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RIASSUNTO 

La comprensione dei meccanismi che regolano le interazioni multitrofiche della 

rizosfera è fondamentale per migliorare l'efficacia dei biopesticidi in agricoltura. In 

questôottica, il sequenziamento dei genomi ¯ un utile strumento per la 

caratterizzazione dei microrganismi di interesse agronomico. Bacillus 

amyloliquefaciens subsp. plantarum S499 ¯ un rizobatterio che mostra unôattivit¨ 

di antagonismo diretto contro i funghi fitopatogeni e, inoltre, è particolarmente 

efficace come elicitore di resistenza sistemica indotta (ISR) nelle piante. Tali 

attività sono correlate alla produzione di metaboliti secondari bioattivi, quali i 

lipopeptidi ciclici appartenenti alle famiglie delle fengicine, iturine e surfattine.  

Mediante sequenziamento, assembly e annotazione del genoma di S499, sono stati 

identificati i principali geni coinvolti nella colonizzazione radicale e nellôattivit¨ di 

stimolazione di crescita e di difesa delle piante. Questi geni condividono unôelevata 

percentuale di identità nucleotidica con i loro omologhi nel ceppo FZB42, il ceppo 

tipo della sottospecie batterica. Uno dei principali elementi genetici di distinzione 

tra S499 e FZB42 è la presenza di DNA extracromosomico: il  plasmide pS499. La 

presenza di tale plasmide è stata evidenziata attraverso il sequenziamento del 

genoma, che ha permesso inoltre di identificare sul plasmide le sequenze codificanti 

per un sistema regolatore (Rap-Phr) coinvolto nel quorum sensing. 

Attraverso un approccio di plasmid curing, è stata fatta una prima caratterizzazione 

funzionale di pS499. In primo luogo, è stato studiato l'impatto della perdita del 

plasmide sulla fisiologia del batterio, confrontando i comportamenti di S499, S499 

P- (ceppo senza plasmide) e FZB42 sul mezzo Luria-Bertani (LB). La crescita, 

lôattivit¨ proteolitica extracellulare e la modulazione della produzione dei 

lipopeptidi sono state significativamente influenzate dalla perdita di pS499. In 

accordo con un maggior rilascio di surfattina, è stato osservato anche uno swarming 

più rapido in S499 P-, mentre la sua capacità di produzione di biofilm in vitro 

risultava ridotta. Non è stato invece osservato alcun effetto sull'evoluzione delle 

popolazioni batteriche in planta in termini di colonizzazione radicale, nonostante 

unôaccentuata produzione di surfattine sulle radici di pomodoro da parte di S499 P- 

rispetto a S499 e FZB42. I risultati della quantificazione dell'espressione relativa 

dei geni srfA e rap suggeriscono un effetto inibitore della sintesi di surfattina da 

parte del sistema Rap-Phr codificato dal plasmide. Inoltre, su LB, lôattività 

antagonistica contro i funghi fitopatogeni era limitata per S499 P-, molto 

probabilmente a causa di una verificata riduzione della secrezione di iturine. 

Benché in modo meno evidente, un effetto simile è stato osservato su un mezzo 

(RE) che riproduce la composizione tipica degli essudati radicali. Globalmente, i 

risultati ottenuti mostrano che pS499 regola diversamente il fenotipo di S499 a 

seconda del contesto nutrizionale. Ulteriori prove sono necessarie per dimostrare 

che pS499 è importante per la fitness del rizobatterio nel suo habitat naturale.  
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ABSTRACT 

Understanding how soil-borne microorganisms can modulate the plant defence 

responses and which factors affect rhizosphere multitrophic interactions is crucial 

to improve the efficacy of biopesticides in agriculture. From this perspective, 

whole-genome sequencing is a powerful tool to characterize the bacterial strains of 

agronomic interest. Among these, Bacillus amyloliquefaciens subsp. plantarum 

strain S499 is a plant-beneficial rhizobacterium that shows direct antagonistic 

properties against phytopathogenic fungi and, in addition, a remarkable efficacy as 

elicitor of induced systemic resistance (ISR) in plants. In these activities, the 

production of bioactive secondary metabolites, such as cyclic lipopeptides 

belonging to the fengycin, iturin and surfactin families, is involved. 

By sequencing, assembling and annotating S499 genome, we identified the 

principal genes involved in root colonization, plant-growth promotion and 

biocontrol activities. These genes share a high percentage of nucleotide identity 

with their homologs in the strain FZB42, the type strain of the bacterial subspecies. 

One of the main genetic elements distinguishing S499 from FZB42 is the presence 

of extrachromosomal DNA (plasmid pS499). This small rolling circle plasmid was 

unknown before S499 genome sequencing, which also allowed to identify on pS499 

the genes encoding a Rap-Phr regulatory system involved in quorum sensing. 

Through a plasmid-curing approach, we carried out a functional characterization of 

pS499. First, we studied the impact of the plasmid loss on the bacterial physiology, 

by comparing the behaviours of S499, its plasmid-cured derivative, S499 P-, and 

FZB42 on Luria-Bertani (LB) medium. Growth rate, extracellular proteolytic 

activity and the regulation of lipopeptide production were significantly affected in 

S499 P-. In agreement with an increased release of surfactins, swarming motility 

improved after curing, whereas biofilm production was reduced in vitro. When the 

evolution of bacterial populations was compared in planta, pS499 seemed not to 

influence the root colonization ability, although we observed an over-production of 

surfactins by S499 P- also on tomato roots. The quantification of the relative 

expression of srfA and rap genes suggested an inhibitory effect of the plasmid-

encoded Rap-Phr system on surfactin synthesis. Moreover, on LB, the antagonistic 

effect against phytopathogenic fungi was limited for S499 P-, most probably due to 

a verified reduction of iturin secretion. Although less clearly, an impact of plasmid 

curing on the biocontrol ability was observed also on a medium (RE) that 

reproduced the typical composition of plant root exudates. Globally, our results 

show that pS499 differently modulates S499 phenotype depending on the 

nutritional context. More evidences are required to prove that pS499 is relevant for 

the fitness of the rhizobacterium in its natural environment.  
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1.1 Plant-growth-promoting rhizobacteria 

The rhizosphere is the portion of soil near plant roots that is directly 

influenced by their growth, respiration, and nutrient exchanges. It is a highly 

dynamic environment that actually represents a hotspot of biodiversity compared 

with the surrounding bulk soil: up to 1011 microbial cells and, among these, more 

than 30 thousand bacterial species can be found around each gram of root 

(Egamberdieva, et al., 2008; Mendes et al., 2011). Plants can modulate the 

composition and the activity of the rhizosphere community through the exudation 

of metabolites and signalling molecules (Doornbos et al., 2012).  

Beneficial rhizosphere-associated microbes constitute the root microbiome 

(Figure 1), which contributes to the plant health as the gut microbiome does in 

animals (Mendes et al., 2013). Indeed, rhizobacteria and mycorrhizal fungi can 

improve plant nutrition and often grant disease protection (Berendsen et al., 2012). 

 

Figure 1: The root microbiome. Plant-associated microorganisms carry out multiple beneficial 

functions at the rhizosphere level (modified from http://www.lallemandplantcare.com). 

 

Vice versa, soil-borne phytopathogens negatively affect plant health, by 

damaging the plant through production of phytotoxic substances or tissue infection. 

In this group, pathogenic fungi, oomycetes and bacteria are included (Mendes et 
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al., 2013). Other microorganisms establish neutral interactions, either with the plant 

or with the pathogens, as they occupy different ecological niches; however, these 

commensal microbes can influence other organisms and eventually produce an 

effect on the complex rhizosphere networks (Berendsen et al., 2012). Such 

multifaceted interactions occurring below ground play a fundamental role in several 

aspects of the ecosystem, from soil stability to plant productivity (Haichar et al., 

2008). 

Most of beneficial plant-microbe relationships are mutualistic or associative 

symbioses, as plants and microorganisms shared costs and benefits of the 

association (Vacheron et al., 2014) The expression ñplant-growth-promoting 

rhizobacteriaò (PGPR) designates the prokaryotic microorganisms that inhabit the 

rhizosphere and are beneficial for the host plants (Lugtenberg and Kamilova, 2009). 

Indeed, PGPR can affect plant development either directly, e.g. by improving plant 

mineral uptake, or indirectly, by conferring protection against soil-borne diseases 

and abiotic stressors, or also in both ways (Table 1). In a broad sense, the well-

characterized rhizobia providing nitrogen to leguminous host plants are included 

among PGPR (Gray and Smith, 2005). 

Table 1. Principal modes of action of plant-growth-promoting rhizobacteria. 

Direct mechanisms Indirect mechanisms 

Nitrogen fixation Detoxification 

Phosphate solubilisation Enhancement of stress resistance 

Iron solubilisation Biocontrol 

Phytohormones production                    Direct     Competition 

ACCa deaminase activity                                  Antagonism 

Stimulation by AHLsb                                  Hyperparasitism 

Stimulation by VOCsc                   Indirect   ISRd 
  

aACC: 1-aminocyclopropane-1-carboxylate; AHLs; bN-acyl-L-homoserine lactones; cVOCs: 
volatile organic compounds; dISR: induced systemic resistance. 

 

Depending on their level of association with root tissues, PGPR can be 

classified into extracellular PGPR (ePGPR) and intracellular PGPR (iPGPR), the 

former locating on the rhizoplane or between the cells of root cortex, while the latter 
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colonizing specialized nodular structures of the root cells (Bhattacharyya and Jha, 

2012). The genera Agrobacterium, Arthrobacter, Azoarcus, Azotobacter, 

Azospirillum, Bacillus, Burkholderia, Caulobacter, Chromobacterium, 

Clostridium, Enterobacter, Erwinia, Flavobacterium, Gluconacetobacter, 

Micrococcus, Pseudomonas, and Serratia encompass several beneficial strains that 

mostly belongs to ePGPR, whereas those belonging to the family of Rhizobiaceae 

(Allorhizobium, Azorhizobium, Bradyrhizobium, Mesorhizobium, Rhizobium, etc.) 

and Frankia spp. are regarded as iPGPR (Gray and Smith, 2005). Among all these 

genera, Bacillus, Pseudomonas and Rhizobium have been the most studied so far. 

The regulation of the symbiotic processes is known in the case of the rhizobia-

legumes relationship, where bacteria utilize the carbohydrates synthestized by the 

host and, in turn, they supply ammonia and amino acids to the plant. Nonetheless, 

PGPR are able to exert their positive effects on many crop plants, including wheat, 

maize, potato and many other vegetables (Rai, 2006; Lugtenberg and Kamilova, 

2009; Bhattacharyya and Jha, 2012). 

1.1.1 Rhizosphere competence 

1.1.1.1 The process of root colonization 

Rhizosphere competence is an essential prerequisite for PGPR. It involves 

the active root colonization, combined with the ability to survive and multiply on 

the growing roots over a period of time, dealing with other microorganisms that 

share the same ecological niche (Kumar et al., 2011). Generally, microbes are 

attracted by the nutritious environment created by roots through a phenomenon 

known as rhizodeposition (Haichar et al., 2008). Plant roots secrete a variety of 

organic compounds, including sugars, phenolic compounds, nucleotides, amino 

acids, sterols, vitamins and organic acids, in different proportions. In particular, root 

border cells can release in the rhizosphere large amounts of carbon-rich material 

(Hawes et al. 1998). However, although this nutritious environment favours 

microbe proliferation, the populations of rhizobacteria do not attain the same levels 

than in nutrient-rich artificial media and, for this reason, their lifestyle is regarded 

as a starvation status (Lugtenberg and Kamilova, 2009). In this context, the species 
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that can better metabolize the principal exudate components, like some 

Pseudomonas spp. that are able to efficiently metabolize carbon sources and have 

to compete for only few compounds, achieve the best root colonization (Somers et 

al., 2004). 

Motility constitutes a major trait for root colonization. Bacteria employ 

several mechanisms to move, which are known as swarming, swimming, twitching, 

gliding and sliding (Kearns, 2010). Swarming and swimming are flagella-driven 

movements, involved in root colonization by PGPR, the former occurring in a 

multicellular way across a surface while the latter is characterising single cells in a 

liquid medium. Swimming motility is oriented by chemotaxis, i.e. the direction of 

the movements depends on the concentration of certain compounds. For example, 

malic and citric acids present in the root exudates of Arabidopsis thaliana and 

tomato (Solanum lycopersicum L.) are chemoattractants for Bacillus and 

Pseudomonas spp. (de Weert et al., 2002; Rudrappa et al., 2008). 

As root exudates composition differs among plant species, a putative role in 

determining host specificity has been ascribed to chemotaxis. For example, in the 

bacterial genus Azospirillum the chemotactic responses differ from strain to strain 

and this specificity relies on the ecological origin of the strains (Drogue et al., 

2012). The relationship between PGPR and chemotaxis towards root exudate 

components of their original hosts was confirmed also for Bacillus spp. (Zhang et 

al., 2014). However, the composition of root exudates depends not only on the plant 

species, but also on the growth substrate and on the developmental stage and 

physiological conditions of the plant. Interestingly, tomato plants recruit beneficial 

bacteria by enhancing the release of malic acid when attacked by pathogens 

(Rudrappa et al., 2008; Lugtenberg and Kamilova, 2009). 

However, swarming motility plays a greater role than chemotaxis in tomato 

root colonization, at least for some strains of B. subtilis (Gao et al., 2016). Indeed, 

PGPR usually spread over the root surfaces in the form of biofilm, rather than as 

planktonic cells in a liquid medium (Ongena and Jacques, 2008). Bioýlms are single 

or multispecies aggregates of microbial cells encapsulated in a matrix of 

extracellular polymeric substances and adherent to biotic or abiotic surfaces. In 
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biofilms, PGPR can better protect themselves from environmental stresses and 

microbial competition (Seneviratne et al., 2010). 

Adsorption and anchoring are two independent mechanisms used by PGPR 

for the adhesion on the rhizoplane. Adsorption is a weaker interaction mediated by 

type I and IV pili, fimbriae and specialized surface proteins that function like 

adhesins (e.g. flagellins). Lipopolysaccharides, exopolysaccharides and capsular 

polysaccharides are involved instead in bacterial anchoring to root surfaces, where 

specific receptors are located. Indeed, genetic determinants of both partners are 

putatively involved in these processes (Dutta and Podile, 2010; Drogue et al., 

2012). According to Compant et al. (2010), the ability to synthesize vitamin B1, 

NADH dehydrogenases, outer membrane proteins, and a site-specific recombinase 

involved in phase variation are other bacterial traits responsible for rhizosphere 

competence. 

PGPR establish their populations mainly in the junctions between epidermal 

cells and the points where lateral roots emerge (Lugtenberg and Kamilova, 2009). 

Root tips and root hair regions, which are other zones of extensive release of 

exudates, are preferential sites of colonization as well. Depending on the plant 

species, one strain can display different colonization patterns (Drogue et al., 2012). 

Some Azospirillum spp. are supposed to enter the intercellular spaces upon the 

enzymatic degradation of plant cell wall middle lamellae, through ɓ-glucosidase, 

cellulolytic and pectinolytic activity (Khammas and Kaiser, 1991; Bekri et al., 

1999; Faure et al., 2001;). As reported above, iPGPR colonize also internal tissues, 

behaving as endophytes, thus they must overcome the plant defence mechanisms. 

During the establishments of these associations, root-bacterium communication 

plays a fundamental role (Somers et al., 2004). 

The crosstalk between leguminous plants and symbiotic rhizobia probably 

represents the best-characterised example of signal exchange in the process of root 

colonization (Cooper, 2007). The plant releases flavonoid compounds that induce 

the bacterium to secrete Nod factors, in the form of lipo-chitooligosaccharides. Nod 

factors are perceived through specific LYK receptors by plant root hairs and 

stimulate the formation of root nodules, where rhizobial populations can settle and 

fix  the atmospheric nitrogen (Figure 2). Different rhizobia secrete structurally 
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diverse Nod factors, which suggests that the plant host can recognize the signal 

produced by the compatible rhizobial symbiont (Van Loon, 2007; Liang et al., 

2014). 

 

Figure 2:  The formation of root nodules. (a) The early stages of infection of root hairs by rhizobia 

and the growth of a nodule on roots. Images (b), (c) and (d) were taken from Pisum sativum or Vicia 

hirsuta inoculated with a lacZ-constitutively expressing strain of Rhizobium leguminosarum. Root 

samples were stained for ɓ-galactosidase, showing bacterial cells in blue. (b). A normal infection 

thread (arrow) is shown. (c) A nodO nodE double mutant of R. leguminosarum that forms infection 

foci but not an infection thread. (d) Infection threads grow through root cells to the growing nodule 

primordium (circled). The bars represent 20 µm in (b) and (c) and 100 µm in (d) (Oldroyd and 

Downie, 2004). 

 

1.1.1.2 Quorum sensing in the rhizosphere 

Bacteria can regulate the expression of certain cellular functions in a 

population density-dependent way: the quorum sensing (QS; Bassler, 1999). In 

bacterial communication, the term ñautoinducersò refers to the signalling molecules 

that are released in the medium and act via QS. A threshold concentration of an 

autoinducer is responsible for the activation or repression of a determined molecular 

pathway that leads to the quorum response (Bassler, 1999). In this way, bacteria 

can synchronize particular behaviours on a population-wide scale. Several aspects 

related to the rhizosphere competence of PGPR, such as biofilm formation and 

swarming motility, are controlled by QS (Compant et al., 2010; Dutta and Podile, 

2010). 
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The best-characterized autoinducers for Gram-negative species, like 

Pseudomonas spp., are N-acyl-L-homoserine lactones (AHLs), which vary based 

on the length, substitution and saturation of their acyl side chains. These differences 

in structure confer specificity to the signalling molecules (Auchtung, 2006). 

Secreted AHLs increase in concentration with increasing cell density and, once 

imported in the cytoplasm, they interact with their cognate LuxR receptors, which 

are cytoplasmic transcriptional activators or repressors (Waters and Bassler, 2005). 

Diketopiperazines are also implicated in QS in Gram-negative bacteria, whereas ɔ-

butyrolactone and modified oligopeptides recognized by two-component sensor 

kinases are autoinducers for Gram-positive species, such as Bacillus spp. 

(Auchtung, 2006; Dutta and Podile, 2010). The best-known QS system in B. subtilis 

is the ComQXPA system, which is mainly involved in coordinating developmental 

pathways, producing extracellular products in effective concentration and surviving 

under competitive conditions (Comella and Grossman, 2005). 

Rhizobacteria can perceive autoinducers produced by other bacterial species 

(Steidle et al., 2001), interfere with their signalling processes through a quorum 

quenching mechanism (Dong et al., 2002) or respond to QS-like molecules released 

by plants (Teplitski et al., 2000). Indeed, besides regulating cell responses on a 

population-wide scale, quorum sensing allows communication within and between 

species. For instance, several plants can recognize AHLs and consequently 

modulate defence and growth responses (OrtízȤCastro et al., 2008), as for Medicago 

truncatula, which produces proteins involved in isoflavone production, stress 

response and cytoskeleton structure (Dutta and Podile, 2010). 

The rhizosphere contains a greater concentration of AHL-producing 

bacteria than bulk soil, suggesting that they play a role in colonization (Elasri et al., 

2001). The importance of QS in root colonization was demonstrated with a LuxR-

mutant strain of P. fluorescens that was impaired in biofilm formation and 

colonization of wheat rhizosphere (Wei and Zhang, 2006). Conversely, derivative 

of Serratia spp. not producing AHLs were not impaired in colonization ability of 

tomato and oilseed rape roots (Schuhegger et al., 2006; Müller et al., 2009). 

However, it might be that QS is indirectly involved in rhizosphere competence, by 

influencing the competitive ability of PGPR under natural conditions (Compant et 
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al., 2010). For example, in B. subtilis, quorum responses contribute to the 

production of lytic enzymes and antibiotics, which plays fundamental roles in 

microbial competition (Comella and Grossman, 2005). 

Figure 3 summarizes the discussed relevant traits involved in PGPR host 

recognition and colonization. 

 

Figure 3: Different molecules produced by plant-growth-promoting rhizobacteria (PGPR) 

that are involved in host root recognition and colonization. QS: quorum sensing; AHLs: N-acyl-

L-homoserine lactones; MOMPs: major outer membrane proteins; LPSs: lipopolysaccharides (Dutta 

and Podile, 2010). 

 

1.1.2 Modes of action of PGPR 

1.1.2.1 Improvement of plant nutrition 

PGPR can enhance nutrient status of host plants by different mechanisms, 

namely the fixation of atmospheric nitrogen (N2), the increase of the availability of 

minerals in the rhizosphere, the augmentation of root surface area, and the 

promotion of other beneficial symbioses of the host (Bhattacharyya and Jha, 2012). 

Often, more than one mechanisms is involved, as in the case of Azospirillum spp. 

that, besides being capable of fixing N2, also increase water and mineral uptake by 

increasing root development (Lugtenberg and Kamilova, 2009). 
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Atmospheric nitrogen fixation and the solubilisation of inorganic nutrients, 

such as phosphates and iron, are widely distributed among Allorhizobium, 

Azorhizobium, Azotobacter, Bacillus, Bradyrhizobium, Rhizobium, Enterobacter, 

Mesorhizobium, Pseudomonas, and Sinorhizobium spp. (Vessey, 2003). The ability 

of PGPR to solubilize mineral phosphate is very attractive, as plants can absorb 

phosphorous in only two soluble forms, the monobasic (H2PO4
-) and the dibasic 

(HPO4
2-) ions, but levels of soluble phosphate are limited in soil (Glass, 1989). 

Secretion of organic acids or protons, chelation and exchange reactions are 

processes that favour phosphorous solubilisation (Bhattacharyya and Jha, 2012). 

Moreover, the production of enzymes, such as phytases, phosphatases, and C-P 

lyases, enables bacteria to release soluble phosphorus from organic compounds, 

like organophosphonates (Rodríguez et al., 2006). 

Similarly, PGPR facilitate the acquisition of iron by plant roots (Lugtenberg 

and Kamilova, 2009). Iron is another essential nutrient with little availability in soil. 

Ferric (Fe3+) ions readily  precipitate in oxidised forms and to avoid precipitation 

plants usually secrete organic chelators. Next to root surfaces, Fe3+ is reduced to 

ferrous ion (Fe2+), which is immediately absorbed. Alternatively, plants can 

produce siderophores, which chelate Fe3+ and are then imported into the cells. Some 

bacterial species also produce siderophores and a number of plants is able to 

assimilate them, although most of research on microbial siderophores in the 

rhizosphere focuses on their role in the competition against plant pathogens 

(Vessey, 2003). 

1.1.2.2 Production of plant growth regulators 

PGPR can directly improve plant growth through the production of 

phytohormones and the release of enzymes, such as the 1-aminocyclopropane-1-

carboxylate (ACC) deaminase (Van Loon, 2007). By producing phytohormones 

PGPR can modify root morphology. For instance, Azospirillum brasilense produces 

indole-3-acetic acid, an auxin that stimulates lateral root formation (Tien et al., 

1979). Strains of P. fluorescens can induce seedling emergence and increase root 

length of several crop species by producing cytokinins, instead (Bent et al., 2001; 

García de Salamone et al., 2001). Moreover, the genus Bacillus encompasses strains 
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that can release high levels of gibberellins, which 

promote stem and shoot elongation (GutiérrezȤ

Mañero et al., 2001; Gray and Smith, 2006).  

As reported above, AHLs are also elicitors 

of plant growth, as well as some volatile organic 

compounds (VOCs), like acetoin and 2,3-

butanediol, which are produced by Bacillus spp. and 

have been demonstrated to have a positive effect on 

both plant and bacterial fitness (Figure 4) (Ryu et 

al., 2003; Yi et al., 2016). 

Ethylene, on the contrary, inhibits shoot and 

root elongation and accelerates senescence (Abeles 

et al., 2012). The direct precursor of ethylene in 

plants is 1-aminocyclopropane-1-carboxylate 

(ACC); therefore, PGPR able to synthesize ACC 

deaminases can reduce endogenous levels of this 

hormone in favour of root growth (Van Loon, 2007). 

Bacterial populations benefit from this interaction as 

well, since the hydrolyzation of ACC provides sources of nitrogen and carbon 

(ammonia and Ŭ-ketobutyrate; Doornbos et al., 2012). 

1.1.2.3 Biocontrol of plant diseases 

PGPR can promote plant growth indirectly by enhancing stress tolerance or 

by detoxifying heavy metals and pathogen virulence factors (e.g. albicidin produced 

by Xanthomonas albilineans, fusaric acid by Fusarium spp.; Compant et al., 2005.). 

Most importantly, diverse mechanisms conferring plant disease protection were 

reported. It is worthy to recall here that the term ñbiological controlò, or 

ñbiocontrolò, in plant pathology refers to the use of microbial antagonists to 

suppress diseases as well as the use of host-specific pathogens to control weed 

populations. The ñbiological control agentò (BCA) is the organism that antagonizes 

the pathogen (Pal and Gardener, 2006). 

Figure 4: Plant-growth-

promotion through volatiles. 
Effect of VOCs produced by 

Bacillus amyloliquefaciens 

subsp. plantarum FZB42 on 

Arabidopsis thaliana growth 

(negative control below) (Giulia 

Molinatto, 2015). 
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Through different kinds of interactions, such as competition, antagonism 

and hyperparasitism, BCAs can influence the pathogensô population density and 

their temporal and spatial dynamics. Alternatively, beneficial microorganisms 

and/or some compounds they release are perceived as elicitors of immune responses 

by the plant (Raaijmakers et al., 2009). 

1.1.2.3.1 Competition, antagonism and hyperparasitism 

Competition takes place for space and nutrients when pathogenic and 

beneficial microorganisms develop in the same microbial ecological niche. For 

example, colonization of the rhizosphere microenvironment is a prerequisite for the 

efficacy of soil-borne BCAs (Lemanceau and Alabouvette, 1991). Nutritional 

competition for carbon compounds and for soluble iron are essential modes of 

action for a number of biocontrol fungi and bacteria. As already discussed, iron is 

a limiting factor in soil because of its low solubility, and the ability to secrete 

siderophores that can be assimilated through specific receptors constitutes a 

determining advantage for some Pseudomonas strains (Doornbos et al., 2012). The 

ability to use nitrate as an alternative electron acceptor is also involved in 

competitiveness: being able to switch from one metabolic pathway to another, some 

strains can dominate in an environment that might be depleted of oxygen by root 

respiration (Somers et al., 2004). 

Antagonism is mainly based on the secretion of secondary antimicrobial 

metabolites (antibiosis) and lytic enzymes (predation) active on phytopathogens. A 

variety of antibiotics and bacteriocins is known to be involved in biocontrol, but for 

many of these molecules the mechanism of action has not been elucidated yet. The 

targets may be metalloenzymes like cytochrome c oxidases (hydrogen cyanide), the 

electron transport chain (phenazines, pyrrolnitrin), or cell membrane and zoospores 

of phytopathogenic fungi and oomycetes (2,4-diacetylphloroglucinol, cyclic 

lipopeptides; Raaijmakers et al., 2009). The regulation of antibiotic synthesis is 

related to the overall metabolic status of the cell, which in turn depends on nutrient 

availability, pH, temperature, and various other parameters (Milner et al., 1995; 

Duffy and Défago, 1999; Ownley et al., 2003). In addition, some antagonists can 

attack the cell wall of pathogens through the release of cellulases, chitinases and 
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proteases. Otherwise, extracellular lytic enzymes can neutralize virulence factors, 

or degrade autoinducers, hence conferring plant disease protection in an alternative 

way (Compant et al., 2005). 

Hyperparasitism is another form of direct biocontrol against soil-borne 

phytopathogens, even if it is better characterized in the context of fungal BCAs. For 

example, Trichoderma mycelia can penetrate the hyphae of pathogenic fungi, after 

inducing a cell wall damage through the production of endochitinases (Harman, 

2006). Nonetheless, some bacteria can grow at the expense of living fungi through 

a phenomenon known as bacterial mycophagy (Leveau and Preston, 2008). For 

example, Collimonas fungivorans feeds on fungal hyphae under nutrient-poor 

conditions, although its biocontrol activity seems to depend mostly on a mechanism 

of competition (Kamilova et al., 2007). 

1.1.2.3.2 Induced systemic resistance 

Systemic resistance is a broad-spectrum immune reaction that makes plants 

less susceptible to subsequent attacks in distal tissues. This effect is evident when 

the root colonization by plant-beneficial microorganisms has a positive outcome 

against aboveground pathogens. Induced systemic resistance (ISR) has been 

discovered 25 years ago when it was noticed that some beneficial Pseudomonas 

strains could reduce disease symptoms even when maintained separated from the 

pathogens (Van Peer et al., 1991; Wei et al., 1991). The phenomenon revealed a 

plant-mediated protective effect of the application of BCAs, which was later 

confirmed in several other genera of bacteria such as Bacillus and Serratia 

(Lugtenberg and Kamilova, 2009). Upon root colonization by ISR-inducing 

rhizobacteria, the plant falls in a unique physiological state known as ñprimingò 

(Conrath et al., 2006). 

In many cases, the microbial determinants involved in ISR are known. The 

list includes lipopolysaccharides, siderophores, flagella, some antibiotics, 

biosurfactants and volatile organic compounds (Bakker et al., 2013). These factors 

are named ñmicrobe-associated molecular patternsò (MAMPs), to be distinguished 

from ñpathogen-associated molecular patternsò (PAMPs) and ñdamage-associated 

molecular patternsò (DAMPs); all are elicitors of plant defences. PAMPs and 
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DAMPs trigger systemic acquired resistance (SAR), while MAMPs induce ISR. 

Plant hormones play a significant role in the signalling network that coordinates 

plant defences: if SAR mainly depends on salicylic acid, in ISR jasmonic acid and 

ethylene are primarily involved. Both pathways then converge by being controlled 

by the same transcription factor NPR1 (Henry et al., 2012). 

The root-specific transcription factor MYB2 emerged as an early node of 

convergence in the ISR-inducing pathways (Segarra et al., 2009). Interestingly, the 

Arabidopsis mutant myb72 that was impaired in ISR also displayed a reduced 

colonization by Pseudomonas strains that are able to trigger ISR compared to the 

wild type (Doornbos et al., 2009), suggesting the occurrence of a cross 

communication among roots and beneficial bacteria (Bakker et al., 2013). 

1.1.3 The use of plant-beneficial microorganisms for soil 

fertilization and crop protection 

The demand for food production is expected to increase by 70% in 2050, 

because of the growth of global population and change of diet in developing 

countries (Popp et al., 2013). The Food and Agriculture Organization (FAO) 

defines food security as ñthe possibility to have access to sufficient, safe and 

nutritious food to meet dietary needs and food preferences for an active and healthy 

lifeò (Flood, 2010). To guarantee global food security for a growing population we 

need to maximize productivity while minimizing the resources required. Soil 

microorganisms (bacteria, but also fungi and protozoa) promoting plant growth can 

help in this way, as they can be used in agriculture as biofertilizers (Vessey, 2003; 

Rai, 2006). Mainly by enhancing the efficacy of mineral uptake (nitrogen, 

phosphorous and potassium) by plants, such useful microorganisms can play a 

fundamental role in the crop productivity, promoting at the same time an agriculture 

system with a lower environmental impact (Malusà et al., 2016). 

Since plant pathogens represent one of the major threats to crops worldwide, 

plant disease protection is of crucial importance in agriculture. The global potential 

yield loss due to plant diseases is estimated around 16% and it is increasing, because 

the producers often choose to cultivate varieties that provide greater yields but are 

less resistant to pathogens, and also because of the more and more frequent trade 
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and travel exchanges (Anderson, 2004; Oerke, 2006). Therefore, a reduction of crop 

losses through efficient strategies of plant disease protection is now more than ever 

required. 

When pathogens cannot be controlled by agronomic practices or the use of 

resistant varieties, the application of pesticides becomes necessary. Chemical 

pesticides are applied on many crops as the main method of protection from 

pathogens and from their vectors (insects and nematodes) (Strange and Scott, 2005). 

However, this extensive use of targeted products may lead to the emergence of 

resistance in pathogenôs population, which compromises their efficacy. Moreover, 

a reduction of chemical pesticides would meet the demand for a sustainable 

agriculture, meaning the adoption of farming techniques that preserve the 

environment and the health of growers and consumers, allowing future generations 

to do the same. Biological control, especially in a context of integrated pest 

management strategy, is a valid alternative to chemicals, although much effort is 

still required to improve the efficacy and the applicability of biopesticides 

(Leadbeater and Gisi, 2010). 

Although the use of plant-beneficial microorganisms may have great 

advantages in terms of lowering the negative impact of plant disease control, it has 

also several limitations, as inconsistent efficacy under field conditions and costs of 

development and registration (Fravel, 2005). A better understanding of the biology 

of the complex interactions occurring in soil is an important step towards an 

improved use of such valuable tools.  
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1.2 Bacillus genus as source of plant-beneficial strains 

The genus Bacillus is one of the most important genera of PGPR and 

encompasses a wide variety (in terms of genetics and ecology) of Gram-positive, 

aerobic, rod-shaped bacteria, which can form robust dormancy structures called 

endospores (Turnbull, 1996). This is an important trait in the development of 

biopesticides, because spore formation facilitates the storage of the product by 

extending the shelf life and makes the inoculants more resistant to environmental 

stress. Moreover, some Bacillus spp. are facultative anaerobes and are able to adapt 

to oxygen limitation, which is another advantage for their survival in soil (Nakano 

and Hulett, 1997). 

Several species, like B. amyloliquefaciens, B. cereus, B. licheniformis, B. 

megaterium, B. mycoides, B. pumilus, B. subtilis and B. sphaericus, include strains 

known for their biocontrol and/or plant-growth-promoting potential, among which 

some have already been commercialized as foliar or soil inoculants (Pérez-García 

et al., 2011). Bacillus thuringiensis has been used as biopesticide since the 

beginning of 20th century, thanks to its insecticidal toxins (Cry proteins). It later 

became the source of genes for the genetically modified ñBtò crops resistant to 

insects. Nowadays, it shares more than 70% of the total market of BCAs sensu lato 

(Sanauhja et al., 2011). Other Bacillus-based products account for about half of the 

remaining sales (Choudhary and Johri, 2009; Cawoy et al., 2011). Several of these 

bioformulates (e.g. Ballad® and Sonata® with B. pumilus, Serenade® with B. 

subtilis) are used to control diseases, such as rusts, downy and powdery mildews, 

on many vegetables and fruit crops. 

The plant-beneficial effects of Bacillus spp. rely on the combined action of 

multiple mechanisms, from the improvement of plant nutrition to the biocontrol 

activity in both ISR-independent and dependent way (Figure 5). These mechanisms 

mostly depend on the efficient production of a broad range of secondary 

metabolites, which are involved not only in the antibiotic activity of the bacteria but 

also in the interactions with the host plant and in the processes that favour niche 

colonization (Ongena and Jacques, 2008; Kumar et al., 2011). 
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Figure 5: Modes of action of Bacillus PGPR. Plant growth promotion by rhizosphere Bacillus spp. 

results from a combination of multiple mechanisms (Kumar et al., 2011). 

 

1.2.1 Structures and roles of Bacillus secondary metabolites 

Members of Bacillus genus are known to be good producers of bioactive 

molecules. Indeed, up to 8.5% of the bacterial genome can be devoted to the 

synthesis of secondary metabolites, as for B. amyloliquefaciens subsp. plantarum 

FZB42 (Chen et al., 2009). A large part of those molecules is non-ribosomally 

synthesized by complex enzymatic machineries (Sieber and Marahiel, 2003). Some 

antibiotics are synthesized by ribosomes as linear precursor peptides and 

subsequently processed through proteolysis and post-translational modifications 

(Stein, 2005). 

1.2.1.1 Bacteriocins 

The term ñbacteriocinsò refers to a heterogeneous group of antimicrobial 

peptides produced by ribosomal synthesis (Riley and Wertz, 2002), which can be 

important in competitive interactions of PGPR, especially against phytopathogenic 

bacteria and nematodes (Chowdhury et al., 2015). Bacillus bacteriocins represent 

the second biggest group after those produced by lactic acid bacteria, and they 

display a variety of different chemical structures. They have been divided into three 
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classes: post-translationally modified peptides (class I, mainly lantibiotics), non-

modified peptides (class II) and large proteins (class III; Abriouel et al., 2011). 

Lanthionine-containing antibiotics are known as lantibiotics and 

distinguished by the presence of inter-residual thioether bonds, which are formed 

after the dehydration of L-serine and L-threonine and the addition of cysteine thiol 

groups (Stein, 2005). The gene clusters involved in their synthesis (10-15 kb) 

include structural genes and genes responsible for the modifications, the regulation, 

the export, and the immunity of the producer strain (Fickers, 2012). 

Subtilin is the best-characterized lantibiotic produced by B. subtilis and it is 

structurally related to the biopreservative nisin produced by Lactococcus lactis 

(Figure 6). Its mature form is a 32-residue pentacyclic peptide that is active against 

a broad range of Gram-positive bacteria. Subtilin causes the dissipation of the 

transmembrane proton motive force following the formation of pores in the 

cytoplasmic membrane (Stein, 2005). 

Ericin A and ericin S are other lantibiotics having antimicrobial activity 

comparable to subtilin and similar structure (Figure 6) (Stein, 2005). On the 

contrary, mersacidin has a more globular structure and acts by preventing cell wall 

biosynthesis upon binding to the cell wall precursor lipid II (Brötz et al., 1995). 

Subunits of haloduracin, lichenicidin, amylolysin, and other Bacillus lantibiotics 

show the same pattern of lanthionine bridges of mersacidin. Sublancin 168 and 

subtilisin A are also included in class I 

even if structurally different from 

typical lanthipeptides (Abriouel et al., 

2011; Arguelles-Arias et al., 2013). 

Class II  of non-modified 

peptides includes antibiotics 

characterised by a molecular weight 

below 5 kDa. Among these ones, 

coagulin displays antilisterial activity 

(Le Marrec et al., 2000) and thuricin 

17 has an additional function of plant-

growth promotion (Lee et al., 2009). 

Figure 6: Structures of nisin A, subtilin and 

ericins. Conserved residues at identical positions 

to all four bacteriocins are highlighted in green, 

while those conserved only in subtilin and ericins 

are in yellow; other conserved residues are in 

light red (modified from Abriouel et al., 2010). 
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Megacins belong instead to class III that groups heat sensitive proteins with a 

molecular weight higher than 30 kDa. These proteins have phospholipase A2 

activity, as they convert phospholipids to lysophospholipids (Abriouel et al., 2011; 

Fickers, 2012). 

1.2.1.2 Polyketides and non-ribosomally synthesized peptides 

Polyketides macrolactin, difficidin and bacillaene are produced by B. 

amyloliquefaciens and B. subtilis strains, which possess the corresponding large 

gene clusters (Chen et al., 2009). Indeed, these molecules are synthesized in a non-

ribosomal way by polyketides synthases (PKS), which are modularly organized 

enzymes that coordinate the assembly of a large class of secondary metabolites, 

through the condensation of acil-CoA monomers and subsequent modifications by 

dehydratase, methylation, ketoreductase, enoylreductase, oxidation, 

methyltransferase, and cyclase domains (Fickers, 2012). 

The functions of polyketydes span from antibacterial to immunosuppressive 

and antitumor activities. For example, difficidin has received special attention for 

its suppressive action against Erwinia amylovora, a devastating plant pathogen 

causing fire blight disease of apple, pear and other rosaceous plants (Fickers, 2012). 

Cyclic lipopeptides of surfactin, fengycin and iturin families, whose 

production is widespread among B. amyloliquefaciens, B. licheniformis, B. pumilus 

and B. subtilis, are non-ribosomally synthesized peptides. Due to their amphiphilic 

structure composed of a polar peptidic ring linked to a hydrophobic lipid tail 

(Figure 7), these molecules have potent biosurfactants properties and thus they 

have multiple biotechnological applications (Ongena and Jacques, 2008). 

Surfactins are heptapeptides interlinked with a ɓ-hydroxy fatty acid (C12-

C17) to form a cyclic lactone ring structure (Figure 7). They display haemolytic, 

antibacterial, antimycoplasma and antiviral activity but they are not fungitoxic 

(Peypoux et al., 1999). Surfactins are also involved in swarming motility (Kinsinger 

et al., 2003) and biofilm formation on roots (Bais et al., 2004), besides playing a 

fundamental role as elicitors of ISR in plants (Ongena et al., 2007; Cawoy et al., 

2014). Interestingly, a recently published study revealed that structural variants of 
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surfactins act individually on the respective producing strain as paracrine signals 

for biofilm formation and root colonization (Aleti et al., 2016). 

Fengycins (also called plipastatins) are lipodecapeptides with an internal 

lactone ring in the peptidic moiety, plus a saturated or unsaturated ɓ-hydroxy fatty 

acid chain (C14-C19) (Figure 7), and display antifungal activity (Vanittanakom et 

al., 1986). Iturins include seven variants, among which bacillomycins and 

mycosubtilin are the best known; all of them are heptapeptides linked to a ɓ-amino 

fatty acid chain (C14-C17) (Figure 7). Iturins have limited antibacterial activity but 

strong haemolytic and antifungal effect (Maget-Dana and Peypoux, 1994). The 

effectiveness of several Bacillus strains in controlling fungal soil-borne, foliar and 

post-harvest pathogens has been related mainly to fengycin and iturin production. 

Their proposed mode of action is pore formation in cell membranes, leading to an 

imbalance of transmembrane ion fluxes and to a general disorganization of 

cytoplasm (Pérez-García et al., 2011). 

 

Figure 7: Representative structures of the three main families of Bacillus cyclic lipopeptides. 

 

A multicarrier thiotemplate mechanism is responsible for the production of 

non-ribosomally synthesized peptides, in which megaenzymes termed non-

ribosomal peptide synthetases (NRPS) participate. NRPS are composed of modular 

catalytic domains that are involved in adenylation, thiolation and condensation 

cycles of the peptide elongation process (Figure 8). The loading module is involved 

in the incorporation of the first amino acid, while the termination module releases 

the newly synthesized peptide through a thioesterase domain (Sieber and Marahiel, 
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2003). Moreover, NRPS often include other domains for specific modifications, 

such as oxidation, reduction, methylation, formylation, epimerisation, and 

heterocyclisation. This leads to the generation of a broad diversity of structures, 

which is directly linked to the variety of biological activities of these molecules 

(Fickers, 2012). The gene clusters encoding NRPS modules can be longer than 150 

kb and their assembly follows the colinearity rule (Chen et al., 2009). 

 

Figure 8: Surfactin synthetase. Example of non-ribosomal peptide synthetases: the surfactin 

synthetase consists of 24 individual domains responsible for 24 chemical reactions. These domains 

catalyse activation (A), covalent binding (T), elongation (C), epimerization (E), and release (TE) by 

either cyclization or hydrolysis. The domains are organized in modules, which incorporate the 

building blocks into the growing peptide chain. The peptide chain is covalently tied to the 

multienzyme via the cofactor phosphopantetheine (ppan). FA, fatty acid chain (Sieber and Marahiel, 

2003). 

 

Among antibiotics, bacilysin is a dipeptide active against bacteria and yeast, 

whereas bacillibactin is another non-ribosomally synthesized peptide that acts as a 

siderophore. Indeed, it is involved in a particular transport system that allows 

Bacillus cells to accumulate and import iron ions present in the environment at low 
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concentrations (Chen et al., 2009). Bacillus cereus UW85 produces zwittermicin 

A, a fungistatic antibiotic, whose biosynthesis is a hybrid of NRPS and PKS 

pathway. It controls some Gram-positive and Gram-negative bacteria, besides being 

involved in the suppression of the fruit rot of cucumber and the damping-off disease 

of alfalfa induced by Phytophthora medicaginis (Silo-Suh, et al., 1998). 

The synthesis of many polyketides and lipopeptides depends on the 

membrane protein YczE (Chen et al., 2007) and on a functional phospho-

pantetheinyl transferase Sfp, an enzyme that activates PKS and NRPS by 

transferring 4ô-phosphopantetheine from coenzyme A to the carrier proteins 

(Nakano et al., 1992; Lambalot et al., 1996). Indeed, the domesticated strain B. 

subtilis 168 is not able to produce surfactin due to a frameshift mutation in sfp gene, 

but the introduction of a native sfp allele induced surfactin synthesis in B. subtilis 

168 (Nakano et al., 1992; Stein, 2005). 

Surfactin synthesis usually occurs in the transition from the exponential to 

the stationary growth phase, whereas the production of fengycins and iturins begins 

later in the stationary phase (Raaijmakers et al., 2010). Surfactin expression is 

related to population density and with the development of cellular competence, i.e. 

the ability of exogenous DNA uptake, as the gene of the competence regulator comS 

is embedded within the surfactin synthetase gene cluster, which is controlled by the 

quorum sensing via ComX (Stein, 2005). ComX is an extracellular signalling 

peptide that, upon reaching a critical concentration, activates the histidine kinase 

ComP, which phosphorylates the transcriptional activator ComA. Phosphorylated 

ComA regulates the expression of various genes, including the surfactin synthetase 

operon (Roggiani and Dubnau, 1993; Comella and Grossman, 2005). The activity 

of ComA is also modulated by Rap-Phr quorum-sensing systems (Boguslawski et 

al., 2015), and the expression of the surfactin synthetase genes is regulated by 

several other transcription factors such as AbrB, CodY, DegU and PerR 

(Raaijmakers et al., 2010). The two-component response regulator DegU is also 

required for the expression of the fengycins and iturins operons (Koumoutsi et al., 

2007; Tsuge et al., 2007), although little is known about the modulation of their 

expession. 
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1.2.1.3 The primary role of cyclic lipopeptides in the antagonistic activity 

of Bacillus amyloliquefaciens/subtilis against fungal phytopathogens 

A comparative study that included several strains of B. 

amyloliquefaciens/subtilis group showed that the secretion of cyclic lipopeptides 

(CLPs) plays a key role in the direct inhibition of fungal phytopathogens (Cawoy 

et al., 2015). Those strains were selected according to their lipopeptide signatures 

and divided into three groups: producers of the three families of CLPs (surfactin, 

fengycin and iturin), producers of surfactin and fengycin but not iturin, and non-

producers. The first group, which included among others B. amyloliquefaciens 

subsp. plantarum S499, was the most efficient in the growth inhibition of some 

foliar (Cladosporium cucumerinum, Botrytis cinerea) and soil-borne (Fusarium 

oxysporum, Pythium aphanidermatum) pathogens confronted on an artificial rich 

medium. Iturin production seemed to be determinant in the antagonistic ability, as 

the second group was significantly less active compared with the first (Figure 9). 

Inhibition size against B. cinerea and F. oxysporum well correlated with total 

amounts of fengycins and iturins detected in the medium, while the inhibition of C. 

cucumerinum mainly depended on iturin production. The biocontrol effect against 

P. aphanidermatum was limited, probably due to the different composition of 

oomycete cell walls compared with true fungi. 

 

Figure 9: Role of cyclic lipopeptides in Bacillus antagonistic activity. Inhibition of 

phytopathogenic fungi by some representative strains of three groups of Bacillus 

amyloliquefaciens/subtilis: producers of the three families of CLPs (left), producers of surfactin and 

fengycin but not iturin (middle), and non-producers (right) (Cawoy et al., 2015). 

 

Cawoy et al. (2015) evaluated also the antagonistic potential and the 

production of CLPs by selected Bacillus strains, including B. amyloliquefaciens 

subsp. plantarum S499, when grown in natural root exudates. Bacteria were still 
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active in inhibiting mycelial growth and, interestingly, MALDI-MS imaging 

showed that mostly iturins accumulated at the front of fungal arrest. Other 

antibiotics, such as bacteriocins and polyketides, were not detected in the assays, 

confirming a primary function of CLPs in the biocontrol activity of the tested 

isolates. 

1.2.1.4 Surfactin as elicitor of induced systemic resistance in plants 

Among CLPs, surfactin is the most efficient in stimulating plant immunity 

(Henry, 2013). Previously, Ongena et al. (2007) demonstrated that pure surfactins 

induced ISR in bean at similar levels of living cells of B. amyloliquefaciens subsp. 

plantarum S499. They also showed that the overexpression of surfactin synthetase 

gene in the naturally poor producer B. subtilis 168 enhanced its protective effect, 

since a significant disease reduction was observed in treated plants. Indeed, 

lipoxygenase and lipid hydroperoxidase activities were stimulated in bacterized 

tomato plants. Moreover, strains of B. amyloliquefaciens/subtilis identified as 

reliable producers of surfactins (S499, 98S) were more effective in reducing disease 

incidence in tobacco plants challenged by B. cinerea compared with medium 

(FZB42, QST713) and non-producers (56, BN01; Figure 10) (Cawoy et al., 2014). 

 

     

Figure 10: Role of surfactins in ISR. (A) Disease reduction on tomato leaves inoculated with 

Botrytis cinerea after root inoculation with the six selected Bacillus strains compared with non-

inoculated control plants. (B) Containment of typical spreading lesions in plants inoculated with B. 

amyloliquefaciens subsp. plantarum S499 before infection with B. cinerea (modified from Cawoy 

et al., 2014). 

 

The role of surfactin as MAMP was studied in vitro as well, by adding the 

CLPs in micromolar concentrations to tobacco cell suspensions (Jourdan et al., 
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2009). Surfactin (but not fengycin nor iturin) triggered extracellular medium 

alkalization, ion fluxes and the production of reactive oxygen species, which are 

well-known defence-related early events. An induction of phenylalanine ammonia-

lyase and lipoxygenase gene expression, coupled with an increased activity of these 

enzymes and with the accumulation of phenols, was also observed in the elicited 

cells. These responses are strictly linked to Ca2+ influx and to dynamic changes in 

protein phosphorylation. At the same time, a phytotoxic effect of surfactins could 

be excluded for concentrations up to 10 µM. Indeed, such amphiphilic molecules 

are putatively involved in a temporary destabilization of plant plasma membranes, 

which does not induce irreversible pores formation, but may prompt a signalling 

cascade leading to defensive responses (Jourdan et al., 2009). 

Protein receptors for rhizobacterial MAMPs has not been identified yet. 

Henry and colleagues (2011) focused on various approaches to study the 

mechanism governing the perception of surfactins by plant cells. They observed 

oxidative burst induction in tobacco cells, structure/activity relationship, 

competitive inhibition, insertion kinetics within plant membranes, and they 

combined those data with a thermodynamic determination of binding parameters 

on model membranes. Their results confirmed that surfactin perception more likely 

relies on a lipid-driven process at the plasma membrane level, namely a transient 

channelling, rather than on the presence of receptors. Considering the hypothesis of 

dynamic membrane compartmentalization, the induction of ISR could be related to 

the ability to temporally and spatially organize protein complexes, which would in 

turn activate the signalling pathway (Henry, 2013). 

1.2.2 Bacillus amyloliquefaciens subsp. plantarum, model PGPR for  

unravelling plant-microbe interactions: genomics and taxonomy 

Bacillus spp. were originally classified according to their ecophysiology and 

their metabolic diversity into three main groups: pathogenic, environmental and 

industrial species (Hamdache et al., 2013). In 1997, a consortium of 46 laboratories 

sequenced the complete genome sequencing of B. subtilis 168, which was selected 

as a paradigm of Gram-positive bacteria. Indeed, its genetic, physiology and 

biochemical features had been extensively studied for several decades (Kunst et al., 
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1997). Later on, the progress in next generation sequencing (NGS) technologies 

allowed easier, cheaper and faster analyses that led to the publication of thousands 

of prokaryotic genomes (Loman et al., 2012). Among these, several genomes of 

PGPR, including strains of Bacillus spp., have been deposited in public databases, 

either in the form of a draft (i.e. a set of fragmented sequences covering the most 

part of the genome) or as a sequence representing the whole genome. Comparative 

analyses of genomic data within Bacillus genus indicated that B. amyloliquefaciens, 

B. licheniformis and B. subtilis are closely related species, while B. anthracis, B. 

cereus and B. thuringiensis form a distinct phylogenetic group, as for B. clausii and 

B. halodurans (Hamdache et al., 2013). 

Initially, B. amyloliquefaciens species received attention for their abundant 

release of Ŭ-amylases and proteases (Priest, 1987). Indeed, the name B. 

amyloliquefaciens was chosen by the Japanese scientist who discovered the species 

(Fukumoto, 1943) because it produced (ñ-faciensò) a liquefying (ñ-lique-ò) amylase 

(ñamylo-ò). To group all the plant-associated B. amyloliquefaciens strains, a 

subgroup named ñBacillus amyloliquefaciens subspecies plantarumò was instituted 

and B. amyloliquefaciens FZB42 was elected as the type strain of the taxon (Figure 

11) (Borriss et al., 2011). The rhizobacteria belonging to B. amyloliquefaciens 

subsp. plantarum are known for improving plant growth and for their antagonistic 

activity against plant pathogens. The strain FZB42 is particularly efficient against 

phytopathogens bacteria and fungi and already present on the market as BCA 

(Borriss, 2011). Its ability in the root colonization of Arabidopsis thaliana, Zea 

mays and Lemna minor was assessed with a FZB42 derivative labelled with the 

green fluorescent protein through a confocal laser scanning microscopy (Fan et al., 

2011). Moreover, the activities of plant growth stimulation and disease protection 

were reported for FZB42 and many other strains of B. amyloliquefaciens subsp. 

plantarum (Chowdhury et al., 2015). For these reasons, this taxon can be regarded 

as a model to study plant-beneficial interactions in Bacillus spp. 

The genome of the strain FZB42 was the first to be sequenced and analysed 

to identify the key genes involved in the plant-associated lifestyle (Koumoutsi et 

al., 2004; Chen et al., 2007). A big portion (8.5%) of FZB42 genome is devoted to 

the synthesis of secondary metabolites and, more precisely, nine gene clusters 
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involved in the production of bioactive peptides and polyketides were described 

(Figure 12) (Chen et al., 2009). Based on genotype and phenotype coherence, the 

taxon of B. amyloliquefaciens subsp. plantarum has undergone two 

reclassifications, first by being identified as a later heterotypic synonym of B. 

methylotrophicus (Dunlap et al., 2015) and then as a later heterotypic synonym of 

B. velezensis (Dunlap et al., 2016). 

The annotation and the functional characterization of PGPR genomes can 

contribute to an improved understanding of their ecology and of the mechanisms 

involved in biocontrol and in plant-growth promotion activities. For instance, a 

comparative study that included the genomes of 12 Bacillus spp. with PGPR 

activity identified specific features involved in root colonization, growth promotion 

and biocontrol, among which specific genes linked with carbon usage, transport 

systems, signalling and production of secondary metabolites (Hossain et al., 2015). 

Moreover, genome mining enables to identify the gene clusters encoding ribosomal 

and non-ribosomal bioactive secondary metabolites that are generally silent, which 

can generate an underestimation of the biosynthetic potential of some isolates 

(Hamdache et al., 2013).  
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Figure 12: The genome of Bacillus amyloliquefaciens subsp. plantarum FZB42. Outmost circle: 

genes and gene clusters involved in synthesis and export (detoxification) of secondary metabolites: 

srf, surfactin; sfp, phospho-panthetheinyl-transferase; pksA, regulator polyketide synthesis; mln, 

macrolactin; bae, bacillaene, bmy, bacillomycin D; fen, fengycin; dif, difficidin; Rbce, bacitracin 

export; nrs, hybrid polyketide/cysteine-containing peptide; dbh, bacillibactin; Rspa, subtilin 

immunity; bac,  bacilysin; Rmrs, mersacidin immunity. First circle: all genes in colour code 

according to their functions: cell envelope and cellular processes, green; information pathways, 

orange; intermediary metabolism, pink; other functions, red; unknown, black. Second circle: genes 

not conserved in Bacillus subtilis including four gene clusters involved in synthesis of secondary 

metabolites (orange); Third circle: the numbered 17 DNA islands (green), 4th circle: GC content 

profile, 5th circle: rRNAs (green), 6th circle: tRNAs (cyan), 7th circle: prophages (black), transposons, 

and IS elements (red), 8th circle: scale (bp) (Chen et al., 2007).  
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1.2.3 Impact of environmental factors on lipopeptide production in 

the rhizosphere 

Root exudates not only act as chemoattractants for PGPR, but they are also 

the primary nutrients that support their growth in the rhizosphere. Therefore, the 

host plant imposes to the associated bacteria a particular nutritional environment, 

which influences their cellular physiology, besides determining the selection of 

specific microbial populations (Hartmann et al., 2009). Other factors, such as the 

interaction with niche competitors or physicochemical parameters like humidity, 

pH, temperature, mineral content, and oxygen availability, contribute to shape the 

size and the behaviour of rhizobacterial communities. Studying which and how 

environmental factors affect the physiology of plant-beneficial Bacillus, including 

the production of secondary metabolites, is necessary to improve their efficacy 

(Nihorimbere et al., 2009).  

1.2.3.1 Modulation by plant determinants and rhizosphere competitors 

Several works showed that the pattern of CLPs secreted by B. 

amyloliquefaciens subsp. plantarum S499 is substantially modulated in favour of 

surfactins upon root colonization. In laboratory conditions (i.e. planktonic cells 

grown in rich medium), this strain efficiently produces all the three families of CLPs 

in their various forms, but mainly surfactins were detected on Arabidopsis, bean, 

corn, lettuce, tobacco, tomato, and wheat roots (Figure 13) (Nihorimbere et al., 

2012; Debois et al., 2014; Debois et al., 2015). Indeed, surfactin synthesis is 

stimulated by the presence of organic acids that are abundant in plant root exudates 

(Nihorimbere et al., 2012; Kamilova et al., 2006). 

Time-of-flight secondary ion mass spectrometry imaging revealed that 

higher quantities of C14 and C15 surfactins compared to C12 and C13 homologues are 

released by root-adhering colonies (Figure 13). Similar proportions were found in 

bacteria developing as biofilm, where surfactins were still the main CLPs produced 

(Nihorimbere et al., 2012). Interestingly, long-chain surfactins are also the most 

active as ISR elicitors (Jourdan et al., 2009). 



37 

 

 

 

A recent study demonstrated that C14 and C15 homologues are secreted very 

early by root-colonizing cells and that the presence of root exudates is not essential 

for surfactin accumulation. Moreover, certain plant cell wall polysaccharides, such 

as xylan and arabinogalactan, are perceived by S499 and closely related strains 

(FZB42, QST713) as signals that trigger surfactin production (Debois et al., 2015). 

The same polysaccharides have been shown to induce the formation of biofilm in 

several strains of Bacillus amyloliquefaciens/subtilis, suggesting that they may play 

a key role in the crosstalk that leads to root colonization (Beauregard et al., 2013). 

In parallel, the pattern of Bacillus CLPs is modulated by the presence of 

other microorganisms in the same ecosystem. Certain phytopathogenic fungi and 

not others boost the production of fengycins and iturins in B. amyloliquefaciens. 

Since this occurs without any physical contact among the microbial colonies, it is 

conceivable that the bacteria perceive specific chemicals signals emitted by some 

pathogens, which might up-regulate the expression of antibiotics (Cawoy et al., 

2014). Analyses of gene expression confirmed that different soil-borne fungal 

pathogens induce varying levels of transcription of the genes involved in the 

Figure 13: TOF-SIMS 

imaging of lipopeptides 

produced by Bacillus 

amyloliquefaciens subsp. 

plantarum S499 colonizing 

tomato roots. Optical 

microscope images of (a) the 

colonized root and (b) part of 

the colonization pattern after 

transfer onto the silicon wafer. 

(c) Video image of the scanned 

zone. (d) High-definition scan 

of the lipopeptide distribution: 

images of the sum of surfactins 

(S), iturins (I) and fengycins 

(F) ions and (e) relative 

distribution of surfactin 

homologues in the same 

pattern are shown. The 

maximum ion count recorded 

in a pixel in the image is 

indicated on the colour scale 

bar (Nihorimbere et al., 2012). 
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synthesis of CLPs, indicating that B. amyloliquefaciens evolved to give species-

specific responses to competitors in the environment (Li et al., 2014). 

1.2.3.2 Effect of temperature, water and oxygen availability 

Physicochemical factors such as temperature, pH and water availability can 

influence the physiology of both host plants and associated rhizobacteria. In this 

context, the study by Pertot et al. (2013) assessed the impact of low and high 

temperatures and drought on the interaction between B. amyloliquefaciens subsp. 

plantarum S499 and plants (bean, tomato and zucchini). Regarding surfactin 

productivity, a positive effect of low temperatures (15°C) was observed. In those 

conditions, a slower population growth could end in a higher accumulation of the 

CLPs, in agreement with the fact that a reduced growth rate enhances surfactin 

synthetase gene expression in B. subtilis (Nihorimbere et al., 2009). Consistently, 

the ISR effect was more evident in bean and tomato plants grown at 15°C than on 

plants cultivated at 25°C. An increased surfactin production could therefore 

compensate the adverse effect of cold stress on other traits involved in rhizosphere 

fitness, e.g. motility and biofilm formation, which resulted impaired in cold 

conditions. By contrast, no differences in root colonization nor in disease protection 

activity emerged between bacterized plants treated with low water regime and those 

regularly irrigated (Pertot et al., 2013). 

The effect of pH and temperature on iturin production was studied by Leães 

et al. (2013). By qRT-PCR, they demonstrated that ituD gene expression increased 

more than 20 times upon growing Bacillus sp. P11 at pH 6 compared to pH 7.4, and 

almost ten times at the temperature of 37°C compared to bacterial growth at 30°C. 

On the contrary, by increasing the temperature to 42°C and the pH to 8 ituD gene 

expression in the strain decreased. However, Fickers et al. (2008) showed that 

lowering growth temperature from 37°C to 25°C fostered the biosynthesis of 

mycosubtilin (CLP of the iturin family) in B. subtilis ATCC6633 and its derivative 

strain BBG100 without visible changes in gene expression, indicating that 

temperature may also affect mycosubtilin synthetase turnover. 

Oxygen concentration was another parameter monitored for its effect on 

lipopeptide production. Oxygen is often a limiting factor in soil and especially in 
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the rhizosphere, because it is consumed by root and root-associated 

microorganisms. Soil-borne aerobic bacteria, such as Bacillus spp., may thus be 

affected by oxygen depletion in their natural habitat. When B. amyloliquefaciens 

subsp. plantarum S499 was grown under different aeration rates, surfactins, 

fengycins and iturins were more efficiently produced under low oxygen 

concentrations. Anyway, changing the aeration conditions did not change the 

relative proportion of the three families of CLPs released, therefore this factor 

cannot explain the surfactin-enriched lipopeptide signature in planta (Nihorimbere 

et al., 2012). The impact of oxygen concentration on lipopeptide biosynthesis was 

also demonstrated with other strains, such as B. subtilis ATCC6633 (Guez et al., 

2008) and B. subtilis BBG21 (Fahim et al., 2012).  
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A sustainable agriculture aims at reducing the release of synthetic chemical 

products in the environment. For this reason, the use of alternatives as microbial 

biopesticides is increasing worldwide. Several PGPR, and in particular the strains 

of B. amyloliquefaciens subsp. plantarum, display biofertilizer activity and/or have 

the ability to contain plant diseases. However, field efficacy of most of these 

bacterial strains is still unsatisfying. Indeed, as the rhizosphere is a complex and 

dynamic system, the efficacy of PGPR inoculants can be impaired by several biotic 

and abiotic factors. In many cases, molecular crosstalk determining the colonization 

of the host plant, or allowing to survive over niche competitors, or yet the 

mechanisms underlying adaptation to environmental stresses, are poorly known. 

Therefore, a deeper understanding of major traits regulating rhizosphere 

interactions may help in improving the efficacy of plant beneficial strains in crop 

systems. 

The general aim of this thesis is to broaden the knowledge on biological 

mechanisms underlying the crosstalk between PGPR belonging to B. 

amyloliquefaciens subsp. plantarum, host plants and phytopathogenic fungi, 

especially focusing on the bacterial features. Hence, the specific objectives of the 

thesis are: 

(I) B. amyloliquefaciens subsp. plantarum strain S499 genome sequencing, 

assembly and annotation, and S499 genome mining for genes putatively 

involved in rhizosphere interactions; 

(II ) search for strain-specific genetic features of S499, in comparison with 

closely related strains, and in particular with the type strain B. 

amyloliquefaciens subsp. plantarum FZB42; 

(III ) characterization of a peculiar extrachromosomal element (plasmid pS499), 

encoding a quorum-sensing regulatory system, under nutrient-rich growth 

conditions; 

(IV) elucidating the role played by the plasmid pS499 in the rhizosphere, by 

growing bacteria on tobacco and tomato roots and on a ñrecomposed root 

exudatesò medium.  
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