens FZB42 reveals its potential for
biocontrol of plant pathogens. Journal of Biotechnology, 140(1-2), pp. 27-37.

Chen, X.H., Scholz, R., Borriss, M., Junge, H., Mdgel, G., Kunz, S. & Borriss, R. (2009).
Difficidin and bacilysin produced by plant-associated Bacillus amyloliquefaciens are efficient
in controlling fire blight disease. Journal of Biotechnology, 140(1-2), pp. 38-44.

Choudhary, D.K. & Johri, B.N. (2009). Interactions of Bacillus spp. and plants--with special
reference to induced systemic resistance (ISR). Microbiological Research, 164(5), pp. 493-
513.

Collemare, J. & Lebrun, M.-H. (2011). Fungal Secondary Metabolites: Ancient Toxins and Novel
Effectors in Plant-Microbe Interactions. In: Francisrtin & Kamoun, S. (eds) Effectors in
Plant-Microbe  Interactions ~ Wiley-Blackwell, pp. 377-400.  Available from:
http://onlinelibrary.wiley.com/doi/10.1002/9781119949138.ch15/summary
[2014/08/10/15:37:05].

38



Conrath, U., Pieterse, C.M.J. & Mauch-Mani, B. (2002). Priming in plant-pathogen interactions.
Trends in Plant Science, 7(5), pp. 210-216.

Costerton, J.W., Stewart, P.S. & Greenberg, E.P. (1999). Bacterial biofilms: a common cause of
persistent infections. Science (New York, N.Y.), 284(5418), pp. 1318-1322.

Danielsson, J., Reva, O. & Meijer, J. (2007). Protection of oilseed rape (Brassica napus) toward
fungal pathogens by strains of plant-associated Bacillus amyloliquefaciens. Microbial
Ecology, 54(1), pp. 134-140.

Davey, M.E. & O'Toole, G.A. (2000). Microbial biofilms: from ecology to molecular genetics.
Microbiology and molecular biology reviews: MMBR, 64(4), pp. 847-867.

de Jonge, R. & Thomma, B.P.H.J. (2009). Fungal LysM effectors: extinguishers of host
immunity? Trends in Microbiology, 17(4), pp. 151-157.

de Jonge, R., van Esse, H.P., Kombrink, A., Shinya, T., Desaki, Y., Bours, R., van der Krol, S.,
Shibuya, N., Joosten, M.H.A.J. & Thomma, B.P.H.J. (2010). Conserved fungal LysM eftfector
Ecp6 prevents chitin-triggered immunity in plants. Science (New York, N.Y.), 329(5994), pp.
953-955.

Eid, J., Fehr, A., Gray, J., Luong, K., Lyle, J., Otto, G., Peluso, P., Rank, D., Baybayan, P.,
Bettman, B., Bibillo, A., Bjornson, K., Chaudhuri, B., Christians, F., Cicero, R., Clark, S.,
Dalal, R., Dewinter, A., Dixon, J., Foquet, M., Gaertner, A., Hardenbol, P., Heiner, C., Hester,
K., Holden, D., Kearns, G., Kong, X., Kuse, R., Lacroix, Y., Lin, S., Lundquist, P., Ma, C.,
Marks, P., Maxham, M., Murphy, D., Park, 1., Pham, T., Phillips, M., Roy, J., Sebra, R., Shen,
G., Sorenson, J., Tomaney, A., Travers, K., Trulson, M., Vieceli, J., Wegener, J., Wu, D.,
Yang, A., Zaccarin, D., Zhao, P., Zhong, F., Korlach, J. & Turner, S. (2009). Real-time DNA
sequencing from single polymerase molecules. Science (New York, N.Y.), 323(5910), pp. 133-
138.

El-Daim, I.A.A., Bejai, S. & Meijer, J. (2014). Improved heat stress tolerance of wheat seedlings
by bacterial seed treatment. Plant and Soil, 379(1-2), pp. 337-350.

Ellermeier, C.D., Hobbs, E.C., Gonzalez-Pastor, J.E. & Losick, R. (2006). A three-protein
signaling pathway governing immunity to a bacterial cannibalism toxin. Cell, 124(3), pp. 549-
559.

Emmert, E.A. & Handelsman, J. (1999). Biocontrol of plant disease: a (Gram-) positive
perspective. FEMS microbiology letters, 171(1), pp. 1-9.

Evans, N., Butterworth, M.H., Baierl, A., Semenov, M.A., West, J.S., Barnes, A., Moran, D. &
Fitt, B.D.L. (2010). The impact of climate change on disease constraints on production of
oilseed rape. Food Security, 2(2), pp. 143-156.

Farag, M.A., Zhang, H. & Ryu, C.-M. (2013). Dynamic chemical communication between plants
and bacteria through airborne signals: induced resistance by bacterial volatiles. Journal of
Chemical Ecology, 39(7), pp. 1007-1018.

Garcia de Salamone, L.E., Hynes, R.K. & Nelson, L.M. (2001). Cytokinin production by plant
growth promoting rhizobacteria and selected mutants. Canadian Journal of Microbiology,
47(5), pp. 404-411.

Garufi, G., Butler, E. & Missiakas, D. (2008). ESAT-6-like protein secretion in Bacillus
anthracis. Journal of Bacteriology, 190(21), pp. 7004-7011.

39



Ghelardi, E., Salvetti, S., Ceragioli, M., Gueye, S.A., Celandroni, F. & Senesi, S. (2012).
Contribution of surfactin and SwrA to flagellin expression, swimming, and surface motility in
Bacillus subtilis. Applied and Environmental Microbiology, 78(18), pp. 6540-6544.

Guel, A., Kidoglu, F., Tuzel, Y., & Tuzel, I.LH. (2008). Effects of nutrition and Bacillus
amyloliquefaciens on tomato (Solarium lycopersicum L.) growing in perlite. Spanish Journal
of Agricultural Research 6: 422-429.

Guinn, K.M., Hickey, M.J., Mathur, S.K., Zakel, K.L., Grotzke, J.E., Lewinsohn, D.M., Smith, S.
& Sherman, D.R. (2004). Individual RD1-region genes are required for export of ESAT-
6/CFP-10 and for virulence of Mycobacterium tuberculosis. Molecular Microbiology, 51(2),
pp. 359-370.

Gyaneshwar, P., Kumar, G.N., Parekh, L.J. & Poole, P.S. (2002). Role of soil microorganisms in
improving P nutrition of plants. Plant and Soil, 245(1), pp. 83-93.

Hallmann, J., Rodriguez-Kabana, R., & Kloepper, J.W. (1999). Chitin-mediated changes in
bacterial communities of the soil, rhizosphere and within roots of cotton in relation to
nematode control. Soil Biology and Biochemistry, 31(4), pp. 551-560.

He, P., Hao, K., Blom, J., Riickert, C., Vater, J., Mao, Z., Wu, Y., Hou, M., He, P., He, Y. &
Borriss, R. (2012). Genome sequence of the plant growth promoting strain Bacillus
amyloliquefaciens subsp. plantarum B9601-Y2 and expression of mersacidin and other
secondary metabolites. Journal of Biotechnology, 164(2), pp. 281-291.

He, P., Shan, L. & Sheen, J. (2007). Elicitation and suppression of microbe-associated molecular
pattern-triggered immunity in plant-microbe interactions. Cellular Microbiology, 9(6), pp.
1385-1396.

Hoefler, B.C., Gorzelnik, K.V., Yang, J.Y., Hendricks, N., Dorrestein, P.C. & Straight, P.D.
(2012). Enzymatic resistance to the lipopeptide surfactin as identified through imaging mass
spectrometry of bacterial competition. Proceedings of the National Academy of Sciences of
the United States of America, 109(32), pp. 13082-13087.

Hofemeister, J., Conrad, B., Adler, B., Hofemeister, B., Feesche, J., Kucheryava, N., Steinborn,
G., Franke, P., Grammel, N., Zwintscher, A., Leenders, F., Hitzeroth, G. & Vater, J. (2004).
Genetic analysis of the biosynthesis of non-ribosomal peptide- and polyketide-like antibiotics,
iron uptake and biofilm formation by Bacillus subtilis Al/3. Molecular genetics and
genomics: MGG, 272(4), pp. 363-378.

Huppert, L.A., Ramsdell, T.L., Chase, M.R., Sarracino, D.A., Fortune, S.M. & Burton, B.M.
(2014). The ESX system in Bacillus subtilis mediates protein secretion. PloS One, 9(5).

Idriss, E.E., Makarewicz, O., Farouk, A., Rosner, K., Greiner, R., Bochow, H., Richter, T. &
Borriss, R. (2002). Extracellular phytase activity of Bacillus amyloliquefaciens FZB45
contributes to its plant-growth-promoting effect. Microbiology (Reading, England), 148(Pt 7),
pp. 2097-2109.

Inbar, J. & Chet, 1. (1991). Evidence that chitinase produced by deromonas caviae is involved in
the biological control of soil-borne plant pathogens by this bacterium. Soil Biology and
Biochemistry, 23(10), pp. 973-978.

Ishihara, H., Takoh, M., Nishibayashi, R. & Sato, A. (2002). Distribution and variation of
bacitracin synthetase gene sequences in laboratory stock strains of Bacillus licheniformis.
Current Microbiology, 45(1), pp. 18-23.

40



Jacob, J., Evers, S., Bischoff, K., Carlier, C. & Courvalin, P. (1994). Characterization of the sat4
gene encoding a streptothricin acetyltransferase in Campylobacter coli BE/G4. FEMS
microbiology letters, 120(1-2), pp. 13-17.

Kearns, D.B., Chu, F., Rudner, R. & Losick, R. (2004). Genes governing swarming in Bacillus
subtilis and evidence for a phase variation mechanism controlling surface motility. Molecular
Microbiology, 52(2), pp. 357-369.

Kiers, E.T., Rousseau, R.A., West, S.A. & Denison, R.F. (2003). Host sanctions and the legume—
rhizobium mutualism. Nature, 425(6953), pp. 78-81.

Kloepper, J.W., Leong, J., Teintze, M. & Schroth, M.N. (1980). Enhanced plant growth by
siderophores produced by plant growth-promoting rhizobacteria. Nature, 286(5776), pp. 885-
886.

Kloepper, J.W., Ryu, C.-M. & Zhang, S. (2004). Induced Systemic Resistance and Promotion of
Plant Growth by Bacillus spp. Phytopathology, 94(11), pp. 1259-1266.

Koumoutsi, A., Chen, X.-H., Henne, A., Liesegang, H., Hitzeroth, G., Franke, P., Vater, J. &
Borriss, R. (2004). Structural and functional characterization of gene clusters directing
nonribosomal synthesis of bioactive cyclic lipopeptides in Bacillus amyloliquefaciens strain
FZBA42. Journal of Bacteriology, 186(4), pp. 1084-1096.

Lim, J.-H. & Kim, S.-D. (2009). Synergistic plant growth promotion by the indigenous auxins-
producing PGPR Bacillus subtilis AH18 and Bacillus licheniforims K11. Journal of the
Korean Society for Applied Biological Chemistry, 52(5), pp. 531-538.

Loper, J.E. (1986). Influence of Bacterial Sources of Indole-3-acetic Acid on Root Elongation of
Sugar Beet. Phytopathology, 76(4).

Loper, J.E. & Schroth, M.N. (1986). Influence of bacterial sources of indole-3-acetic acid on root
elongation of sugar beet. Phyotopathology 76, 386-389.

Loper, J.E., Hassan, K.A., Mavrodi, D.V., Davis, E:W., Lim, C.K., Shaffer, B.T., Elbourne,
L.D.H., Stockwell, V.O., Hartney, S.L., Breakwell, K., Henkels, M.D., Tetu, S.G., Rangel,
L.I, Kidarsa, T.A., Wilson, N.L., van de Mortel, J.E., Song, C., Blumhagen, R., Radune, D.,
Hostetler, J.B., Brinkac, L.M., Durkin, A.S., Kluepfel, D.A., Wechter, W.P., Anderson, A.J.,
Kim, Y.C., Pierson, L.S., Pierson, E.A., Lindow, S.E., Kobayashi, D.Y., Raaijmakers, J.M.,
Weller, D.M., Thomashow, L.S., Allen, A.E. & Paulsen, I.T. (2012). Comparative genomics
of plant-associated Pseudomonas spp.: insights into diversity and inheritance of traits involved
in multitrophic interactions. PLoS genetics, 8(7).

Lugtenberg, B. & Kamilova, F. (2009). Plant-growth-promoting rhizobacteria. Annual Review of
Microbiology, 63, pp. 541-556.

Lugtenberg, B.J., Dekkers, L. & Bloemberg, G.V. (2001). Molecular determinants of rhizosphere
colonization by Pseudomonas. Annual Review of Phytopathology, 39, pp. 461-490.

Margulies, M., Egholm, M., Altman, W.E., Attiya, S., Bader, J.S., Bemben, L.A., Berka, J.,
Braverman, M.S., Chen, Y.-J., Chen, Z., Dewell, S.B., Du, L., Fierro, J.M., Gomes, X.V.,
Godwin, B.C., He, W., Helgesen, S., Ho, C.H., Irzyk, G.P., Jando, S.C., Alenquer, M.L.I.,
Jarvie, T.P., Jirage, K.B., Kim, J.-B., Knight, J.R., Lanza, J.R., Leamon, J.H., Lefkowitz,
S.M,, Lei, M,, Li, J., Lohman, K.L., Lu, H., Makhijani, V.B., McDade, K.E., McKenna, M.P.,
Myers, E.W., Nickerson, E., Nobile, J.R., Plant, R., Puc, B.P., Ronan, M.T., Roth, G.T.,
Sarkis, G.J., Simons, J.F., Simpson, J.W., Srinivasan, M., Tartaro, K.R., Tomasz, A., Vogt,

41



K.A., Volkmer, G.A., Wang, S.H., Wang, Y., Weiner, M.P., Yu, P., Begley, R.F. & Rothberg,
J.M. (2005). Genome sequencing in microfabricated high-density picolitre reactors. Nature,
437(7057), pp. 376-380.

Marin-Rodriguez, M.C., Orchard, J. & Seymour, G.B. (2002). Pectate lyases, cell wall
degradation and fruit softening. Journal of Experimental Botany, 53(377), pp. 2115-2119.

Mishra, N.N., Liu, G.Y., Yeaman, M.R., Nast, C.C., Proctor, R.A., McKinnell, J. & Bayer, A.S.
(2011). Carotenoid-related alteration of cell membrane fluidity impacts Staphylococcus
aureus susceptibility to host defense peptides. Antimicrobial Agents and Chemotherapy,
55(2), pp. 526-531.

Oliveira, C.A., Alves, V.M.C., Marriel, L.E., Gomes, E.A., Scotti, M.R., Carneiro, N.P.,
Guimardes, C.T., Schaffert, RE. & S4, N.M.H. (2009). Phosphate solubilizing
microorganisms isolated from rhizosphere of maize cultivated in an oxisol of the Brazilian
Cerrado Biome. Soil Biology and Biochemistry, 41(9), pp. 1782-1787.

Olson, J.A. & Krinsky, N.I. (1995). Introduction: the colorful, fascinating world of the
carotenoids: important physiologic modulators. FASEB journal: official publication of the
Federation of American Societies for Experimental Biology, 9(15), pp. 1547-1550.

Ongena, M. & Jacques, P. (2008). Bacillus lipopeptides: versatile weapons for plant disease
biocontrol. Trends in Microbiology, 16(3), pp. 115-125.

Ongena, M., Jourdan, E., Adam, A., Paquot, M., Brans, A., Joris, B., Arpigny, J.-L. & Thonart, P.
(2007). Surfactin and fengycin lipopeptides of Bacillus subtilis as elicitors of induced
systemic resistance in plants. Environmental Microbiology, 9(4), pp. 1084-1090.

Ordentlich, A., Elad, Y., Chet, I. (1988). The role of chitinase of Serratia marcescens in
biocontrol of Sclerotium rolfsii. Phytopathology 78:84-88

Ostrowski, A., Mehert, A., Prescott, A., Kiley, T.B. & Stanley-Wall, N.R. (2011). YuaB functions
synergistically with the exopolysaccharide and TasA amyloid fibers to allow biofilm
formation by Bacillus subtilis. Journal of Bacteriology, 193(18), pp. 4821-4831.

Pieterse, C.M.J., Pelt, JLA.V., Wees, S.C.M.V., Ton, J., Léon-Kloosterziel, K.M., Keurentjes,
J.J.B., Verhagen, B.W.M., Knoester, M., Sluis, 1.V.d., Bakker, P.A.-H.M. & Loon, L.C.V.
(2001). Rhizobacteria-mediated Induced Systemic Resistance: Triggering, Signalling and
Expression. European Journal of Plant Pathology, 107(1), pp. 51-61.

Prime, A.P.G., Conrath, U., Beckers, G.J.M., Flors, V., Garcia-Agustin, P., Jakab, G., Mauch, F.,
Newman, M.-A., Pieterse, C.M.J., Poinssot, B., Pozo, M.J., Pugin, A., Schaffrath, U., Ton, J.,
Wendehenne, D., Zimmerli, L. & Mauch-Mani, B. (2006). Priming: getting ready for battle.
Molecular plant-microbe interactions: MPMI, 19(10), pp. 1062-1071.

Reva, O.N., Dixelius, C., Meijer, J. & Priest, F.G. (2004). Taxonomic characterization and plant
colonizing abilities of some bacteria related to Bacillus amyloliquefaciens and Bacillus
subtilis. FEMS microbiology ecology, 48(2), pp. 249-259.

Richardson, A.E., Barea, J.-M., McNeill, A.M. & Prigent-Combaret, C. (2009). Acquisition of
phosphorus and nitrogen in the rhizosphere and plant growth promotion by microorganisms.
Plant and Soil, 321(1-2), pp. 305-339.

Roh, J.Y., Choi, J.Y., Li, M.S., Jin, B.R. & Je, Y.H. (2007). Bacillus thuringiensis as a specific,
safe, and effective tool for insect pest control. Journal of Microbiology and Biotechnology,
17(4), pp. 547-559.

42



Romero-Tabarez, M., Jansen, R., Sylla, M., Liinsdorf, H., Haussler, S., Santosa, D.A., Timmis,
K.N. & Molinari, G. (2006). 7-O-malonyl macrolactin A, a new macrolactin antibiotic from
Bacillus subtilis active against methicillin-resistant Staphylococcus aureus, vancomycin-
resistant enterococci, and a small-colony variant of Burkholderia cepacia. Antimicrobial
Agents and Chemotherapy, 50(5), pp. 1701-1709.

Romero, D., Vlamakis, H., Losick, R. & Kolter, R. (2011). An accessory protein required for
anchoring and assembly of amyloid fibres in B. subtilis biofilms. Molecular Microbiology,
80(5), pp. 1155-1168.

Ross, N., Villemur, R., Marcandella, E. & Deschénes, L. (2001). Assessment of Changes in
Biodiversity when a Community of Ultramicrobacteria Isolated from Groundwater Is
Stimulated to Form a Biofilm. Microbial Ecology, 42(1), pp. 56-68.

Rusk, N. (2011). Torrents of sequence. Nature Methods, 8(1), pp. 44-44.

Ryu, C.-M., Farag, M.A., Hu, C.-H., Reddy, M.S., Kloepper, J.W. & Pare, P.W. (2004). Bacterial
Volatiles Induce Systemic Resistance in Arabidopsis. Plant Physiology, 134(3), pp. 1017-
1026.

Ryu, C.-M., Farag, M.A., Hu, C.-H., Reddy, M.S., Wei, H.-X., Pare, P.W. & Kloepper, J.W.
(2003). Bacterial volatiles promote growth in Arabidopsis. Proceedings of the National
Academy of Sciences of the United States of America, 100(8), pp. 4927-4932.

Sahl, H.G. & Bierbaum, G. (1998). Lantibiotics: biosynthesis and biological activities of uniquely
modified peptides from gram-positive bacteria. Annual Review of Microbiology, 52, pp. 41-
79.

Sakaguchi, R., Amano, H. & Shishido, K. (1988). Nucleotide sequence homology of the
tetracycline-resistance determinant naturally maintained in Bacillus subtilis Marburg 168
chromosome and the tetracycline-resistance gene of B. subtilis plasmid pNS1981. Biochimica
Et Biophysica Acta, 950(3), pp. 441-444.

Sarosh, B.R., Danielsson, J. & Meijer, J. (2009). Transcript profiling of oilseed rape (Brassica
napus) primed for biocontrol differentiate genes involved in microbial interactions with
beneficial Bacillus amyloliquefaciens from pathogenic Botrytis cinerea. Plant Molecular
Biology, 70(1-2), pp. 31-45.

Schneider, K., Chen, X.-H., Vater, J., Franke, P., Nicholson, G., Borriss, R. & Sussmuth, R.D.
(2007). Macrolactin is the polyketide biosynthesis product of the pks2 cluster of Bacillus
amyloliquefaciens FZB42. Journal of Natural Products, 70(9), pp. 1417-1423.

Scholz, R., Vater, J., Budiharjo, A., Wang, Z., He, Y., Dietel, K., Schwecke, T., Herfort, S.,
Lasch, P. & Borriss, R. (2014). Amylocyclicin, a novel circular bacteriocin produced by
Bacillus amyloliquefaciens FZB42. Journal of Bacteriology, 196(10), pp. 1842-1852.

Spaepen, S., Vanderleyden, J. & Remans, R. (2007). Indole-3-acetic acid in microbial and
microorganism-plant signaling. FEMS microbiology reviews, 31(4), pp. 425-448.

Taghavi, S., Garafola, C., Monchy, S., Newman, L., Hoffman, A., Weyens, N., Barac, T.,
Vangronsveld, J. & van der Lelie, D. (2009). Genome survey and characterization of
endophytic bacteria exhibiting a beneficial effect on growth and development of poplar trees.
Applied and Environmental Microbiology, 75(3), pp. 748-757.

43



Tiago, 1., Teixeira, 1., Silva, S., Chung, P., Verissimo, A. & Manaia, C.M. (2004). Metabolic and
genetic diversity of mesophilic and thermophilic bacteria isolated from composted municipal
sludge on poly-epsilon-caprolactones. Current Microbiology, 49(6), pp. 407-414.

van Loon, L.C., Bakker, P.A. & Pieterse, C.M. (1998). Systemic resistance induced by
rhizosphere bacteria. Annual Review of Phytopathology, 36, pp. 453-483.

Van Oosten, V.R., Bodenhausen, N., Reymond, P., Van Pelt, J.A., Van Loon, L.C., Dicke, M. &
Pieterse, C.M.J. (2008). Differential effectiveness of microbially induced resistance against
herbivorous insects in Arabidopsis. Molecular plant-microbe interactions: MPMI, 21(7), pp.
919-930.

Varma, A., Abbot, L., Werner, D. & Hampp R (eds). (2004). Plant surface microbiology,
Springer, Berlin.

Wang, B., Ferro, D.N. & Hosmer, D.W. (1999). Effectiveness of Trichogramma ostriniae and T.
nubilale for controlling the European corn borer Ostrinia nubilalis in sweet corn. Entomologia
Experimentalis et Applicata, 91(2), pp. 297-303.

Whipps, J.M. (2001). Microbial interactions and biocontrol in the rhizosphere. Journal of
Experimental Botany, 52(suppl 1), pp. 487-511.

Yang, J., Kloepper, J.W. & Ryu, C.-M. (2009). Rhizosphere bacteria help plants tolerate abiotic
stress. Trends in Plant Science, 14(1), pp. 1-4.

Zehnder, G.W., Murphy, J.F., Sikora, E.J. & Kloepper, J.W. (2001). Application of Rhizobacteria
for Induced Resistance. European Journal of Plant Pathology, 107(1), pp. 39-50.

44



Acknowledgements

This journey had never been possible without all colleagues, friends and family
that have supported me during these years.

First of all I would like to thank my supervisor Erik Bongcam-Rudloff.
Thank you for all the support and freedom to explore during this journey.
Johan Meijer, thank you for your support and always taking time for me
whenever I needed directions and guidance. Sarosh, thank you for all your help
and patience, and interesting discussions. This would have been an impossible
achievement without you.

Thank you to all colleagues, new and old. Thank you all my friends. It is
impossible to mention everyone here but you know who you are. You all
deserve thanks for providing well-needed distractions and friendship. Thank
you for all discussions about science and politics as well as everything in life
and making me feel welcome. I would like to thank Higher Education
Commission (HEC) of Pakistan for providing scholarship during the period of
research.

Lastly I would like to thank my family. My parents, my siblings, my wife

and adorable daughter for always being there for me and always giving me
their full support.

45



