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ABSTRACT 

Potential of Bacterial Volatile Organic Compounds for Biocontrol of Fungal 

Phytopathogens and Plant Growth Promotion under Abiotic Stress 

Asma Soussi 

 

Bacterial volatile organic compounds (VOCs) are signal molecules that may have 

beneficial roles in the soil-plant-microbiome ecosystem. In this Ph.D. thesis, I aimed to 

assess and characterize the role of bacterial VOCs in plant tolerance to drought and in the 

biocontrol of fungal pathogens. 

I started by studying two root endophytic bacteria isolated from pepper plants cultivated 

under desert farming conditions. They showed an enhancement of pepper tolerance to 

drought stress and an amelioration of its physiological status. Moreover, they induced the 

expression of a vacuolar pyrophosphatase proton pump (V-PPase), implicated in the 

regulation of the vacuolar osmotic pressure, facilitating water uptake. Besides, the 

exposure of Arabidopsis thaliana plants, grown under salinity stress, to the volatile 2,3-

butanediol, described for its plant growth promotion (PGP) potential, enhanced the plants 

tolerance to salinity, proving the potential involvement of this volatile in the osmotic stress 

resistance mechanism. 

Then, I studied VOCs released by three bacteria associated to healthy rice plants. Their 

released VOCs mixtures modified the color pattern of Magnaporthe oryzae, the agent of 

the rice blast disease, and protected rice from the pathogen infection. A significant 

reduction of melanin production, sporulation and appressoria formation was measured in 

presence of the bacterial VOCs, without major effects on mycelial proliferation. 1-butanol-
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3-methyl, one of the nine VOCs co-produced by the studied bacteria, proved its potential 

of reducing M. oryzae melanin in vitro. In vivo tests confirmed the infection inhibition 

effects mediated by the rice-bacterial VOCs, with a reduction of 94% of the disease 

incidence.  

Lastly, I compared the genomes of the five bacteria considered in the previous 

experimental studies. The PGP traits and the VOCs pathways identified from the genome 

analyses confirmed the effects observed with the in vitro and in vivo assays, revealing a 

complex mode of promotion and protection offered by the studied plant-associated 

bacteria. 

In conclusion, plant-associated bacterial VOCs can play potentially important roles in 

modulating plant drought tolerance and reducing fungal virulence. Such biological 

resources represent novel tools to counteract the deleterious effects of abiotic and biotic 

stresses and have the potential to be exploited for sustainable approaches in agriculture. 
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AIM OF THE WORK 

 

Volatile organic compounds (VOCs) are secondary metabolites released by micro- and 

macro-organisms, that may work as signalling  molecules (Wheatley, 2002). They may 

play crucial roles in the micro-organisms’ fitness and dispersal in the ecosystem, as well 

as in their protection from external threats and survival (Copolovici et al., 2011; Aljbory 

& Chen, 2018). The low molecular weight and the high vapor pressure of these secondary 

metabolites, allow them to diffuse over complex mixtures of solids, liquids and gases in 

the above and below-ground plant compartments (Insam & Seewald, 2010; Schulz et al., 

2017). Such unique properties give VOCs the potential to act as signal compounds for 

inter-organism communication (Shulz et al., 2017), with potential biopromotion and 

bioprotection activities (Park et al., 2015). 

Bacterial VOCs have attracted many researchers in the last decades and their biological 

functions have been investigated quite intensively to understand their role in intra and inter-

kingdom interactions in the ‘plant-metaorganism’ (Schulz et al., 2017), where the 

associated microorganisms carry beneficial services (plant growth promoting, PGP, 

activities) for the plant host promotion and protection also under biotic and abiotic stressful 

conditions (Rojas-Solís et al., 2018).  

Giving that microorganisms play important roles in many aspects of plant fitness and the 

beneficial ecological services provided to their host are of particular relevance under stress 

conditions, the aim of this PhD thesis is to study and characterize the VOCs released by 

bacterial components associated to agriculture crops and evaluate their biotechnological 

potential for plant protection against (i) abiotic (i.e. drought) and (ii) biotic (i.e. 
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phytopathogen) stresses. Additionally, I intended to verify the presence of the PGP traits 

and the pathways for VOCs synthesis in the genome of PGP bacterial strains. 

Bacterial strains associated with plants were used to investigate the protective role of VOCs 

under drought and phytopathogen attack, respectively. The involvement of two PGP 

endophytic bacteria in the induction of drought-tolerance in plant has been investigated on 

the expression of the plant vacuolar proton pumps V-ATPase and V-PPase and the potential 

VOCs contribution in this abiotic stress alleviation service. 

To evaluate drought-tolerance mediated by bacterial VOCs, two bacterial isolates form the 

root system of plants cultivated under conditions of desert-farming (Bacillus subtilis strain 

E1 and Paenibacillus illinoinensis strain E3; Vigani et al., 2018) and exposed to 

environmental stress typical of arid regions have been studied (Chapter 2). 

I also studied bacteria colonizing healthy rice plant (Citrobacter freundii strains B10 and 

B16 and Enterobacter tabaci strain B17) for their potential in inhibiting the virulence of 

the fungal phytopathogen Magnaporthe oryzae against rice. By using Head Space Solid 

Phase Micro Extraction Gas Chromatoghraphy Mass Spectrometry (HS-SPME-GC-MS) 

combined with in vitro and in vivo test, I characterized the volatile compounds blend 

released by the selected strains and their mode of action in determining virulence inhibition 

(Chapter 3). Lastly, VOCs production and PGP traits of the five studied bacteria have been 

compared from a genomic point of view (Chapter 4). 

The overall aims of my study were to: i) reveal the function of VOCs released by bacteria 

naturally associated to crops, ii) understand the ecological importance of the plant-

associated microbial VOCs and iii) confirm the hypothesis that bacterial VOCs represent 

an important biotechnological resource for agriculture.



 

* Published as: Soussi, A., Ferjani, R., Marasco, R., Guesmi, A., Cherif, H., Rolli, E., Mapelli, F., Ouzari, H.I., Daffonchio, 
D. and Cherif, A., 2016. Plant-associated microbiomes in arid lands: diversity, ecology and biotechnological potential. 

Plant and soil, 405(1-2), pp.357-370.  21 
 

Chapter 1: Volatile Organic Compounds and other microbial factors 

driving the diversity, ecology and biotechnological potential of plant-

associated microbiomes in arid lands* 

 

Abstract 

Aridification is a worldwide serious threat directly affecting agriculture and crop 

production. In arid and desert areas, it has been found that microbial diversity is huge, built 

of microorganisms able to cope with the environmental harsh conditions by developing 

adaptation strategies. Plants growing in arid lands or regions facing prolonged abiotic 

stresses such as water limitation and salt accumulation have also developed specific 

physiological and molecular stress responses allowing them to thrive through normally 

unfavorable conditions. Under such extreme selection pressures, special root-associated 

bacterial assemblages, endowed with capabilities of plant growth promotion (PGP) and 

extremophile traits, are selected by the plants. In this review, we provide a general 

overview on the microbial diversity in arid lands and deserts versus specific microbial 

assemblages associated with plants. The ecological drivers that shape this diversity, how 

plant-associated microbiomes are selected, and the biotechnological potential through the 

production of Volatile Organic Compounds and other metabolites and cell products are 

discussed. Selection and recruitment of the plant associated bacterial assemblages is 

mediated by the combination of the bio-pedo-agroclimatic conditions and the plant species 

or varieties. Diversity and functional redundancy of these plant-associated PGP 

rhizobacteria (PGPR) makes them very active in supporting plant improvement, health and  
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resistance to drought, salt and related stresses. Implementing proper biotechnological 

applications of the arid and desert-adapted PGPR constitute the challenge to be raised. 

 

Keywords: Plant associated microbiome, Arid lands, Extreme environments, Drought, 

Salinity, Plant Growth Promoting Rhizobacteria, Sustainable agriculture, Biotechnology.  

 

1.1. Introduction 

 

Arid areas cover nearly 47% of Earth’s land surface. Such extended regions are 

characterized by various harsh environmental conditions mainly soil deficiency in water 

and nutrients, high salinity and acidity, low precipitation, high temperatures and UV 

irradiation (Whitford, 2002). All the organisms thriving in these extreme environmental 

conditions, including plants and bacteria, adopt complex survival strategies to alleviate 

abiotic stresses. In desert environments, microorganisms are the first colonizers (Mapelli 

et al., 2012, Borin et al., 2010). They possess special adaptation mechanisms, partly related 

to their ability of expressing and regulating only those genes required to survive and 

respond appropriately to the physical and chemical composition of these particular habitats 

(Bohnert et al., 1995, Begley et al., 2002, Boor 2006, Colica et al., 2014). They are able to 

create stable associations with higher organisms like fungi, lichens and mosses to form the 

so-called biological soil crusts (BSC) which have a crucial performance in stabilizing soil 

against erosion and in the restoration of deserts soils (de-Bashan et al., 2010, Bashan et al., 

2012, Xu et al., 2013). BSCs can also be favourable niches for the germination of plant 

seeds.
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Microorganism colonization and services in extreme environments are essential for the 

plant establishment. While microorganisms favour the availability of water and nutrients 

for the plant, in return plant root system supply carbon sources for growth, representing a 

stable survival niche (Neilands, 1995, Graham & Vance 2000, Richardson et al., 2009). In 

the plant root system, the rhizosphere, the first millimetres of soil surrounding plant root 

surface, is a thin dynamic layer of high activity and metabolism. Plant rhizosphere 

represents a suitable survival niche to microorganisms where nutrients are more available. 

In this compartment, bacteria are the most abundant microorganisms and since they are 

mostly providing useful services to support root and plant growth they are commonly 

defined as Plant Growth Promoting Rhizobacteria (PGPR). PGPR exert beneficial effects 

on the growth of the host plant via direct and indirect mechanisms. They directly promote 

the plant growth by increasing the availability of nutrients, for instance by fixing 

atmospheric nitrogen (Graham & Vance, 2000, Richardson et al., 2009), solubilizing 

inorganic phosphate and producing siderophores that increase the availability of mineral 

nutrients such as iron (Neilands, 1995, Richardson, 2001). PGPR contribute to the 

modulation of plant hormone balance thought the synthesis of hormone-like molecules, 

mainly auxins, cytokinins and gibberellins (Costacurta & Vanderleyden 1995, Spaepen et 

al., 2007). Indirect mechanisms include the prevention of attacks of plant pathogens 

through the synthesis of antibiotics or antifungal compounds and through competition for 

nutrients (Van Loon et al., 1997, McCully, 2005, Couillerot et al., 2009, Saharan & Nehra, 

2011). 

Mixtures of volatile organic compounds (VOCs) released by microbes have been also 

recently recognized as molecules involved in both plant growth promotion and protection 
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against abiotic and biotic stresses (e.g., 2,3-butanediol, acetoin, 2-pentylfuran, 13-

tetradecadien-1-ol, 2-butanone, 2-methyl-n-1-tridecene and carbon dioxide; Cho et al., 

2008, Zou et al., 2010, Cortes-Barco et al., 2010, Park et al., 2015). The low molecular 

weight and the high vapor pressure of these secondary metabolites, allow them to diffuse 

over complex mixtures of solids, liquids and gases in the above and below-ground 

compartments (Schulz & Dickschat, 2007, Vespermann et al., 2007, Insam & Seewald 

2010, Schulz et al., 2017). These unique properties give them the potential to act as signal 

compounds for intra and inter-kingdom communication (Shulz et al., 2017), with potential 

biopromotion and bioprotection activities (Park et al., 2015). 

On their side, plants noticeably contribute to the selection of PGPR by releasing root 

exudates, which generate a positive selection pressure and increase competitiveness among 

bacteria in root colonization (Shukla et al., 2013). A fraction of PGPR can also enter in 

root interior tissues, the so called endosphere, establishing the endophytic populations’ 

community (Hallmann et al., 1997, Zinniel et al., 2002, Compant et al., 2005, Cankar et 

al., 2005, Danhorn & Fuqua 2007, Dias et al., 2009, Rhoden et al., 2015). Plants harbor 

endophytic bacteria that colonize a variety of internal plant tissues namely shoot, seeds and 

root tissues (Rosenblueth & Martínez-Romero, 2006). In this context, Ulrich et al. (2008) 

identified Paenibacillus, Methylobacterium and Stenotrophomonas endophytes in the 

shoot tips and zygotic embryos of Norway pruce (Picea abies). In other studies, the 

endophytic bacteria Methylobacterium extorquens, Pseudomonas synxantha, 

mycobacterium sp. and Rhodotorula minuta were isolated from shoot tips of callus cultures 

of Scots pines (Pinus sylvestris L.) (Laukkanen et al., 2000, Pirttila et al., 2000). Different 

bacterial genera have been identified within the endophytic community of potato (Solanum 



 

 

  25 
 

tuberosum) root tissues, for instance Rheinheimera, Dyadobacter, Devosia, Pedobacter 

and Pseudoxanthomonas (Manter et al., 2010). In Mammilaria fraileana seeds, endophytic 

bacteria distributed underneath the membrane covering the embryo and in the vascular 

tissue have been detected in addition to a large population of endophytic bacteria that have 

been isolated from stems and roots (Lopez et al., 2011). For instance, Bacillus megaterium, 

Pseudomonas putida and Enterobacter sakazakii have been isolated from the vascular 

cylinder, while Azotobacter vinelandii has been isolated from the root cortex. 

This symbiotic association can be established without harming the plant (Lopez et al., 

2011). Hence, several endophytes are of great importance given the beneficial effects that 

they offer to their host plants. Some endophytes are endowed with promoting growth 

potential (Dias et al., 2009, Bae et al., 2009, Lopez et al., 2011, Etesami et al., 2014) and 

biocontrol activities against phytopathogens (Melnick et al., 2013, Falcäo et al., 2014). 

These particular characteristics lead them to be employed in several biotechnological 

applications. Thanks to their secondary metabolites, endophytes are employed as medicinal 

remedies (Strobel, 2007, Qin et al., 2011) and as a tool for phytoremediation of organic 

contaminants giving their ability to degrade xenobiotics (Lodewyckx et al., 2002, Kuiper 

et al., 2004, Germaine et al., 2006; Doty, 2008). They also play an important role in soil 

fertility and improvement of sustainable production of non-food crops for biomass and 

biofuel production (Ryan et al., 2008).  

In stressful conditions mimicking arid and desert environments, it has been shown that 

biotic resistance of Quercus pubescens to insect pest infestation is not affected by warming 

and drought stresses. Leaf palatability is rather influenced by the variability of trichome 

density implicated in such induced adaptation (Backhaus et al., 2014). Similarly, in salt 



 

 

  26 
 

stressed plants, adaptation implies a complex regulation machinery involving Ethylene 

Responsive Factor (ERF) (Klay et al., 2014). There is an increasing body of literature 

showing that arid soils may favour the selection of bacteria capable of providing suitable 

services to alleviate plant drought stress (Marasco et al., 2012, Marasco et al., 2013a, Shelef 

et al., 2013) suggesting that this adaptation may be manifesting in the bacterial 

assemblages. 

Another important factor affecting the functioning of the root systems in arid soils is the 

multiple symbiotic interactions such as those that may occur between different life 

domains. An interesting case is the mutualistic tripartite symbiotic interaction established 

between the desert plant Salsola inermis with the beetle Conorhynchus pistor and its 

symbiotic bacterium Klebsiella pneumonia (Shelef et al., 2013). The bacterial symbiont 

inhabiting the gut of the plant-hosted beetle larvae, provide nitrogen to the beetle and the 

plant hosts. On its side, the host plant protects the beetle from predators and parasites with 

its roots and provides organic matter to the animal and to its symbiont. This example shows 

that symbiotic cooperation is capable to improve the growth sustainability of the partners 

under the harsh conditions of the desert. In addition, plant genotype was shown to have a 

direct effect in shaping the rhizosphere associated microbial communities (Haney et al., 

2015). 

Plants surviving in arid ecosystems can sustain specific root associated PGPR communities 

that are selected by the environmental factors peculiar of the different locations (Marasco 

et al., 2013a, Ferjani et al., 2015, Mapelli et al., 2013). Plant and cultivar type as well as 

nutriments richness of the soil, are pivotal factors for PGPR recruitment (Zhang et al., 

2014, Latour et al. 1996). This selection gives rise to diverse PGPR communities with 
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common capabilities for improving plant functionalities under the harsh conditions 

determined by drought and saline stresses in arid environments.  

Within this context, several studies have explored this unique root-soil interface and 

assessed its biodiversity in arid lands, with particular interest for i) understanding PGPR 

activities involved in plant growth promotion and protection, ii) assessing the importance 

of the PGPR ecological-niche and diversity, and iii) exploiting PGPR to improve 

agricultural sustainability. In the following sections we discuss these aspects in the light of 

the recent literature. 

 

1.2. Microbial diversity associated to plants growing in arid lands 

and deserts 

 

Arid regions are characterized by low rainfall and substantial unvegetated areas, which 

offer a typical ecosystem with patchwork-shaped microbial assemblages (Pointing and 

Belnap 2012, Nagy et al., 2005). In the recent years, several surveys have been focused on 

the complexity of the microbial diversity associated to soils in these extreme ecosystems. 

Despite the different geographic location of arid lands and deserts across the world, the 

bacterial communities of lithic substrates were dominated by Cyanobacteria (DiRuggiero 

et al., 2013). In addition, Proteobacteria, Firmicutes, Actinobacteria and Bacteriodetes are 

the main phyla generally detected in these soils. In the Taklamakan desert, the largest 

mobile desert in Asia (China), fifteen phyla were obtained but the most abundant were 

Proteobacteria (25.10%), Firmicutes (24.8%), Bacteriodetes (22.7%) and Actinobacteria 

(8.9%), respectively (An et al. 2013). In another Asian desert, the Gobi desert, 13 phyla 
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were observed confirming the dominance of Firmicutes (69.9 %), Proteobacteria (12.2%) 

and Bacteroidetes (8.2%) (An et al., 2013). The Sonoran and Mohave deserts in North 

America present BSCs bacterial communities dominated by Cyanobacteria and a few 

proportion of bacteria related to Acidobacteria, Actinobacteria, Bacteroidetes, 

Proteobacteria, Chloroflexi and Deinococcus phyla. The bacterial communities in the 

Atacama Desert, the oldest and driest desert located in South America, showed the 

dominance of Actinobacteria and Chloroflexi with a low abundance of Acidobacteria and 

Proteobacteria (Neilson et al., 2012). These data have been confirmed also by the 

characterization of the bacterial community in the Tataouine Desert, a part of the world 

largest Sahara Desert in South Tunisia (Chanal et al., 2006). The common diversity traits 

observed in the bacterial communities of different deserts may be attributed to the largely 

common harsh environmental conditions of all these deserts, which are however affected 

by microbial cell inputs determined by the circulation of the airborne dust associated to 

sand storms (Nagy et al., 2005). Despite the presence of similar bacterial community in 

arid lands and deserts, plants are able to shape and select specific root-associated bacterial 

communities that include bacteria capable to cope with the abiotic stress of these 

ecosystems (Table 1, Figure 1). 

Several studies confirmed that the so-called rhizosphere effect holds as well in desert 

ecosystems. 16S rRNA gene sequences produced by PCR-DGGE analysis of the bacterial 

community associated with the roots of Larrea tridentate located in the Mohave Desert of 

southern California, revealed a predominance of Proteobacteria (Bradyrhizobiaceae, 

Rhodospirillaceae, Pseudomonadaceae, Aurantimonadaceae, Enterobacteriaceae, 

Xanthomonadaceae, and Alcaligenaceae), Bacteriodetes (Chitinophagaceae and 



 

 

  29 
 

Flexibacteraceae), Firmicutes (Bacillaceae), and Actinobacteria (Micrococcaceae) 

(Jorquera et al., 2012). 

In arid, yet cultivated soils in Egypt, the bacterial communities associated to the 

rhizosphere of pepper and medical plants were prevalently colonized by Firmicutes and 

Proteobacteria, while the bulk soil was characterized by the abundance of Actinobacteria 

and Firmicutes (Marasco et al., 2012, Koberl et al., 2011). 

In the same case study, Marasco et al. (2012) found different distribution of cultivable 

bacterial genera in different fractions of root system. Bacillus spp. (68% of the isolates) 

were mainly isolated from the endosphere, while Klebsiella spp. were dominating the 

isolate collections from the rhizosphere and the root surrounding soil, representing 61% 

and 44% of the isolates, respectively (Marasco et al., 2012). Ferjani et al. (2015) observed 

in date palms from South Tunisian oases a rhizosphere community completely different 

from that in the root surrounding soil, supporting the consideration that date palm root 

exudates are strongly shaping the bacterial community. A rhizosphere effect was also 

observed in the halophyte Salicornia sp. sampled from the Chotts and Sebkha saline 

systems in the South of Tunisia (Mapelli et al., 2013).  

All these studies proved that arid environments select very diverse bacterial communities 

that are shaped by the resources made available by the plant roots (Figure 1). 

 (a), Site number in Figure 1; (b), Plant Growth Promoting activities: Nitrogen Fixation 

(NF), Phosphate Solubilization (PS), Phytohormones production (PH), Siderephore 

production (Si), Ammonia production (Am), 1 aminocyclo-propane-1-carboxylate 

deaminase production (ACC), antifungal activity (AF), Protease Activity (PA). 
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Table 1: Diversity of plant associated bacterial assemblages in desert and arid land systems. 
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1.3. Ecological drivers selecting the plant-associated microbiome 

 

Over the past decade, many research works have been focused on the plant associated 

microbiome selection. Progress in molecular tools has increased our understanding of the 

composition, the function and the ecological drivers of plant associated microbial 

assemblages. Despite the various microenvironments of the plant, including the 

phyllosphere, carposphere and endosphere, the rhizosphere has been the most investigated. 

A particular attention has been addressed to explore the PGPR diversity in this 

compartment in relation to different ecological drivers. The rhizosphere is defined as the 
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soil fraction adhering to root plant strongly influenced by root exudates. It is well 

documented that the composition of root exudates depends on plant type, growth stage and 

environmental conditions (Duineveld et al., 1998, Gabriele et al., 2001, Appuhn & 

Joergensen 2006, Van Overbeek & Van Elsas 2008, Cavaglieri & Etcheverry 2009). 

Further studies showed how the composition of root exudates determines the recruitment 

of plant-associated bacteria. It has been shown that root exudates have a significant role in 

shaping the abundance of rhizosphere bacterial communities in herbaceous and arboreal 

plants (Zhang et al., 2014). Besides, it has been recently demonstrated that plant genotypic 

variations can also influence the rhizosphere associated microbiome (Haney et al., 2015). 

Interestingly, it has been shown in the same work that accessions of Arabidopsis thaliana 

inhibited specifically some Pseudomonadacea species, namely P. brassicacearum, P. 

fluorescens and P. syringae, without affecting most of the microbiome. Hence, plant 

genotype is a crucial factor in determining plant associated bacteria that influence the plant 

health and physiology according to specific biotic and abiotic stresses. Furthermore, it has 

been proved that Olea europaea L. genotype has a more relevant impact on endophytic 

communities in olive leaves compared to the soil type, the environmental conditions and 

the geographic location (Müller et al., 2015). This study has been performed on 10 Olea 

europaea L. cultivars leaves sampled from olive trees growing at a single agricultural site 

in Spain and from nine wild olive trees developing in natural habitats in Greece, Cyprus 

and on Madeira Island. A strong correlation between bacteria endophytic composition and 

plant genotypes has been highlighted. In addition to the selection operated by plants, abiotic 

stresses are the selective forces contributing to shape the bacterial community associated 

to roots (Figure 2). A complex interaction between environmental and abiotic factors was 
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shown to play an important role in shaping bacterial diversity, as well as to affect the 

properties of soils. It has been demonstrated that the biological state of agricultural soils 

and land use history play an important role in shaping the bacterial communities (Paula et 

al., 1992, Latour et al., 1996, Lazarovits & Nowak, 1997, Garbeva et al., 2008). In fact, 

plant growth potential of PGPR is more stimulated in nutrient-deficient soil than in 

nutrient-rich ones (Egamberdiyeva, 2007). 

In a comparative study, Yanxia et al. (2009) showed that bacterial communities in the 

soybean rhizosphere were more stable in clayey soil comparing to the sandy soil (Yanxia 

et al. 2009). Both soil types and land use history parameters were shown to affect bacterial 

community to a greater extent than plant species. Different plant types (maize, oat, barley 

and grass) were cultivated under greenhouse conditions in soils with different land use 

histories. The previous land use was the main significant factor affecting the composition 

of the Burkholderia community (Salles et al., 2004). Also the soil type showed an effect 

on Pseudomonas diversity, but the soil factor exerted a preeminent influence on the 

bacterial communities’ composition. Besides, Latour et al. (1996) evaluated the bacterial 

diversity of roots associated bacteria of two different plant species. They demonstrated that 

both soil type and host plant affect the bacterial diversity, though, the soil is the dominant 

factor (Latour et al., 1996). In another research study, microbial diversity has been assessed 

near Reaumuria negevensis plant growing in the Negev Desert (Saul-Tcherkas & 

Steinberger, 2011). It has been demonstrated that bacterial communities’ abundance is 

closely related to seasonal variations. In fact, Actinobacteria was the dominant phylum in 

all seasons except in winter. However, in winter season, Acidobacteria phylum reaches its 

highest density (56.3%) and substitute Actinobacteria phylum, which decreases to 4.2%. 
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Proteobacteria phylum increases in the winter season. In the other hand, Bacteroidetes and 

Chloroflexi phyla were higher in the summer season and lower in winter and autumn, 

though, Gemmatimonadetes phylum increased in autumn. 

 

 

Figure 1: Location in world map and distribution of the arid lands and desert ecosystems sites where studies 

were conducted on the diversity of plant-associated microbial assemblages as reported in Table 1. Microbial 

communities’ diversity is shaped by the abiotic factors (arid conditions) and by the plant-related factors (Fig. 

2). Microorganisms were detected by culture-dependent (green dots and letters), and–independent 

approaches (red dots and letters) or both (black dot). Gammaproteobacteria (Gp) are the most encountered 

class in almost all the prospected sites. Alphaproteobacteria (Ap) and Firmicutes (F) showed also high 

occurrence. Independently from each bacterial community components, PGP functional redundancy is 

noticed leading to functional services. These PGPR from arid lands hold the potential to sustain crop 

production under the desert farming practices. Detected Phyla: P, Proteobacteria ((Gp, 

Gammaproteobacteria; Ps, Pseudomonas; Az, Azotobacter; En, Enterobacter; Ch, Chryseomonas; Hm, 

Halomonas; Ku, Kushneria; Cr, Chromohalobacter); (Ap, Alphaproteobacteria; Or, Ochrabactrum; Ag, 

Agrobacterium); (Bp, Betaproteobacteria; Ac, Achromobacter)); F, Firmicutes (Bc, Bacillus; Ly, 

Lysinibacillus; Br, Brevibacillus; Pn, Paenibacillus; Vg, Virgibacillus; Mr, Marinococcus); A, 

Actinobacteria (Rh, Rhodococcus; Ns, Nesterenkonia) and B, Bacteroidetes; (Sp, Sphingobacteria). 

 

Therefore, multiple ecological players shape the plant recruited microbiome. This peculiar 

plant associated bacterial assemblages are presumably involved in an adaptation strategy 

that allows the plants to overcome harsh conditions in arid lands. 
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1.4. Functional services of plant-associated microbiomes in arid areas: 

biopromotion and bioprotection under abiotic stresses 

 

Considering the importance and the potential use of plant growth promoting rhizobacteria 

for agronomic and environmental applications, several studies focused not only on the 

bacterial diversity but also on the PGPR ‘ecological role’. In this context, the interest in 

exploring PGPR bacteria naturally adapted to harsh arid ecosystems is widely increased 

especially for those associated to plants exposed to water shortage and salinity (Marasco 

et al., 2013b, Daffonchio et al., 2015). Recently, a research work has been carried out to 

assess the microbial diversity and promoting growth potential of grapevine (Vitis vinifera) 

rhizobacteria sampled from three distinct Mediterranean sites: Tunisia, Egypt and Italy 

(Marasco et al., 2013a). Basing on cultivation dependent and independent approaches, the 

bacterial community associated to grapevine root system (root tissues, rhizosphere, and 

root-surrounding soil) has been assessed. A phylogenetic study showed the affiliation of 

the different root associated bacteria to five phyla: Acidobacteria, Actinobacteria, 

Firmicutes, Proteobacteria and Bacteroidetes. Alphaproteobacteria was dominant in all 

rhizospheric soils sampled from the different countries. According to DGGE analysis, soil 

endophyte fractions presented a limited diversity compared to the other root system 

samples. It has been explained that this low microbial diversity can be the result of a strong 

bacterial selection in the root system that imposes specific physiological requirements 

within the endosphere. However, a considerable endosphere and rhizosphere bacterial 

diversity has been reported in the different latitudinal sites examined. Despite this diversity, 

it has been demonstrated that bacterial PGP potential remained unchanged in the different 
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rhizobacterial collections even though bio-pedo-climatic conditions were completely 

different in the studied sites (different cultivars, soil type and climate) (Figure 2). This 

functional redundancy in grapevine root associated bacteria proves the strong functional 

equilibrium of promoting growth bacteria despite the environmental variation. Such a 

property may protect grapevine from harsh conditions and ensure its survival regardless 

environmental constraints, mainly in arid systems (Marasco et al., 2013a). 

A recent work on the date palm rhizosphere in the oasis ecosystems of Southern Tunisia, 

reported that the shape of rhizobacterial communities is correlated with geo-climatic 

features along a north-south aridity transect (Ferjani et al., 2015). Such bacterial 

community segregation between the different oases was associated with the harsher 

conditions in the southern oases close to the Grand Erg Oriental desert, respect to the 

mountain oases. The cultivable bacteria associated to the date palm rhizosphere belonged 

to Proteobacteria, Actinobacteria and Firmicutes, with Gammaproteobacteria dominating 

followed by Actinobacteria. The majority (85%) of isolates affiliated to the different phyla 

showed multiple plant growth promotion activities (Table 1). 
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Figure 2: Plant associated bacterial assemblages: Ecological drivers, functions and applications. In arid 

environments, plants recruit diverse bacterial communities to undertake the harsh environmental conditions. 

Within the phyllosphere and the rhizosphere plant compartments, bacteria colonizing the rhizosphere and the 

endosphere are the most investigated. They are shaped by several ecological drivers. Plant related factors 

determine the plant associated microbiome depending on the plant type, its growth stage and the composition 

of its root exudates. Beside, plant genotype is also a crucial factor in determining plant associated bacteria 

depending on the cultivar or the ecotype. Abiotic stresses contribute to this bacterial communities’ 

recruitment. Abiotic factors are related to the typical climate of the arid lands and deserts characterized by 

seasonal variations, high UV radiations and temperature and low precipitations. The biological state of 

agricultural soils and the land use history that affect the soil nutrients richness, structure, moisture and 

salinity, are also key ecological drivers. Despite the microbial diversity of PGP bacteria, functional 

redundancy has been shown. It proves a strong functional equilibrium although the environmental variations. 

This distinctive characteristic can preserve plants from harsh conditions and ensure their survival regardless 

arid systems environmental constraints. These functions consist on plant growth promotion under harsh 

salinity and drought conditions, phytohormones production, facilitation of mineral and nutrient availability 

and uptake capacity as well as the promotion of plant health via antagonistic potential towards 

phytopathogens. Plant associated bacteria release also a variety of volatile organic compounds (VOCs), able 

to promote their symbiont’s growth and alleviate abiotic stress. PGP bacteria are endowed with diverse 

biotechnological potentials. They can be evolved in agricultural applications as biofertilizers and agents for 

phytopathogens biocontrol. They may be further used in phytoremediation for xenobiotic polluted soils. PGP 

bacteria can also be employed in industrial application, such as detergents, textiles and paper industries, 

thanks to their high resistance to salinity and high temperature in addition to their thermostability and 

tolerance of harsh chemical compounds. 
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Identifying environmental factors contributing to microbial community variation at a large 

spatial scale can help in assessing microbial communities usable for desert farming. Date 

palm root system showed a complex diversity that exhibited a reservoir of PGPR adapted 

to thrive in the harsh conditions of the desert oases (Ferjani et al., 2015).  

The rhizosphere of the halophyte Salicornia sp. obtained from the Sebkha and Chott 

hypersaline ecosystems in Southern Tunisia showed a high bacterial diversity and a large 

collection (475 isolates) of halophilic and halotolerant bacteria has been established. 

Twenty Halomonas isolates showed resistance to a wide set of abiotic stresses and 

performed different PGP activities in vitro mainly phosphate solubilisation, ammonia and 

indole-3-acetic acid production and potential nitrogen fixation. These results demonstrate 

the relevant potential of these bacteria to promote plant growth under the harsh salinity and 

drought conditions (Mapelli et al., 2013). 

In another study, the rhizosphere of cactus plants growing on barren mineral substrates in 

North American deserts has been shown to contain dense layers of bacteria and fungi. The 

dominant bacterial groups were represented by Pseudomonads, Bacilli and Actinomycetes 

that have been shown to be able to dissolve several rock types and minerals, releasing 

significant amounts of useful minerals for plants (Bashan & de-Bashan, 2010). Several 

PGPR strains may enhance root hair size and number, facilitating the mineral uptake 

capacity of the plant (de Freitas & Germida, 1992). 

An assessment of the bacterial diversity associated to pepper (Capsicum annuum L.) 

cultivated in a traditional farm subjected to desert farming practices in Egypt showed the 

presence of a dense and diverse bacterial population in the rhizosphere and the root 

surrounding soil. Conversely, the bacterial community associated to the endosphere was 
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much less abundant presumably due to the selection exerted by the plant root tissues that 

select specific bacterial colonizers. Most of the isolates (95%) presented in vitro multiple 

plant growth promoting (PGP) activities and stress resistance capabilities. It has been also 

demonstrated that under desert farming, PGP bacteria are able of enhancing plant 

photosynthetic activity and biomass synthesis (up to 40%) under drought stress (Marasco 

et al., 2012). 

To evaluate long-term agriculture impact on arid soil in organic desert farming in Sekem 

(Egypt), Koberl et al. (2011) analysed microbial communities of the desert soil as well as 

those associated with cultivated medicinal plants Matricaria chamomilla, Calendula, 

officinalis and Solanum distichum. The desert soil was dominated by two phylotypes 

affiliated to Ochrobactrum sp. and Rhodococcus sp. which were also found in all samples 

from the rhizosphere and endorhiza of all the three medicinal plants. However, the 

rhizosphere and the endosphere of the medicinal plants presented a clear plant-specific 

effect since they shared only 20% of the bacterial community with the bulk desert soil. It 

has been demonstrated that indigenous desert microorganisms promote plant health in 

desert agro-ecosystems via an antagonist potential towards phytopathogens (Koberl et al. 

2011). 

 

1.5. Microbial Volatile Organic Compounds (VOCs) as bio-molecules 

involved in biopromotion and bioprotection under abiotic stresses 

 

Under drought and salt stress, plant associated bacteria release a variety of secondary 

metabolites, including a mixture of volatile organic compounds (VOCs), able to promote 
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growth and alleviate abiotic stress of their host (Yang et al., 2009, Liu et al., 2015, Panpatte 

et al., 2017, Ho et al., 2017). These volatile molecules are characterized by a low molecular 

weight (<300 Da), a high vapour pressure (0.01 kPa at 20°C) and ability to evaporate and 

diffuse through heterogeneous mixtures of solids, liquids and gasses above- and below-

ground (Schulz & Dickschat, 2007, Vespermann et al., 2007, Insam & Seewald 2010) 

(Figure 2). A varied range of VOCs is produced by microbes, including short-chain 

aliphatic aldehydes, esters, alcohols, organic acids, ethers, ketones, sulfur compounds, and 

hydrocarbons (Vaishnav et al., 2017). Recent studies investigated the role of the VOCs 

released by plant-associated bacteria revealing their PGP potential (Kanshiswamy et al., 

2015), also under abiotic stress conditions (i.e. salt and drought stresses; Kaushal et al., 

2016). For instance, the rhizobacteria Alcaligenes faecalis produces a blend of bacterial 

VOCs that promote the growth A. thaliana grown under salty condition. The authors 

demonstrated how this ‘promotion effect’ was the result of the bacterial-VOCs control of 

plant auxin and gibberellin pathways involved in the modulation of root and shoot growth 

and development (Bhattacharyya et al., 2015), along with the regulation of ion transporters 

(Bhattacharyya & Lee, 2017). Also, the PGP rhizobacterium Paraburkholderia 

phytofirmans releases a complex bouquet of VOCs able to promote A. thaliana growth 

conferring osmotic stress tolerance during salt stress, by accumulating less sodium within 

leaf tissues (Ledger et al., 2016). The exposure of plants to the commercial equivalents of 

the identified bacterial VOCs 2-undecanone-7-hexanol and 3-methylbutanol showed that 

these compounds are the main players acting as driver of plants growth tolerance under 

salinity (Ledger et al., 2016). Similarly, affecting osmotic physiological regulation of plant, 

VOCs produced by the edaphic Bacillus subtilis GB03 strain induced a tissue-specific 
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regulation of the K+ transporter (HKT1) which stimulated A. thaliana salt tolerance (Zhang 

et al., 2008). 

Alongside salinity stress mitigation, VOCs released by plant-associated bacteria also 

alleviated and reduced negative effect of drought stress affecting plant physiology. 

Activation of plant systemic tolerance to drought has been provided by 2R-3R-butanediol 

released by the rhizobacteria P. chlororaphis: closure of stomata in A. thaliana is activated 

by the volatiles molecules significantly reducing water evaporation and favoring the water 

storage in plant tissues (Cho et al., 2008). Affecting the physiological osmolytes plant 

response, the B. subtilis GB03’ VOCs - positively affecting A. thaliana under salt stress - 

favored an accumulation of osmoprotectants (i.e. choline and glycine betaine) to protect 

plant also under drought (Zhang et al., 2010). Indirectly induce-plant resistance to drought 

is also mediated by bacterial VOCs. As described by Chen et al. (2015), the soil bacterium 

B. subtilis  strain 3610, through the release of acetic acid, regulated the microbial biofilm 

formation around the root in which the abundance of exopolysaccharides present facilitate 

moisture conservation reducing the harshness of drought.  

Under the harsh environmental conditions of arid environments, drought and salt stresses 

promote phytopathogen insurgences and outbreaks that can further affect plant health and 

fitness (Mattson & Haak, 1987, Jactel et al., 2012, Bigler et al., 2006). Interestingly, VOCs 

produced by PGP bacteria acted as biocontrol against several phytopathogens, they activate 

plant induced systemic resistance (ISR) and promote plant defense responses (Ryu et al., 

2004, Farag et al., 2006, Raza et al., 2016). Ryu et al. (2004) reported that the VOCs 

released by the Bacillus spp. PGP bacteria (GB03 and IN937a), such as 2R-3R-butanediol 
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and acetoin, significantly decrease infection severity caused by the phytopathogen Erwinia 

carotovora subsp. carotovora in Arabidopsis plants. 

All these studies indicate that arid land conditions select efficient PGPR capable of 

resisting harsh conditions to sustain crop production under the desert farming practices 

(Figure 1 and 2). 

 

1.6. Biotechnological potential of PGP microbes and feasibility of their 

application 

 

Many studies have shown the important role of associated root bacteria in increasing crop 

yield and soil fertility (Desai et al., 2012, Deivanai et al., 2014, Nadeem et al., 2014, Kumar 

et al., 2014) not only in the normal conditions but also under biotic and abiotic stresses. 

This potential is currently applied for desert farming (Koberl et al., 2011) and for 

restoration and reforestation of eroded desert lands (Chanway, 1997, Bashan et al., 2012). 

It has been proved that one of the consistent strategies for enhancing in vivo effect of PGP 

microbes on plants is multiple inoculations and stress protecting bioformulations 

(Adesemoye et al., 2008, Wang et al., 2012).  

Beside, PGPR contribute to protect plant health against fungal, bacterial, nematode and 

even viral diseases in arid environments which are propitious to phyto-pathogens attacks 

(Rodríguez‐Díaz et al., 2008, Almaghrabi et al., 2013). Fungal biocontrol has been mostly 

explored given its wide extension and devastating effect on crop yield (Ait Kaki et al., 

2013, Siddiqui, 2006, Recep et al., 2009, Muñoz et al., 2009). A research study on 

rhizobacteria associated with some desert plants in Saudi Arabia has been carried out to 
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identify and to select effective isolates against phytopathogenic fungi. This investigation 

allowed the identification of successful isolates to Bacillus spp., Enterobacter spp. and 

Pseudomonas spp. Based on plant growth promotion properties, resilience to harsh 

conditions and antagonistic potentials, the strains have been proposed as biofertilizer 

candidates (El-Sayed et al., 2014). 

Nevertheless, the application of such inoculum in agrobiology, cannot cover the broad-

spectrum disease control given the variability of cultivar varieties, environmental 

conditions and soil types. It can be only applied in niche applications especially with 

weakly domesticated crop in growth substrates lacking antagonists (Cassells & Rafferty-

McArdle, 2012). However, despite significant biocontrol activities against plant pathogens 

has been proved for PGPR in laboratory and in the greenhouse, field results are still 

uncertain since autochthonous community outcompete the added allochthonous 

formulation. 

The body of literature on microbial VOCs’ PGP potential developed in the last decade (Ryu 

et al., 2003, Zou et al., 2010, Park et al., 2015) reveal how these molecules enclosed an 

interesting biotechnological resource to be applied for sustainable agriculture, ranging 

from the biopromotion to the bioprotection of plant under abiotic and biotic stresses 

(Morath et al., 2012, Selim et al., 2017). Giving their high effectiveness at low 

concentrations in the laboratory scale and their low cost, these natural volatile compounds 

can be used as alternatives of chemical fertilizers, pesticides, fungicides, bactericides and 

OGM (Kanchiswamy et al, 2015). Despite the noticeable progress in the understanding of 

microbial VOCs functions and potential applications under laboratory conditions, further 

optimizations are still needed to successfully implement the use of volatile metabolites at 
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the field level. Even if, few applications of bacterial VOCs in open agricultural systems 

were successful (Cortes-Barco et al., 2010, Song & Ryu, 2013, Choi et al., 2014), their 

common use in the field can be very challenging due to their fast evaporation rate, uneven 

levels of effectiveness and their species specificity (Han et al., 2006). 

The biotechnological potential enclosed in the extreme arid and saline environments is not 

limited to the agriculture application. Raddadi et al. (2013) reported the production of halo-

alkalitolerant endoglucanase by Paenibacillus tarimensis isolated from the inland saline 

system Chott El Fjej in South Tunisia. These cellulases were functional in a broad pH 

range, at high temperature and salt concentration up to 5M NaCl and 4.6M Potassium 

Chloride (KCl). Consequently, they are promising candidate for industrial applications 

(Raddadi et al., 2013). Strains and enzymes isolated from arid extreme environments could 

be applied in bioremediation of polluted soils (Mapelli et al., 2012), especially under 

phytoremediation approaches for those strains capable to thrive in the root ecosystem. 

Indeed, phytoremediation processes have been proposed for enhancing plant adaptation 

and growth in soil and water contaminated with organic pollutants (Afzal et al., 2014) 

(Figure 2). 

Furthermore, arid environment present deficiency in nitrogen compound, which implies 

symbiotic association between nitrogen fixing organisms and plants to increase the level 

of nitrogen and the plant growth in arid lands. Rhizobia are widely described as the most 

efficient nitrogen fixing bacteria especially rhizobium-legume symbiosis system (Zahran 

et al., 1999). Moreover, Requena et al. (1997) reported a combination between PGPR, 

arbuscular mycorrhizal fungi and Rhizobium spp. isolated from semi-arid environment for 

legume plant inoculation to establish Mediterranean semi-arid ecosystems revegetation.  
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1.7. Conclusion 

 

Drought stress is an environmental threat affecting plant yield and productivity. As 

discussed in this review, arid ecosystems harbour diverse microbial communities. In such 

ecosystems, PGPR associated to plant roots can be very active in supporting plant 

improvement, health and resistance to drought stress. Major efforts have still to be 

implemented for understanding the factors that regulate the plant microbe interactions in 

the root system and the mechanisms that are behind the drought resistance conferred to the 

plants by the root-associated bacteria. As well, despite a huge body of literature is available 

about PGPR, the ecological factors determining their recruitment by the plant and the 

assemblage of effective bacterial communities in the rhizosphere and the endosphere 

remain elusive. It is evident that the assemblage and the functions of these bacterial 

communities is driven by different ecological factors, including the type of plant and its 

growing conditions, the soil type, land history, cultivar variety, abiotic stresses, geo-

climatic factors and by the metabolites the microorganisms produce. Among these the 

VOCs appear as a versatile resource for manipulating several aspects of the plant-

microbiome metaorganisms for improved productions in agriculture. However, we are still 

far from understanding the relative weight of these factors in the establishment of the root 

meta-organism. The clarifications of these factors regulating the recruitment and the 

assemblage of drought resistance-inducing PGPR communities by the plant roots will 

allow to move PGPR from a prominent biotechnological tools yet to be exploited for 

agricultural, environmental and industrial purposes to a huge implementable 

biotechnological resource for agriculture. 
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Chapter 2: Root bacterial endophytes confer drought resistance and 

enhance expression and activity of a vacuolar H+-pumping 

pyrophosphatase in pepper plants, possibly trough volatile molecules* 

 

Abstract 

It has been previously shown that the transgenic overexpression of the plant root vacuolar 

proton pumps H+-ATPase (V-ATPase) and H+-PPase (V-PPase) confer tolerance to 

drought. Since plant-root endophytic bacteria can also promote drought tolerance, we 

hypothesize that such promotion can be associated to the enhancement of the host vacuolar 

proton pumps expression and activity. To test this hypothesis, we selected two endophytic 

bacteria endowed with an array of in vitro plant growth promoting traits. Their genome 

sequences confirmed the presence of traits previously shown to confer drought resistance 

to plants, such as the synthesis of nitric oxide and of volatile organic organic compounds 

(VOCs). We used the two strains on pepper (Capsicuum annuum L.) because of its high 

sensitivity to drought. Under drought conditions, both strains stimulated a larger root 

system and enhanced the leaves’ photosynthetic activity. By testing the expression and 

activity of the vacuolar proton pumps, H+-ATPase (V-ATPase) and H+-PPase (V-PPase), 

we found that bacterial colonization enhanced V-PPase only. The use of bacterial mutants 

impaired in VOCs production suggested their apparent involvement in the H+-PPase 

expression enhancement. We conclude that the enhanced expression and activity of V-

PPase can be favoured by the colonization of drought-tolerance-inducing bacterial 

endophytes, possibly through volatile molecules.



 

  59 
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2.1. Introduction 

 

Drought is one of the most severe abiotic plant stresses that strongly limits crop 

productivity (Calanca, 2017). Plants have evolved mechanisms both to cope with drought 

independently, including escape strategies, avoidance, and tolerance (Jarzyniak and 

Jasiński, 2014), and to cooperate with beneficial plant growth promoting (PGP) 

microorganisms that provide the plant-host with ecosystem services and activities that 

mitigate the effects of several abiotic stresses (Lau and Lennon, 2011, 2012; Marasco, 

Rolli, Vigani, et al., 2013; Chen et al., 2017; Rolli et al., 2017; Vergani et al., 2017). 

During periods of drought, plants tune their tissue turgor for low water potential by 

modulating osmotic adjustments, a phenomenon that must be tightly regulated to maintain 

cell homeostasis (Fang and Xiong, 2015). Perturbation of the osmotic balance involves 

changes in ion fluxes across the plasma membrane and tonoplast (Gaxiola et al., 2007). 

The plant enzyme vacuolar proton pumps V-ATPase (H+-adenosine triphosphatase) and 

V-PPase (H+-pyrophosphatase) hydrolyse ATP (adenosine triphosphate) and PPi 

(pyrophosphate), respectively, to increase the ion concentration in the vacuoles by 

establishing the necessary electrochemical gradient across the tonoplast (Maeshima, 2001; 

Martinoia et al., 2006). The resulting increase in the vacuolar osmotic pressure is coupled 

with a decrease in the cell water potential, which in turn facilitates water uptake from soil, 

alleviating the drought stress. The role of V-ATPase and V-PPase in plant tolerance to 

drought has been demonstrated by their overexpression in several plants, including 
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Arabidopsis thaliana (Gaxiola et al., 2001), tomato (Park et al., 2005; Da-Gang et al., 

2012), rice (Zhang et al., 2011), tobacco (Arif et al., 2013), maize (Li et al., 2008), barley 

(Schilling et al., 2014), sugarcane (Kumar et al., 2014; Raza et al., 2016), watermelon 

rootstock (Park et al., 2014), peanuts (Qin et al., 2013), alfalfa (Bao et al., 2016; F. Wang 

et al., 2016), and cotton under both laboratory and field conditions (Pasapula et al., 2011). 

In arid environments, desert farming favours the selection of drought-protecting microbial 

assemblages (Marasco et al., 2012; terHorst et al., 2014; Soussi et al., 2016) that are 

enriched and rearranged in the plant rhizosphere and endosphere (Mapelli et al., 2013; 

Marasco, Rolli, Fusi, et al., 2013; Cherif et al., 2015; Ferjani et al., 2015; Marasco et al., 

2016; Santos-Medellín et al., 2017). PGP microorganisms use several mechanisms to 

stimulate drought tolerance in plants (Vurukonda et al., 2016; Etesami and Maheshwari, 

2018): i) the microbial enzyme 1-aminocyclopropane-1-carboxylate (ACC) deaminase 

contributes to control the concentration of the plant stress phytohormone ethylene, by 

degrading its precursor ACC (Glick, 2014); ii) microorganisms contribute to modulate 

plant hormone homeostasis by producing auxin (i.e. indole-3-acetic acid, IAA), cytokinins 

and giberellins. These phytohormones are involved in a wide range of adaptive responses 

and may determine changes in plant root gene expression and root architecture 

(Egamberdieva et al., 2017; Lim and Kim, 2013); iii) by manipulating the plant antioxidant 

system microorganisms decrease the reactive oxygen species (ROS) concentration (Wang 

et al., 2012); iv) the microbial release of osmolytes acts synergistically with those produced 

by the plant and enhances resistance to water stress (Etesami and Maheshwari, 2018); v) 

exopolysaccharides produced by microorganisms recondition the root microenvironment 

by favoring water retention and protecting plant roots against desiccation (Rossi et al., 
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2012); vi) microorganisms contribute to enhance the plant induced systemic tolerance to 

drought by altering the host physiology and the metabolic processes, also trough the 

emission of volatile organic compound (VOCs; Cho et al., 2013); vii) an indirect effect of 

microbial activity is the solubilization of poorly available nutrients such as iron and 

phosphorus (Pii et al., 2015). Interestingly, evidences suggest that the bacteria-mediated 

protection is a drought-activated mechanism (Rolli et al., 2015). 

Considering the drought-protecting role of vacuolar proton pumps and the ability of root 

system-associated bacteria to enhance plant drought-tolerance, we hypothesize that such 

bacterial-mediated tolerance can be associated with an increment of expression and activity 

of those pumps. In this study, we selected two endophytic bacteria, denoted by E1 (Bacillus 

subtilis) and E3 (Paenibacillus illinoinensis), with plant growth promoting (PGP) 

phenotypes and genome traits, such as production of auxin-hormone (Egamberdieva et al., 

2017) and biopromoting-volatile molecules (Cho et al., 2008), that may influence the 

plants’ response to drought. Hence, to test our hypothesis, we analysed the response to 

drought conditions of pepper (Capsicuum annuum L.), chosen for its high sensitivity to 

water stress (Jaimez et al., 2000), both with and without the endophytic bacteria, and 

assessed the bacterial effect on the expression of the vacuolar proton pumps, V-ATPase 

and V-PPase. 

 

2.2. Results 
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2.2.1 Plant growth promoting potential of endophyte strains isolated from drought-

resistant plants cultivated under desert farming 

 

Through functional screenings for plant growth promoting (PGP) potential, including in 

vitro assays and a rhizocompetence test (Cherif et al., 2015; Marasco et al., 2012), we 

selected two root endophytes of pepper plants (Capsicuum annuum L.) cultivated under 

desert farming conditions (Marasco et al., 2012). The two endophytes, E1 and E3, were 

affiliated to Bacillus subtilis and Paenibacillus illinoinensis with 16S rRNA gene sequence 

identity of 100% and 99%, respectively (Fig. 1A). 

 

 

Figure 1: Phylogenetic affiliation of E1 (B. subtilis) and E3 (P. illinoinensis) and rhizo-

competence/colonization ability. (A) Phylogenetic trees of E1 and E3 using the complete 16SrRNA gene 

sequence. Neighbour-joining phylogenetic tree-based 16S rRNA gene sequences from E1 and E3, and their 

closest phylogenetic neighbours. Bootstrap values are indicated at nodes. Scale bar represents observed 

number of changes per nucleotide position. (B) Enumeration of RifR versions of the E1Rif and E3Rif strains 

after isolation on selective medium. (C) Epifluorescence and phase contrast images of pepper roots densely 

colonized by E1-gfp. (D) Epifluorescence and phase contrast images of E1-gfp cells entrapping root hairs. 

(E) Confocal microscopy analysis of E1-gfp colonized roots. (F) The boxes indicated by dashed lines show 

orthogonal views of a three-dimensional confocal image created from a z-stack of x/y-scans. White arrows 

indicate the potential endophytic colonization of a root cortex by E1-gfp cells that were found in the 

orthogonal views of the inner root tissue. 

Both E1 and E3 showed multiple PGP phenotypes that have the potential to favour plant 

tolerance to drought (Table 1).  
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However, the two strains showed different tolerances to osmolytes. E1 tolerated higher 

concentrations of salt (NaCl and KCl), urea, and sodium lactate (Table 1 and Supporting 

Information Fig. S1) than E3, and was also endowed with several traits that encourage plant 

root colonization, like the formation of a biofilm-like pellicle, swimming and swarming 

motility, cellulose degradation activity, and the production of biosurfactants involved in 

the reduction of root surface tension (Table 1 and Supporting Information Table S1). 

Both strains produced complex mixtures of volatile organic compounds (VOCs), including 

some capable of promoting plant growth or protecting against phytopathogens, e.g., 2,3-

butanediol, acetoin, and carbon dioxide (among others Cho et al., 2008; Cortes-Barco et 

al., 2010; Table 2 and Supporting Information Fig. S2). The complex mixtures of VOCs 

produced by E1 and E3 promoted the formation of a larger plant biomass in Arabidopsis 

thaliana plantlets grown under both normal conditions and osmotic stress induced by 100 

mM mannitol (Fig. 2). 

The genome analysis also showed the presence of genes encoding for the acetolactate 

synthase (alsS) and the acetolactate decarboxylase (alsD), which catalyse the two-step 

conversion from pyruvate to acetoin that can be further converted into 2,3-butanediol by 

the enzyme butanediol dehydrogenase, along with the genes for proline/glycine betaine 

transporters (Table 3).  

 

 

 

Table 1: In vitro plant growth promoting activities of bacterial endophytes E1 (B. subtilis) and E3 (P. 

illinoinensis). Presence or absence of (A) PGP traits and (B) abiotic stress tolerance were evaluated following 

the methods described in the experimental section. Additional details of the results marked with a star (*) are 
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reported in Supporting Information Tables S1 and S2 and Supporting Information Fig. S1-3. (+) Indicates 

the highest concentration of osmolytes (% w/v) tolerated by the strains. 
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Table 2: Volatile Organic Compounds (VOCs) emitted by E1 and E3 strains. VOC already described as 

possible involved in PGP activity and identified in the headspace of E1 and E3 replicates cultivated on MS 

media have been reported with relative references. 

 

* Shares similar functional motif to that of 2,3-butanediol  
$ The mixture of this volatile and 2-methyl-1-butanol extracted from 3-day-old culture of the fungus 

Phoma sp. GS8-3 showed significant growth promotion in tobacco in vitro 
# The mixture of this volatile and 3-methyl-1-butanol extracted from 3-day-old culture of the fungus 

Phoma sp. GS8-3 showed significant growth promotion in tobacco in vitro 

 

In E1, the alsS, alsD, and butanediol dehydrogenase gene showed a 100% similarity to the 

reference genes of Bacillus subtilis 168. In E3, the percentages of similarity to the 

sequenced Paenibacillus spp. genomes were very low for all three of these genes since no 

reference strain was available (Table 3 and Fig. 1). In both the E1 and E3 genomes, we 

detected genes encoding for a nitric oxide synthase, ROS detoxifying enzymes, and 

exopolysaccharide synthesis. Both the E1 and E3 genomes lacked genes known to be 

involved in the synthetic pathways of auxin derivatives and the ACC deaminase (acdS) 

(Table 3). 

Recolonization ability has been also evaluated as bacterial essential trait to exert PGP 

functions. Quantification of the bacterial colonization of the plant tissues by the  
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rifampicin-resistant mutants E1Rif and E3Rif revealed that they established dense 

populations ranging from about 105 to 106 CFU/g in the root tissue (considering both apex 

and cortical tissue) and from about 103 to 104 CFU/g in the stem and leaf tissues (Fig. 1B).  

 

Figure 2: (a) Evaluation of A. thaliana plantlets growth when exposed to bacterial VOCs emitted by the E1 

and E3 endophyte strains. Plants were grown under control conditions (1/2 MS medium) and drought stress 

(1/2 MS medium added with 100 mM mannitol) conditions. Plants were harvested after 15 days and 

biomasses measured as fresh weight (mg). For each plate 5 plants have been used and a total of 3 plates have 

been evaluated per treatments (n=15). Results have been expressed as average ± standard deviation. The 

experiment has been repeated 3 times with similar results. Student T-test has been applied for statistical 

analysis and in the graphs the symbol *** means p≤ 0.001. (b) Example of A. thaliana plantlets not exposed 

(NC) or exposed to bacterial VOC’s (E1 and E3) under drought stress (1/2 MS medium added with 100 mM 

mannitol) conditions. (c) Alignments of the genomic region surrounding the butanediol dehydrogenase genes 

(green) in strains E1, E3 and Bacillus subtilis 168 (Nicholson, 2008). The alignments were done with the 

Easyfig software (tblastx, e-value 10-4, as described in Sullivan et al., (2011). The arrows represent the coding 

sequences of the genomes. 
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Table 3: Genomic screening of E1 (B. subtilis) and E3 (P. illinoinensis) for PGP metabolic properties and 

functions possibly involved in plant drought-resistance. 

 

These relatively high bacterial counts were obtained after washing the plant organ surfaces 

with a physiological buffer several times to eliminate those cells not tightly associated with 

the plant. Thus, the strains were capable of efficiently coloniz the rhizoplane and the other 

investigated tissues. Fingerprinting profiles (Internal Transcribed Spacers, ITS-PCR) of 

randomly picked colonies were identical to those of E1 and E3, confirming that the colonies 

belonged to the supplemented E1Rif and E3Rif strains (Supporting Information Fig. S5).The 

green fluorescent protein (gfp)-derived E1 strain tightly adhered to the pepper root surface 

after 24 h (Fig. 1C). Several bacterial cells were found enveloped in the root hairs, 

suggesting that these plant appendages may represent sites of penetration into the root 

interior (Fig. 1D). Gfp-cells able to colonize the root surface were also detected within the 

outer cortex (Fig. 1E and F), suggesting that E1 endophytic lifestyle was rapidly established 

upon inoculation.
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2.2.2 Bacterial endophytes promote resistance of pepper plants to drought under 

hydroponic conditions 

 

The capacity of E1 and E3 to enhance plant drought tolerance was evaluated under 

hydroponic conditions by adding 20% polyethylene glycol (PEG) to the growth medium 

in order to modify the osmotic potential and induce a severe drought stress in a relatively 

controlled manner (Supporting Information Fig. S6). Neither the nutrient solution used to 

grow the pepper plants nor the PEG added to induce the drought stress supported bacterial 

growth (Supporting Information Fig. S7), indicating that the bacteria were sustained only 

by the root exudates of the plants. After 48 h of PEG treatment, the uninoculated plants 

were strongly affected, while the E1- and E3-inoculated plants did not show any visual 

symptoms of drought stress (Fig. 2A, top panels). Both the fresh and dry plant biomasses 

were significantly affected by the PEG treatment (F1,17=67.91, p<0.001 and F1,17=41.91, 

p<0.001, respectively) and the bacterial treatment (F2,16=18.72, p<0.001 and F2,16=8.93, 

p=0.004, respectively). Accordingly, the E1 and E3 strains positively affected both the 

fresh (+40-50%) and the dry (+20-30%) weights of the pepper plants, inducing a protection 

effect independent from the growth condition (–PEG/+PEG; Fig. 2B) compared to the 

uninoculated plants. 

A proliferation of the number and changes in the morphology of the root hairs was recorded 

in the bacteria-inoculated plants in both –PEG and +PEG plants (Fig 3A). While the E3-

inoculated roots developed thin and long root hairs, the E1-inoculated roots showed thick 

and short hairs (Fig. 3A, bottom panels). PEG, which significantly decreased the root-hair 

diameter and length in a previous study (Robin et al., 2015), may have caused the lower 

number and shorter length of the hairs in the +PEG (stressed) plant roots. 
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Leaf-gas exchange measurements confirmed that E1 and E3 alleviated the effect of drought 

on the plant physiology (Fig. 3C). 

 

 

Figure 3: Bacterial endophytes-induced drought resistance in pepper plants under hydroponic conditions. 

(A, upper panel) Endophyte strains E1 and E3 promoted the growth of pepper plants cultivated under 

hydroponic conditions and subjected to water stress (20% PEG). (A, lower panel) Root sub-apical zone under 

normal (–PEG) and stress (+PEG) conditions. Bar size, 500 µm. (B) Fresh and dry weight of uninoculated 

and inoculated pepper plants under drought stress expressed as a percentage of increment of inoculated plants 

compared to the control (i.e., uninoculated) plants (control values set to 100). ‘*’ denotes a significant 

(p<0.05) difference between +PEG and –PEG roots independent of the bacterial treatment. Different letters 

denote significantly (p<0.05) different means for uninoculated, E1- and E3-inoculated plants independent of 

the drought stress. (C) Net photosynthesis (Pn), evapotranspiration (E), stomatal conductance (Gs), internal 

CO2 (Ci) of inoculated and uninoculated pepper plants measured after 48 h of drought stress in both condition 

(–PEG and +PEG).Uninoculated control plants are indicated in white and marked with ‘C’ under the 

histograms, while inoculated plants are labelled either ‘E1’ (dark grey) or ‘E3’ (light grey). Data are relative 

to one of three independent experiments (4 plants per inoculation treatment/stress level; n=24). (D) Na, K 

and (E) proline contents in pepper roots after 48 h of drought stress (three independent experiments; n=18). 

Different letters indicate significant differences among treatments (C, E1, and E3) and drought stress (–PEG 

and +PEG). 
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Under drought stress (+PEG) conditions, significantly higher values were measured for all 

the physiological parameters in the inoculated plants than in the uninoculated control group 

(Pn: E1 and E3, p<0.001; E: E1 and E3, p<0.001; Gs: E1 and E3, p<0.001; Ci: E1: p=0.019, 

E3: p=0.001; Fig. 3C). The uninoculated stressed (+PEG) plants showed an impaired 

photosynthesis system, whereas the inoculated plants had a better physiological status. 

While both strains, E1 and E3, exerted a protective effect, the E3-inoculated plants 

maintained the highest net photosynthesis and transpiration rate values under drought stress 

(Fig. 3C). In the absence of stress (–PEG), no significant differences were found between 

inoculated and uninoculated plants in the net photosynthesis or the internal CO2 (Sidak 

multiple comparisons p>0.05); whereas, depending on the strain, the inoculated plants had 

significantly lower values of stomatal conductance and transpiration rate than the 

uninoculated plants (Gs: E1, p=0.002 and E3, p=0.044; E: E1: p=0.004). Thus, the bacterial 

and PEG treatments caused significant effects that were observed in all the physiological 

parameters analysed (photosynthesis, Pn: F2,22=57.80, p<0.001; transpiration rate, E: 

F2,22=28.15, p<0.001; stomatal conductance, Gs: F2,22=16.60, p<0.001; internal CO2, Ci: 

F2,22=5.41, p=0.014). 

We also evaluated the osmolyte and ion contents in the root and leaf tissues of the plants 

(Fig. 3D and Supporting Information Fig. S8). The interaction between the bacterial and 

PEG treatments significantly affected the Na+ and K+ contents in particular (F2,16=178.16, 

p<0.001 and F2,16=52.93, p<0.001, respectively). Under drought stress, treatment with E1 

and E3 strongly increased the accumulation of Na+ (E1 and E3, p<0.001) and K+ (E1 and 

E3, p<0.001) ions in the root tissues (Fig. 3D), which improved the cell turgor (Nieves-

Cordones et al., 2016). Proline content was increased in the roots of plants subjected to 
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water stress compared to the control group, with a significant effect of the interaction 

between the bacterial and PEG treatments (F2,16=21.11, p<0.001; Fig. 2E). No differences 

in proline content were observed between the inoculated and uninoculated plants under –

PEG conditions (Sidak multiple comparisons p>0.05). However, under +PEG stress 

conditions, the proline content was higher in the uninoculated plants than in the inoculated 

ones (E1 and E3, p<0.001), though no significant differences were observed between the 

E1 and E3 treatments (Fig. 3E). 

 

2.2.3 Bacterial endophytes promote pepper plant resistance to drought in soil 

 

Strains E1 and E3 also conferred drought tolerance to the pepper plants cultivated in soil. 

The untreated plants were severely affected after 7 days without watering, whereas the 

treated plants showed turgid tissues and better development (Fig. 4A). Compared to the 

uninoculated plants, strains E1 and E3 significantly enhanced the pepper plant biomass 

under drought conditions in terms of both fresh (E1: +34±9%, pair-wise C-,E1: p=0.042; 

E3: +32±8%; pair-wise C-,E3: p=0.028) and dry weights (E1: +42±9%, pair-wise C-,E1: 

p=0.041; E3: +37±4%; pair-wise C-,E3: p=0.043; Fig. 3B). The stressed plants inoculated 

with E1 and E3 showed a similarly fresh and dry biomass not significantly different from 

that of irrigated plants (Monte Carlo multiple comparisons, p>0.05; Fig. 4B). 

The uninoculated and E3-treated plants under drought stress conditions were characterized 

by a significantly reduced net photosynthetic rate in the leaves (C-,C+: p=0.002 and E3,C+: 

p=0.005, respectively), unlike the E1-treated plants (E1,C+: p=0.21). Stomatal 

conductance was significantly reduced in the uninoculated plants only (C-,C+: p=0.009), 

and the transpiration rate was not affected at all (Fig. 3C).  
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Figure 4: Endophyte strains show PGP potential to promote drought resistance in pepper plants cultivated 

in soil. (A) E1- and E3-colonized (pots on the right) and untreated (pot on the left) pepper plants in a non-

sterile soil. (B) Fresh and dry weights of the plant roots. ‘C+’ plants properly irrigated. Values are reported 

as the percentage increase over the negative control, ‘C-’. (C) Physiological parameters of the inoculated (E1 

and E3) and uninoculated (C+: irrigated; C-: drought stressed) pepper plants. Abbreviations are the same as 

in Fig. 2. Statistical analysis (one-way ANOVA, Tukey's Multiple Comparison Test when a significant F-

test was obtained) is reported using different letters to indicate the means relative to the treated/untreated and 

stressed/unstressed plants (p˂0.05). The data reported in the graphs are relative to one experiment (3 plants 

per inoculation treatment/stress; n=12), which was representative of the three independent experiments. 

 

Comparable internal CO2 contents were observed in both the inoculated stressed plants and 

the uninoculated unstressed control group (p>0.05, in both cases), which were significantly 

higher than those of the uninoculated stressed plants (p<0.001). Taken together, our results 
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confirm that the endophytes E1 and E3 protected pepper plants from drought in soil as well 

as drought stress induced by PEG in a nutrient solution. 

 

2.2.4 Bacterial endophytes affect pepper root morphology and the expression and 

activity of root V-PPase 

 

Colonization by the bacterial endophytes also affected the pepper root morphology (Fig. 

5A and 4B). There did not appear to be significant effects of the interaction between 

bacterial treatment and PEG treatment, thus the two factors have been taken in account 

separately. The bacterial treatment increased the size of the sub-apical root zone 

(F2,22=14.448, p<0.001), with a large diameter observed in plants treated by either E1 or 

E3 compared to the untreated plants (E1: +52%, p=0.02; E3: +90%; p<0.01; Fig. 5B). 

Treatment with PEG, on the other hand, did not have any effect on root diameter 

(F1,23=0.03, p>0.05; Fig. 5B). In the untreated plants, the root elongation zone (measured 

from the tip) was restricted to 350700 µm, while it extended to 5001500 µm in the 

treated plants. Immunostaining experiments performed on thin sections of root tissue from 

the pepper plants grown under hydroponic conditions revealed that exposure to the 

bacterial endophytes affected the expression of V-PPase under simulated drought 

conditions (+PEG; F1,17=22.638, p<0.001; Fig. 5A and 5D), but not of V-ATPase 

(F1,17=0.042, p<0.05; Fig. 5A and 5C). No protein signals were detected in the thin root 

sections in the absence of the specific primary antibody treatments against V-ATPase and 

V-PPase, indicating that non-specific reactions attributable to the secondary antibody or to 

the staining procedure did not occur (Supporting Information Fig. S9). 
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Figure 5: Treatment with endophyte strains enhances V-PPase expression and activity in pepper roots. (A) 

Immunolocalization of V-ATPase and V-PPase in root cross sections (900~1000 μm from the tip) of E1- and 

E3-inoculated and uninoculated pepper plants treated with (+) or without (-) PEG. The images correspond to 

one experiment representative of three independent experiments. (B) Root diameter (μm) measured from root 

cross sections at a distance of 900~1000 μm from the tip. Results expressed as mean diameter ± standard 

deviation of all sectioned roots (n=24). (C-D) Quantification of the immunoreactive areas of the vacuolar 

proton pumps, V-ATPase (C) and V-PPase (D), in the root cross sections. Results expressed as mean ± 

standard deviation of three independent experiments (n=18). (E-F) Activities of V-ATPase (E) and V-PPase 

(F) in the tonoplast-enriched fractions of roots of E1- and E3- inoculated and uninoculated pepper plants 

treated with (+) or without (-) PEG. Results expressed as mean ± standard deviation of four independent 

experiments (n=24). Statistical analysis (two-way ANOVA, REGWQ post hoc test, p<0.05). ‘*’ denotes a 

significant difference between the drought-stressed (+PEG) and the unstressed roots independent of the 

bacterial treatment. Different letters denote significantly different means for uninoculated, E1- and E3-

inoculated plants independent of the drought stress (REGWQ post hoc test, p<0.05). 
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No significant differences were detected in the accumulation or distribution of V-ATPase 

for bacterial treatment (F2,16=0.259, p>0.05) or PEG treatment (F1,17=0.042, p>0.05; Fig. 

5C). The PEG treatment caused the V-PPase accumulation in the external cell layers and 

in the stele of the root segment corresponding to the elongation zone (F1,17=22.638, 

p<0.001; Fig. 5A and 5D). In addition, the bacterial treatments significantly enhanced the 

accumulation of V-PPase in the cortex root layers (F2,16=57.954, p<0.001) regardless of 

the PEG treatment, suggesting that colonization by both E1 and E3 is associated with a 

drought-independent V-PPase protein accumulation (Fig. 5A and D). In order to confirm 

such results at the enzymatic level, the activity of the two proton pumps, V-ATPase and 

V-PPase, was assayed on the tonoplast-enriched fraction of the whole root tissues (Fig. 5E 

and F). The proton pumps activities reflected the respective protein expression observed 

by immunostaining experiments but with lower increases induced by inoculation with E1 

and E3. No significant difference was retrieved in the V-ATPase activity for either factor 

analysed (bacterial treatment: F2,16=2.619, p>0.05; PEG treatment: F1,17=1.728, p>0.05; 

Fig. 5E). A significant increase in V-PPase activity was detected in the drought stressed 

(+PEG) roots compared to the unstressed (–PEG) roots (F1,17=16.646, p=0.001; Fig. 5F). 

Moreover, the V-PPase activity was significantly affected by the bacterial treatment 

(F2,16=84.383, p<0.001), with the highest values observed in E3-inoculated plants (Fig. 5F). 

 

2.2.5 The role of bacterial VOCs in inducing the H+-PPase expression under 

drought. 

 

Considering the well-documented role of bacteria VOCs, and especially 2-3-butanediol, in 

promoting plant growth even under osmotic stress (Cho et al., 2008), we set out to 
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investigate whether the enhancement of the H+-PPase expression was mediated by such 

volatile molecules emitted by the assayed endophyte strains. We performed physiological 

analysis and evaluated the H+-PPase expression levels in roots of pepper plants grown in 

the hydroponic system that were inoculated with: i) Bacillus subtilis GB03, a VOC’s 

producing strain, ii) Bacillus subtilis 168, a non-PGP strain able to produce VOCs and iii) 

Bacillus subtilis 1163, an isogenic strain unpaired in 2-3-butanediol synthesis. GB03-

inoculated pepper plants showed beneficial effects on physiological parameters when 

compared with not-inoculated plants under drought stress, while the other bacterial strains, 

affected in VOCs/butanediol synthesis, did not display any effects (Fig.6A). 

 

Figure 6: Bacterial VOCs induce the H+-PPase expression under drought. (A) Representative images of the 

experimental settings performed to assay VOC’s producer strains on the expression of the H+-PPase enzyme; 

(B) Immunoblot analysis for the detection of the H+-PPase protein in root protein extracts of pepper plantlets 

exposed to the assayed bacteria. 

 

Western-blot analysis showed that H+-PPase protein expression increased in the 

microsomal fraction obtained from plants inoculated with the bacteria strains under drought 

stress in comparison with not inoculated plants (Fig.6B), confirming the data previously 

reported for E1 and E3. A slight increase was recorded for B. subtilis 168 and 1163 strains 

inoculated plants, while GB03 exposed pepper plants showed a higher accumulation of the 

protein content, nevertheless with a lower extent compared to the H+-PPase expression 

observed in E1 and E3 exposed plants (Fig. 6B). Thus, bacterial VOCs appear implicated 
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in the H+-PPase induction, although further determinants should be envisaged in affecting 

the vacuolar proton pump expression. 

 

2.3. Discussion 

 

In this study, we investigated the relationship between the capacity of endophytic bacteria 

to increase plant drought tolerance and to activate the vacuolar proton pumps, V-ATPase 

and V-PPase, in the plant host. V-ATPase and V-PPase are key enzymes in plant response 

to drought, as it was demonstrated that its overexpression induces a strong drought 

tolerance in many plants (among others Bao et al., 2016; Da-Gang et al., 2012; Shen et al., 

2014). V-ATPase and V-PPase establish a proton gradient across the vacuolar membrane 

that allows the plant tissues to maintain cell turgor at a low soil-water potential (Gaxiola et 

al., 2007, 2016). We found that the pepper plants became resistant to drought and enhanced 

the expression in the root of V-PPase only, when the plants were colonized by endophytic 

bacteria (E1 and E3). However, the induction of V-PPase activity in E1 and E3 inoculated 

plants under drought stress was lower than the protein expression enhancement detected 

by immunolocalization of the V-PPase under the same conditions. Such discrepancy might 

be due to a dilution effect. In fact, V-PPase activity was measured from the root tonoplast-

enriched fraction obtained from the whole root system, while the V-PPase detection by 

immunohistochemistry was performed on root sections belonging to the elongation and 

differentiation zone. The latter is the root portion specifically involved in the water/nutrient 

uptake process (Barberon & Geldner, 2014), thus any change in expression/activity of 

proteins engaged in the water/nutrient uptake is expected to be concentrated in this limited 
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root zone. Overall, our finding confirms the association of V-PPase expression with 

drought resistance and indicates that the endophytic bacteria may activate such expression. 

The E1 and E3 strains rapidly adhered to the plant roots and were characterized by many 

beneficial PGP traits endowed with biopromotion (Patel & Saraf, 2017), biofertilization 

(Mapelli et al., 2012) and bioprotection against abiotic stresses (Dimkpa et al., 2009). A 

combination of microscopy analysis and strain re-isolation tests showed that both strains 

had competence in colonizing the endosphere and translocating to the different organs of 

the pepper plants. High cell counts at the root (between 105 and 106 CFU g-1 of tissue) 

confirmed that the bacterial cells were tightly attached to the rhizoplane and possibly 

penetrated the root tissues to multiply in the root endosphere. Emerging lateral roots breaks 

are considered preferential sites for penetration of bacteria in the inner tissues and from 

there to the phloem and xylem vessels (Compant et al., 2010). Driven by the plant 

transpiration flux, bacteria can be further translocated to the shoots and leaves (Compant 

et al., 2010). For instance, the PGP strain Paraburkholderia phytofirmans PsJN colonizes 

root rhizodermis cells, internal tissues, internodes and leaves of grapevine (Compant et al., 

2008). Similarly, Azoarcus strain BH72 penetrates the rhizoplane in the elongation and 

differentiation zone of the root and systemically colonizes the rice plant tissues presumably 

by longitudinal spreading through vessels (Hurek et al., 1994). 

Different entry strategies to the root tissue are possible, including a controlled digestion of 

the root by lytic enzymes or passing through the natural breaks at elongated areas (Hardoim 

et al., 2015). The two strains showed cellulase activity in vitro. The ability to produce cell 

wall-degrading enzymes such as cutinases, pectinases, cellulases, hemicellulases, proteases 

and lignin-peroxidases is a key strategy adopted by microorganisms to penetrate the cuticle 
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and cell walls and thus to enter into plant tissues (Brader et al., 2014). Furthermore, the 

capacity of E1 and E3 to produce biosurfactants and bioemulsifiers may have played a role 

in root colonization by changing the root surface wettability, similar to epiphytic bacteria 

exploiting these molecules to increase their survival times in the phyllosphere (Burch et 

al., 2011). The versatility of bacteria, such as strains E1 and E3, in colonizing different 

plant tissues should favour the spread of the carried drought tolerance traits in the plant 

organs, thus potentially enhancing their beneficial effect on the whole plant. 

VOC blends produced by strains E1 and E3 promoted the biomass growth of Arabidopsis 

plantlets under both normal and osmotic stress conditions. The characterization of such 

VOC blends showed that strain E1 produced 2,3-butanediol, a compound that was 

previously demonstrated to promote plant growth (i.e. Ryu et al., 2003). Other bacteria, 

such as the B. subtilis strain GB03 and PGP strains including Pseudomonas chlororaphis 

strain O6, were observed to produce 2,3-butanediol (Ryu et al., 2003; Cho et al., 2008). 

The VOCs released by B. subtilis GB03 triggered an increased synthesis of auxin in the 

Arabidopsis leaves and translocation of the auxin to the roots at the lateral primordial, 

facilitating new root formation (Zhang et al., 2007). Under drought conditions, Arabidopsis 

plants inoculated with P. chlororaphis O6 or exposed to 2,3-butanediol exhibited increased 

stress tolerance (Cho et al., 2008). 

Our survey of the two bacterial genomes did confirm the presence of tested PGP traits and 

did reveal metabolites that can positively affect plant growth. Strains E1 and E3 are 

endowed with genes for the synthesis of nitric oxide (NO), a key secondary messenger that 

triggers auxin-mediated rapid cellular and organ responses in plants (Schlicht et al., 2013). 

NO plays a dominant role in the establishment of symbiosis between Rhizobia-like bacteria 
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and leguminous plants (Hichri et al., 2015), and the ability of Azospirillum brasilensis to 

affect secondary and adventitious root formation in tomato plants was shown to be largely 

NO-dependent and auxin-independent (Creus et al., 2005; Molina-Favero et al., 2008). 

Notably, despite auxin (i.e. IAA) production is a widespread and conserved PGP trait in 

plant-associated bacterial communities (i.e. Marasco et al., 2018), we did not detect such 

trait in E1 or E3. Both phenotypic assays and our search in their genomes for genes 

encoding the two major biosynthetic routes of bacterial IAA production, i.e., pathways for 

indole pyruvic acid and indole-3-acetamide (Spaepen et al., 2007), were negative. 

However, regardless of their ability to produce IAA, beneficial bacteria have been shown 

to manipulate plant auxin homeostasis, thus regulating the postembryonic development of 

the plant root system (Wang et al., 2015). 

The in vivo potential of the endophyte strains to enhance plant resistance to drought was 

evaluated in hydroponic conditions and confirmed in a non-sterile soil. Under drought 

stress conditions, induced either by PEG or by interruption of irrigation, the endophyte-

treated plants presented a more robust root system, improved photosynthetic activity, and 

better physiology than the untreated plants. The plant response was similar to that of the 

switchgrass Panicum virgatum L. treated with the beneficial strain Paraburkholderia 

phytofirmans phytofirmans strain PsJN, where the positively affected leaf physiology 

supported higher photosynthetic activity and promoted an increased production of siliques 

under different levels of drought stress (Wang et al., 2016). The improved drought 

resistance of plants colonized by E1 and E3 is associated with the enhanced expression and 

activity of V-PPase, but not with the V-ATPase that did not show significant change when 

exposed to bacteria/stress. Pepper plants treated with E1 and E3 had increased contents of 
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Na+ and K+ in the root tissues compared to untreated plants. Similar effects were observed 

in Arabidopsis and tomato plants subjected to drought and were attributed to cooperation 

between V-PPase and Na+/H+ antiporter activity in vacuole osmotic adjustments (Park et 

al., 2005; Brini et al., 2007; Pasapula et al., 2011). E1 and E3 colonization did not increase 

the root content of the osmoprotecant compound proline, suggesting that the drought 

tolerance was induced through a different mechanism from that observed with other 

beneficial bacteria (Cohen et al., 2015). 

We observed that the colonization of the two endophytes was associated with not only the 

enhanced expression and activity of the V-PPase, but also the formation of a larger root 

system, the proliferation of root hair, and thicker primary roots. These are all 

morphological changes previously associated with enhanced plant resistance to drought 

(Bardgett et al., 2014). V-PPase activity has also been associated with the transport of auxin 

and both the abundance and distribution of PIN1, a major auxin translocator (Li et al., 

2005), in addition to its effect on vacuolar pH homeostasis. It has been demonstrated that 

plants overexpressing V-PPase showed an increase in the auxin-mediated cell division at 

organogenesis, resulting in a larger and more extended root system that may enhance plant 

performance during drought (Park et al., 2005). 

VOCs released by both E1 and E3 were able to promote A. thaliana growth in a gnotobiotic 

system, both under normal and stressful condition. It was demonstrated that VOCs released 

by B. subtilis GB03 were able to trigger an increased synthesis of auxin in leaves and its 

translocation to the roots, at the lateral primordial, facilitating new root formation (Zhang 

et al., 2007). Under osmotic stress, Arabidopsis exposed to GB03 VOCs accumulated 

higher levels of choline and glycine betaine, important osmoprotectants molecules) than 
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plants without VOC treatment (Zhang et al., 2010). Among VOC’s, 2,3-butanediol is a 

well-studied volatile compound found in the VOCs of GB03 and some other PGP strains 

including Pseudomonas chlororaphis strain O6. Under drought conditions, Arabidopsis 

plants inoculated with P. chlororaphis O6 or exposed to 2,3-butanediol exhibited increased 

stress tolerance, which evidently resulted from increased stomatal closure and reduced 

water loss (Cho et al.,2008). Notably, use of 2-3-butanediol dehydrogenase mutants 

significantly reduced the promoting/protecting effect observed, suggesting this specific 

volatile compound as the principal candidate trigging the PGP activity. In our setting, we 

also observed that the VOC’s producing GB03 strain was able to induce H+-PPase protein 

accumulation in pepper plants, while this increase was abolished in mutants deleted in 2-

3-butanediol synthesis. Overall these findings pinpoint the involvement of bacterial VOC’s 

as part of the mechanism activated by the bacteria in triggering the H+-PPase activation 

under drought, although the underlying molecular mechanisms remain still to be 

elucidated. 

In conclusion, from the phenotypic and genomic survey of the two endophytes, we 

identified PGP traits and genes that may encourage the resistance to drought. Our data 

show that in drought-stressed pepper plants, endophytic bacteria efficiently colonize the 

root system, affect plant activity and response to environmental challenges, and support 

the expression and activity of the V-PPase an enzyme involved in the alleviation of drought 

stress. 
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2.4. Experimental procedures 

 

2.4.1 Endophyte isolation, identification, and in vitro characterization of the PGP 

potential 

 

The two bacterial strains used in this study, E1 and E3, were isolated from the root tissues 

of pepper plants cultivated under desert farming (Marasco et al., 2012). A phylogenetic 

tree based on an analysis of the entire 16S rRNA sequence was inferred by the neighbour-

joining method, with 2,000 replicates for a bootstrap test in the molecular evolutionary 

genetics analysis software, MEGA 4 (Kumar et al., 2008). 

A functional screening for PGP traits (described in Supporting Information Methods S1) 

was performed through a series of in vitro assays encompassing the i) biostimulation and 

ii) biofertilization activities possibly enhanced by bacteria. Briefly, the indole acetic acid 

(IAA) production and ACCd activity were measured to evaluate the biostimulation activity. 

The biofertilization trait was evaluated by measuring the capacity of our strains to 

solubilize mineral P, release siderophores, regulate atmospheric nitrogen, and produce 

ammonia and exopolysaccharide (EPS). 

Abiotic stress tolerance was tested in order to evaluate the ability of selected strains to grow 

in the presence of salt (NaCl 5%, 8%, and 10%), polyethylene glycol (10% and 20%), and 

at different temperatures (4, 42, and 50°C), as described in Marasco et al. (2012). 

A phenotype microarray (PM) assay (Biolog) and a PM9 osmolytes microplate containing 

96 different conditions (Supporting Information Fig. S1) were used to compare the cellular 

phenotypes of E1 and E3. Different inoculating fluid (IF) solutions (proprietary 
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formulation supplied by Biolog) were prepared and used to inoculate the PM plates, 

following the Biolog PM protocol for gram-positive bacteria (Supporting Information 

Method S2). The colour change of the redox potential indicator (Dye F, Biolog) due to the 

metabolic activity of bacterial cells was monitored and measured by PM technology 

(Biolog) using an OmniLog instrument set at 30°C. Reducing the dye caused the formation 

of a blue colour, which was recorded by a CCD camera every 15 min (Bochner et al., 2001). 

The kinetic colorimetric data were stored in computer files and analysed using the Biolog 

software. 

The biofilm formation was evaluated as described in Burton et al., 2006; the endoglucanase 

and endopolygalacturonase activity was evaluated according to Compant et al. (2008). 

To analyse the VOCs produced by strains E1 and E3, 2 ml of MS media were poured in 40 

mL airtight-seal glass vials stopped with a silicone PTFA septum and inoculated with 20 

µl of 108 bacterial cells. A solid-phase microextraction (SPME) manual holder (Supelco, 

Bellafonte, PA, USA), with a StableFlex divinylbenzene/carboxen/polydimethylsiloxane 

(DVB/CAR/PDMS) fibre (Supelco), was inserted through the PTFA cap (Tait et al., 2014). 

The SPME was exposed for 30 min to the bacterial culture headspace and detected using 

gas chromatography (GC, Agilent Technologies, USA) combined with a mass 

spectroscopy detector (MS, Agilent Technologies, USA), as described in Supporting 

Information Method S3. The plant growth promoting effect of bacterial VOCs was tested 

on Arabidopsis. Bi-plate sterile petri dishes (with septum) were used for plant exposure to 

bacterial VOCs according to previously described methods (Ryu et al., 2003). Both sides 

of the petri dish contained half strength MS, Murashige and Skoog medium (added with 

0.8% agar and 1.5% sucrose, adjusted to pH 5.7) for bacterial and plant growth. On the 
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plant side 100 mM mannitol was added to simulate drought stress (Zhang et al., 2010). 

Arabidopsis Col0 seeds were surface sterilized, placed on half strength MS plates and 

vernalized for 2 days at 4°C in the absence of light. The plates were then placed in a growth 

cabinet with a light and dark cycle of 16 and 8 h, respectively, at 200 μmol photons m–2 s–

1 light, at 22°C temperature and 50% relative humidity, and germinating plantlets were let 

to grow for 2 days. Bacterial strains were inoculated onto PAF liquid medium and 

incubated at 28°C under shaking overnight. Bacterial cells were harvested, washed twice 

with 9 g/L saline buffer and diluted to 109 CFU/ml, as determined by optical density. Two-

day-old Arabidopsis seedlings were transferred to new growth media with or without 100 

mM mannitol in the first half of sterile bi-plate petri dishes. The other half of the plates 

was inoculated with 20 μl of bacterial suspension culture or supplemented with the same 

volume of sterile water. The bi-plates were accurately sealed with parafilm and placed in 

the growth cabinet for 15 days. At the end of the exposure period, the plants were removed 

from the agar and fresh weight was determined. 

The E1 and E3 biosurfactant productions were evaluated by inoculating cells into a glucose 

mineral salts medium (GMSM: 10 g/L glucose; 0.7 g/L KH2PO4; 0.9 g/L Na2HPO4; 2 g/L 

NaNO3; 0.4 g/L MgSO4 x 7H2O; 0.1 g/L CaCl2 x 2H2O; 2 ml of trace elements [per litre, 

2 g FeSO4 x 7H2O, 1.5 g MnSO4 x H2O, 0.6 g (NH4)6Mo7O2 x 4H2O]; pH= 6.72). The 

flasks were incubated overnight at 30°C on a rotary shaker (150 rpm). The surface activity 

of the cell-free supernatants was evaluated by measuring the emulsification index, the drop 

collapse assays, and the interfacial surface tension (IFT, mn/m), as reported in the 

Supporting Information Method S4. 
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2.4.2 Genome sequencing, assembly and wide survey of PGP traits 

 

Bacillus subtilis E1 draft genome was recently deposited under the accession number 

GCA_000724125.1. The functional annotation was performed using the RAST server 

(Moriya et al., 2007). The strain Paenibacillus illinoinensis E3 was sequenced using 

Illumina Hiseq technology; the reads were assembled using velvet. The annotation was 

then performed by the Indigo Server (Alam et al., 2013). The genome was deposited in 

NCBI under the Bioproject number PRJNA430863. 

Genes involved in the PGP mechanisms (i.e. glycine betaine pathway, ROS and auxin 

production, exopolysaccharide synthesis, nitric oxide synthase, ACC deaminase activity, 

and VOCs production) were selected using several published data (Yan et al., 2008; 

Bertalan et al., 2009; Ma et al., 2011; Sant’Anna et al., 2011; Weilharter et al., 2011; Yu 

et al., 2011; Taghavi and van der Lelie, 2013). Using the UniProt database (The UniProt 

Consortium, 2017) the KEGG orthology (KO) related to the selected PGP genes was 

extracted. Then the obtained PGP-KO were compared with those present in the two 

bacterial genomes, which were obtained using the KEGG Automatic Annotation Server 

(KAAS, Moriya et al., 2007). The presence or absence of each PGP-KO in the bacterial 

genomes was evaluated for both strains. 

 

2.4.3 Bacteria and plant growth conditions 

 

Bacteria were grown in PAF (Pseudomonas Agar F) liquid medium. For plant treatment, a 

hydroponic solution with 2 x 107 cells/mL, supplemented with 20% PEG, was prepared 

from the bacteria after two washes in physiological buffer (9 g/L NaCl). The ability of 
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bacteria to thrive in the growth medium of hydroponic solution was tested by monitoring 

the growth curve of endophyte strains inoculated in two solutions, one with PEG and one 

without (Supporting Information Fig. 3). 

Pepper seeds (Capsicum annuum L.) were sown in agro-perlite, watered with 0.1 mM 

CaSO4, and incubated in the dark at 26°C for 6 days to allow plant germination. Plantlets 

were transferred into a nutrient solution composed of 2 mM Ca(NO)3, 0.75 mM K2SO4, 

0.65 mM MgSO4, 0.5 mM KH2PO4, 10 µM H3BO3, 1 µM MnSO4, 0.5 µM CuSO4, 0.5 µM 

ZnSO4, 0.05 µM (NH4)Mo7O24, and 0.1 mM Fe(III)-EDTA. The final pH was adjusted to 

6.0-6.2 with NaOH. The hydroponic cultures were kept in a growth chamber and constantly 

aerated. Day and night regimes of 16 h and 8 h at temperatures of 18°C and 24°C, 

respectively, and a Photosynthetic Photon Flux Density (PPFD) of 200 µmol m-2 s-1 at the 

plant level were applied. 

 

2.4.4 Evaluation and quantification of bacterial recolonization ability by microscopy 

analysis and re-isolation procedures 

 

The fluorescent phenotypes of the strains were obtained using a plasmid pGFP-ratiometric 

carrying the gfp gene under the control of P32 promoter. The adopted transformation 

protocol was described by Tamagnini et al., (2008). Only a single transformed colony was 

retrieved from the E1 transformation, and the E3 transformation was unsuccessful. The 

resulting strain, E1-gfp, was fluorescent under selective conditions and the plasmid-

retaining stability was estimated to be 80% after 24 h of growth under non-selective 

conditions (Cutting and Vander Horn, 1990). 
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To evaluate the colonization capability of E1-gfp, pepper plants grown in hydroponic 

medium (prepared as described above) were inoculated overnight with 107 cells/mL by 

agitation. After 20-24 h, the plant roots were washed to remove the weakly bound bacteria 

and were further observed under an epifluorescent Leica microscope using the GFP filter 

(excitation at 488 nm). The acquired images were analysed by using the MBF-ImageJ. A 

confocal analysis was performed using a confocal laser scanning microscope, the Leica 

TCSNT, equipped with an Argon/Krypton (Ar/Kr) laser. GFP filters (excitation at 488 nm) 

were used to monitor E1-gfp, and dsRED filters (excitation at 558 nm) were used to acquire 

the root autofluorescence. The experiments were repeated twice on three replicate plants. 

To obtain the spontaneous rifampicin mutants of the assayed endophytes, a protocol similar 

to that described by Dey et al., (2004) was adopted. Two isolates were grown overnight in 

PAF medium at 30°C. Then, the cell cultures were plated onto PAFRif100 plates containing 

100 µg/mL rifampicin and incubated at 30°C for 2 days. Single colonies were purified and 

streaked at least twice on the PAFRif100 medium before being plated on PAFRif200 plates 

(containing 200 µg/mL rifampicin). Colonies demonstrating the ability to grow at this 

rifampicin concentration were used for further analysis. To evaluate the ability of the 

spontaneous rifampicin mutants (E1 and E3) to colonize pepper plants, the same protocol 

used to induce drought stress was applied, unless plants were processed to isolate bacteria. 

The plant organs were carefully washed in sterile physiological solution to prevent the 

bacterial cell from actively colonizing the plant surface. One gram of apical (0–3 cm) and 

subapical (>3 cm) root segments, stems, and leaves were smashed in a mortar. After 20-30 

min, serial dilutions of the samples were plated on PAF plates containing 200 µg/mL 

rifampicin. After 2-4 days of incubation at 30°C, the single colonies were counted and at 
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least three colonies per fraction were checked by ITS-PCR to reconfirm bacteria identity 

(Daffonchio et al., 2000). The results are the average of three independent experiments 

using two replicate plants for each experiment. 

 

2.4.5 Evaluation of the PGP potential of endophyte strains to promote drought 

resistance of pepper plants in a hydroponic system 

 

We used a hydroponic system to deeply study whether the plant-microbe interaction 

affected the activity and expression of V-PPase and V-ATPase. Preliminary studies 

indicated that 20% PEG was necessary to rapidly induce a severe water-stress event 

(Supporting Information Fig. S2). After germination, the pepper plants were grown in a 

nutrient solution over 21 days. Then, the plants were inoculated using 108 CFU/mL nutrient 

solution and were maintained in contact with bacteria for 24 h. Half of the plants were 

transferred to a complete nutrient solution, while the other half were transferred to a 

nutrient solution supplemented with 20% PEG6000. The plants were harvested for analysis 

after 48 h, and the fresh weights of both the shoot and root biomasses were determined. 

After drying at 65°C in an oven to reach a constant weight, the dry weights of both the 

shoot and root biomass were also determined. Some freshly collected roots were observed 

with a LEICA DM R optical microscope, and images were acquired with a Leica EC3 

camera and LAS V4.1 software. Statistical analyses were conducted with SSP software. A 

two-way ANOVA (p<0.05) was used to analyse the independent and interdependent effects 

of the two factors, ‘Bacterial treatment’ and ‘PEG treatment’, and of their interaction. In 

the presence of a significant F-test for interaction, pairwise comparisons were carried out 

by applying Sidak’s correction (p<0.05). In the absence of a significant F-test for 
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interaction, the effect of the inoculation treatment was analysed independently on the stress 

level by comparing the mean to the REGWQ post hoc test (p<0.05). 

 

2.4.6 Evaluation of bacterial effect on physiological parameters of plants under 

drought stress in a hydroponic system 

 

After 48 h, leaf-gas exchange measurements of the net photosynthesis (Pn), transpiration 

(E), stomatal conductance (gs), and internal CO2 (Ci) were performed according to 

Marasco et al., (2012). Analyses of the osmolytes and osmoprotectants were conducted as 

described in the Supporting Information Methods S5 and S6. For the immunolocalization 

of the vacuolar proton pumps in the root tissue, the five largest root apical segments were 

sampled from two plants for each treatment and for three experiments. These samples were 

fixed in 4% paraformaldehyde (w/v), dehydrated, and then embedded in paraffin as 

described by (Dell’Orto et al., 2002). A microtome was used to cut serial sections of 6 μm 

and up to 1500 µm from the tip. The sections were mounted on polylysine-treated slides, 

deparaffinised in xylene, and rehydrated through an ethanol series. Immunological 

detection was performed, as in Dell’Orto et al., (2013), by raising polyclonal antibodies 

against two peptides corresponding to V-ATPase and V-PPase from Arabidopsis 

(Maeshima and Yoshida, 1989; Maeshima, 2001; Kobae et al., 2004). A biotinylated 

secondary antibody, the ExtrAvidin-Peroxidase system (ExtrAvidin Peroxidase Staining 

Kit, Sigma) catalysing the staining reaction between 3-amino-9-ethylcarbazole (AEC) and 

H2O2 was also used. Root sections were observed with a LEICA DM R optical microscope, 

and images were acquired with a Leica EC3 camera and LAS V4.1 software. The stained 
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area (%) was quantified using ImageJ software. The cross-section diameters were 

measured at a distance of 900~1000 μm from the tip. 

Isolation of the tonoplast-enriched fraction from roots and determination of V-ATPase and 

V-PPase activity were performed according to the protocols described in Dell’Orto et al., 

(2013). The immunoreactive bands were quantified as a percentage of the stained area by 

ImageJ software. Statistical analyses were conducted with SSP software. Two-way 

ANOVA (p<0.05) was used to analyse the effects of the bacterial treatment, the PEG 

treatment, and their interaction. In the presence of a significant F-test for their interaction, 

pairwise comparisons were carried out by applying Sidak’s correction (p<0.05). In the 

absence of a significant F-test for their interaction, the effect of the inoculation treatment 

was analysed independently on the stress level by comparing the mean to the REGWQ post 

hoc test (p<0.05). 

 

2.4.7 Evaluation of the PGP potential of endophyte strains to promote pepper 

resistance to drought in soil 

 

Pepper seeds (Capsicum annuum L.) were spread on wet agro-perlite. After 7 days, three 

seedlings of the same size were selected and transferred to a plastic pot (14 cm diameter) 

containing commercial soil. The seedlings were grown in a growth chamber at day and 

night temperatures of 25 and 20 °C, respectively, with ~100 μmol photons m–2 s–1 of light 

supplied for 12 h during the daytime. During the second week, the plantlets were inoculated 

with a bacterial suspension at a concentration of 108 cells/g soil, while the uninoculated 

plants were watered with tap water. Starting 7 days after inoculation, water was withheld 

for 12 days. The ‘positive control’ plants were properly irrigated. After 7 days of 



 

  92 
 

withholding water, the physiological parameters were measured as described above. 

Statistical analysis (one-way ANOVA) was conducted with SPSS software and, when a 

significant F-test was obtained, the means were compared using Tukey’s test (p<0.05). 

After the 12-day drought period, water irrigation was resumed for 3 days before the plants 

were harvested for biomass measurements. Three independent experiments with three 

replicate plants per treatments were conducted. Statistical analysis (one-way ANOVA) was 

used to compare treatments using the Monte Carlo test in Primer 6 software (999 

permutations). 

 

2.4.8 Evaluation of the bacterial VOC’s potential in enhancing the H+-PPase 

expression 

 

Plants were grown as previously described. After 21 days plants were inoculated as 

previously described with the following bacterial strains: i) Bacillus subtilis GB03, a 

butanediol producing strain, ii) Bacillus subtilis 168, a non-PGP strain and iii) Bacillus 

subtilis 1173, a GB03-isogenic strain unpaired in butanediol synthesis (Ryu et al., 2003). 

After 24 hours PEG treatment was imposed as previously described. After 48 hours root 

were harvested and the expression of H+-PPase were determined by western blot on 

tonoplast enriched fraction. 
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Supporting information 

 

Supporting information methods 

Supporting Information Method S1. Screening in vitro of PGP traits. The presence of 

IAA in the culture supernatant was determined spectrophotometrically at 530 nm. Pure 

IAA (Sigma Aldrich Co., Italy) was used as the standard and uninoculated media served as 

the control, as described by Bric et al., 1991. The ACC-deaminase enrichments as 

described by Penrose and Glick (2003). The mineral phosphate (P) solubilizing ability of 

the strains was determined on Pikovskaya’s liquid medium amended with 0.5% tricalcium 

phosphate [Ca3(PO4)2] as inorganic P source following the protocol described by Mehta 

and Nautiyal, 2001. Siderophores release was detected by the formation of orange halos on 

Chrome Azural S (CAS) agar plates after incubation for 7 day at 30°C (Schwyn & 

Neilands, 1987). 

Putative nitrogen fixation ability was evaluated by checking the growth of bacteria 

following multiple re-inoculation in liquid NFb medium (Baldani et al., 2014). 

Ammonia production was evaluated as described by Cappuccino & Sherman, 1992. 

Exopolysaccharides (EPS) production was estimated as described by Santaella et al., 2008, 

using modified Weaver mineral media enriched with sucrose. 

 

Supporting Information Method S2. Microbial characterization of osmolyte tolerance 

using BIOLOG phenotypic microarray. Strains were grown overnight on PAF medium 

(10 g/L proteose peptone, 10 g/L hydrolyzed casein, 3 g/L MgSO4, 1,5 g/L K2HPO4, 10 

mL/L glycerol and 15 g/L agar for solid medium) at 30°C by streaking from a frozen stock. 

Isolated colonies were removed from the agar plate using a sterile swab and added to a tube 

containing 16 ml of IF-0 solution until a cell suspension of 80% T (transmittance) was 

achieved using the BIOLOG turbidimeter. 15 ml of this 80% T solution was diluted in 

75ml of IF-0 + dye mix A to achieve 85% T. 600µl of the 85% T cell suspension solution 

was added to 120 ml of IF-10 + dye mix A. Finally, 100µl of the final cell suspension was 

inoculated to each well of the PM9 microplate (osmolytes). Plates were incubated at 30°C 

for 72h in the BIOLOG plate reader and the data qualitatively/quantitatively analysed using 

the BIOLOG’s software. 

 

Supporting Information Method S3. Identification of Volatile Organic Compounds 

(VOCs) emitted by E1 and E3 bacterial strains. The VOCs are desorbed by directly 

introducing the SPME fibre for one minute into the injection port of the Gas 

Chromatograph (GC, Agilent Technologies, USA) equipped with a DB-624 capillary 

column (60 m×250 µm ×1.4 μm film thickness, Agilent Technologies, USA) and a flame 

ionization detector. Each sample is maintained at 65˚C for 0.5 min and then flushed with 
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Helium at a flow rate of 50 ml/min for 20 min. A 5975 C Mass Spectroscopy detector (MS, 

Agilent Technologies, USA) was used for the analysis. The GC-MS oven was set at 40°C 

for 4 min, and then ramped to a final temperature of 245°C modifying the protocol reported 

in Farag et al., 2006. VOCs peaks identification is carried out by comparison of mass 

spectra with the data from the mass spectral library NIST 11 

(http://www.sisweb.com/software/ms/nist.htm). 

 

Supporting Information Method S4. Biosurfactant production and emulsification 

activity. The emulsification activity (EA) of the supernatant was determined as follows. 

To 2 ml of culture supernatant in a test tube, an equal volume of the tested organic solvent 

(n-hexane, n-hexadecane or toluene) was added; the tube was vortexed at high speed for 2 

min and then allowed to settle for 24h. The emulsification index (EI24%) was estimated as 

the height of the emulsion layer, divided by the total height, multiplied by 100. The surface 

qualitative drop collapsing activity test was carried out as follows: 40 µL of the cell free 

supernatant was aliquoted as a droplet onto Parafilm® (Parafilm M, Germany); the 

flattening and the spreading of the droplet on the Parafilm® surface was followed over 10 

minutes and recorded by visual inspection. If the drop remained beaded, the assay was 

scored negative, and if the drop collapsed, the result was positive. The IFT of the cell-free 

culture supernatant was measured with a Drop Shape Analyzer – DSA30 (KRUSS GmbH, 

Germany) working in the pendant drop mode. Measurements were performed at room 

temperature, at least in triplicates and IFT values (mN/m) were calculated using the Young-

Laplace method. 

 

Supporting Information Method S5. Ionomic analysis in pepper plants. Sampled 

tissues were dried and then mineralized in HNO3 by using a Microwave Digestion System 

(Multiwave ECO). Ionome content was determined by Inductively Coupled Plasma-Mass 

Spectrometry (ICP-MS, Aurora M90 BRUKER). Data collected are from tree independent 

experiments. 

 

Supporting Information Method S6. Proline determination. Proline content was 

determined in fresh pepper roots according to Claussen (2005). Root samples were 

collected from pepper plants of each treatment. Extraction procedure and colorimetric 

determination with acidic ninhydrin reagent (2.5 g ninhydrin/100 mL of a solution 

containing glacial acetic acid, distilled water and ortho-phosphoric acid 85% at a ratio of 

6:3:1) were carried out as follows: 1 g FW of roots were ground in a mortar with 10 mL of 

a 3% (w/v) aqueous sulfosalicylic acid solution. The homogenate was filtered through two 
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layers of gauze and the clear filtrate was then used in the assay. Glacial acetic acid and 

ninhydrin reagent (1 mL each) were added to 1 mL of the filtrate. The closed test tubes 

with the reaction mixture were kept in a boiling water bath for 1 h, and the reaction was 

terminated in a water bath of room temperature (21°C) for 5 min. Readings were taken 

immediately at a wavelength of 546 nm. The proline concentration was determined from a 

standard curve and calculated on a fresh weight basis [(µmol proline (g FW -1)]. 

 

Supporting information tables 

Table 4:Supporting Information Table S1. Production of bioemulsifiers and evaluation of their stability up to 3 

months of incubation at room temperature. The bio-emulsifiers production for the different compounds was 

expressed as emulsification index (EI24%). It was estimated as the height of the emulsion layer, divided by 

the total height, multiplied by 100. The stability of bio-emulsifiers was expressed as residual emulsification 

activity REA (%)=EIt / EI24 x 100 where EIt is the EI (%) value at incubation time t. 

Isolate 
Drop 

collapse 

EI24 (%) 

Toluene  

EI24 (%) 

Hexane 

EI24 (%) 

Hexadecane 
IFT (mN/m) 

GMSM  - - - - 74.66 ± 0.21 

Tween 80 0.5% +++ 62.9±5.5 54.4 ± 10.8 62.2 ± 1.9 42.69 ± 0.74 

E3 - 14.2 ± 8.2 11.4 ± 6.7 13.3 ± 4.7 72.33 ± 0.31 

E1 +++ 57.9 ± 1.0 58.3 ± 0.4 59.7 ± 2.3 29.81 ± 0.17 

 

Isolate Time (days) REA (%) Toluene REA (%) Hexane REA (%) Hexadecane 

E1 80 92.3 ± 2.5 45.9 ± 2.1 77.0 ± 9.0 

 

Table 5: Supporting Information Table S2. Volatile Organic Compounds (VOC) emitted by E1 and E3 strains. 

(A) List of compounds identified in the headspace of E1 and E3 replicates cultivated on MS media. VOC 

already described as possible involved in PGP activity have been marked with star (*). 

N. Identified compounds 
Bacterial strain replicates 

E1(1) E1(2) E1(3) E3(1) E3(2) E3(3) 

1 Carbon dioxide* x x x x x x 

2 Acetaldehyde    x x x 

3 1,3-pentadiene x x x x x x 

4 Ethanol       
5 2,3 Butanedione x x x x x x 

6 Acetic acid    x x x 

7 Butanal, 2-methyl    x x x 

8 2,3 pentanedione    x x x 

9 1-butanol, 3-methyl*    x x x 

10 2-Butanone  x     
11 Acetoin* x x x    
12 1-butanol, 2-methyl    x x x 

13 2-pentanone, 3methyl x x     
14 Disulfide dimethyl*    x  x 

15 Propanoic acid, 2-methyl x      
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16 2,3 butandiol* x x x    
17 3-Hexanone,2,5 dimethyl     x  
18 Ethanol,1-(3ethyloxiranyl)      x 

19 Acetyl valeryl      x 

20 

Propionic Acid, 2-hydroxy-2-

methyl- methyl ester x      
21 tert-Butyl Hydroxide x  x    
22 3-pentanol, 2-methyl  x     
23 Hexanone -5-methyl x      
24 2-Heptanone, 6-methyl x x x    
25 2-Heptanone, 5-methyl x x x    

26 

3-(2H)Thiophenone, dihydro-

2-methyl x x x    
27 Pyrazine 2,5-diethyl     x x 

28 2-Heptanone     x  

29 

1,3 benzendiamine,N,N'-

diethyl x x x x x x 

30 

2-(2-methyl propyl)-3(1-

methylethyl)pyrazine       x x x 

 

Table 6: Supporting Information Table S3. Genomic characteristics of E1 (B. subtilis) and E3 (P. illinoinensis). 

Genome 

Characteristics 
 

Bacterial strain 

E1 E3 

 

Sequence size (bp) 
4,106,25

3 

7,227,61

1 

Number of contigs 16 39 

GC content (%) 43.50 45.5 

CDS number 4,352 6,191 

COG 

Classification 

(%) 

 
Bacterial strain 

E1 E3 

Information 

storage and 

processing 

Replication, recombination, and repair  3.4% 2.9% 

Transcription  8.8% 11.9% 

Translation, ribosomal structure, and biogenesis  6.3% 5.6% 

Cellular 

processes and 

signaling 

Cell cycle control, cell division, and chromosome 

partitioning 
1.6% 1.3% 

Cell motility 1.9% 1.8% 

Cell wall/membrane/envelope biogenesis 6.3% 4.3% 

Cytoskeleton 0.1% 0.1% 

Defense mechanisms 2.8% 3.0% 

Intracellular trafficking, secretion, and vesicular transport 0.9% 0.8% 

Posttranslational modification, protein turnover, 

chaperones 
3.5% 3.6% 

Signal transduction mechanisms 5.7% 6.9% 

Metabolism 

Amino acid transport and metabolism  8.9% 6.9% 

Carbohydrate transport and metabolism  8.9% 13.8% 

Coenzyme transport and metabolism  5.3% 4.5% 

Energy production and conversion  4.8% 3.4% 

Inorganic ion transport and metabolism  5.3% 5.5% 

Lipid transport and metabolism  3.8% 2.7% 
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Nucleotide transport and metabolism  2.5% 2.6% 

Secondary metabolites biosynthesis, transport, and 

catabolism  
2.9% 2.2% 

Poorly 

characterized 

genes 

Function unknown  6.4% 5.4% 

General function prediction only  10.0% 10.9% 

 

Supporting information figures 

Figure 7: Supporting Information Figure S1. List of compounds and their position in Biolog PM9 plate was 

reported (www.biolog.com/pdf/pm_lit/PM1-PM10.pdf). Graph reported the Biolog assay results for E1 and 

E3 tested on PM9 plate. Data were obtained by incubation 

 

 

 



 

  108 
 

Figure 8: Supporting Information Figure S2. Chromatographic separation of E1 (A) and E3 (B) VOCs using 

SPME-GC-MS. Black chromatograms represented the headspace of non-inoculated MS media (considered 

as blank); Blue and red chromatograms indicated the headspaces of E1 and E3, respectively, inoculated on 

MS media and incubated for 7days at 30°C (A and B, respectively). *: Non identified peaks (probability 

<20%). #: Siloxane. 



 

  109 
 

Figure 9: Supporting Information Figure S3. Gel electrophoresis analysis of ITS-PCR products to verify the 

bacterial isolates taxonomical identification for respectively E1 and E3 strains (upper and lower 

electrophoresis gel, respectively). 

The first lane contains a molecular marker; the second lane shows the 16S-23S rRNA profile of E1 and E3 

strains. The following lanes show the ITS pattern of Rif resistant isolates retrieved from the different plant 

districts. 

 

Figure 10: Supporting Information Fig. S4. Effect of two different PEG6000 (15% and 20%) concentrations on 

pepper plants grown hydroponically. Physiological parameters (Pn, E, Gs, Ci) were monitored for six days 
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after PEG addition by a portable instrument CIRAS-2. Abbreviations: Pn, net photosynthesis; E, 

evapotranspiration; Gs, stomatal conductance; Ci, internal Carbon dioxide (CO2). 

 

Figure 11: Supporting Information Figure S5. Endophyte bacteria are unable to grow on nutrient solution buffer 

supplemented or not with PEG (E1, upper panel; E3. lower panel). 

The growth curves reported in the graphs indicate that the nutrient solution (Hoagland) supplemented (+PEG) 

or not with 20% PEG is unable to support bacterial growth. As control, rich media (PAF) is used to growth 

the bacteria. All the experiments have been conducted at 30°C in triplicates. Data are expressed as mean ± 

standard deviation. 
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Figure 12: Supporting Information Figure S6. Ionomic profile of root and leaf tissues of pepper plants inoculated (E1 and E3) or not (C) under resting (-PEG) and 

drought (+PEG) conditions assayed by ICP-MS analysis. The data reported in the graphs are relative to three independent experiments (n=18) and were analysed 

by two-way ANOVA. When F-test was n.s. for interaction (p>0.05) ‘*’ indicates significant difference between drought stressed (+PEG) and not-stressed (-PEG) 

roots independently on the inoculation treatment, and different letters indicate significant differences among the inoculation treatments independently on the stress 

level (REGWQ post hoc test, p<0.05). When F-test was significant for interaction (p<0.05) different letters indicate significant differences among the inoculation 

treatments (C, E1 and E3) within each stress level (-PEG and +PEG, adjustment for multiple comparisons: Sidak at p≤0.05). 



 

112 
 

Figure 13: Supporting Information Figure S7. Negative control of immunolocalization analysis. Root cross-

sections, treated without primary antibodies against V-ATPase and V-PPase, appear not stained, indicating 

the absence of any aspecific reaction. 
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Chapter 3: Bacterial VOCs counteract rice blast infection by inhibiting 

fungal virulence rather than growth 

 

Abstract 

 

Bacterial volatile organic compounds (VOCs) are key mediators of biotic interactions and 

can interfere with secondary metabolisms. While VOCs produced by plant-associated 

bacteria can inhibit the growth of fungal pathogens, here it is hypothesized that they may 

also interfere with secondary metabolism involved in fungal plant pathogenicity. This 

hypothesis was tested on melanin-producing fungal phytopathogen Magnaporthe oryzae, 

a worldwide pathogen of rice. The VOCs of three bacterial strains isolated from the 

rhizosphere of rice did not inhibit the growth of M. oryzae in I-plate assays, but 

significantly reduced fungal pigmentation. M. oryzae sporulation and conidia germination 

were also affected with the complete inhibition of appressoria formation. Nine volatile 

molecules common to the three strains have been identified by head space solid-phase 

micro-extraction gas chromatography mass spectrometry. Among these, 1-butanol-3-

methyl was proven to reduce fungal pigmentation of about 60% and completely inhibit 

conidia germination in vitro. Inhibition effect was confirmed in vivo, where the fungal 

infection was controlled by bacterial VOCs with less than 6% of disease lesions 

development on rice leaves compared to the control (98% incidence). Abolishment of 

conidia germination on rice leaves and foliar tissue invasion were confirmed in vivo by 

optical and scanning electron microscopy. VOCs produced by rice associated-bacteria were 
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demonstrated to switch off M. oryzae pathogenicity without affecting the disarmed fungal 

survival and represent new tools for the control of rice blast. 

 

Keywords: Volatile Organic Compounds; Magnaporthe oryzae; Blast disease biocontrol; 

Secondary metabolites; Plant Growth Promoting Bacteria; DHN-melanin; Virulence 

suppression; 1-butanol, 3-methyl. 

 

3.1. Introduction 

 

Microorganisms produce info-chemical molecules to interact with each other, regulate 

fitness and spatial distribution in the ecosystem, defend the habitats or inhibit competitors 

(Yim et al., 2007, Brakhage, 2013, Copolovici et al., 2011, Aljbory & Chen, 2018). Most 

of the signals are secondary metabolites of different functional categories, non-essential 

for the microbial development and synthesized after the active growth phase (Wheatley, 

2002). Volatile organic compounds (VOCs) are low molecular weight (<300 Da) and high 

vapour pressure (0.01 kPa at 20°C) molecules of different chemical classes, such as 

hydrocarbons, ketones/alcohols, terpenes, acids, nitrogen and sulphur compounds (Audrain 

et al., 2015) that have received a large attention for their role in signalling (Stenberg et al., 

2015, De Vrieze et al., 2015, Schulz-Bohm et al., 2017, Tahir et al., 2017, Bailly & 

Weisskopf, 2017).  

Positive, negative or neutral VOCs-mediated interactions occur among a wide range of 

microorganisms, including soil/plant bacteria and fungi (Mackie & Wheatley 1999, Kai et 

al., 2009). Bacterial VOCs determine plant growth-promotion (Ryu et al., 2004, Farag et 
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al., 2006, Kanchiswamy et al., 2015, Panpatte et al., 2017) and microbial growth-inhibition 

(Enespa & Chandra, 2017) against a variety of pathogenic bacteria and fungi (Selim et al., 

2017, Ossowicki et al., 2017, Schalchli et al., 2016, Raza et al., 2016, Weisskopf, 2013). 

As an alternative to the inhibition of fungal growth for the biocontrol of phytopathogens, 

it has been proposed that the reduction of fungal virulence can be an alternative for the 

biological control of crop-phytopathogenic fungi (Butler et al., 2005). Several 

virulence/pathogenicity determinants are secondary metabolites that play direct or indirect 

roles in the infection process ((Macheleidt et al., 2016, Scharf et al., 2014), such as 

melanins (Henson et al., 1999, Casadevall et al., 2000, Bell & Wheeler, 1986, Nosanchuk 

& Casadevall, 2003). Melanins are dark poly-aromatic complex polymers of undetermined 

structure produced by fungi to protect their vegetative growth and dormancy structures 

(Bashyal et al., 2010, Bolton et al., 2006) against a variety of environmental factors, 

including desiccation, ultraviolet and visible light irradiation, drought and high temperature 

(Butler & Day, 1998, Bell & Wheeler, 1986, Henson et al., 1999, Boyce et al., 2015). DHN-

melanin (1,8-dihydroxynaphthalene) is the most prevalent fungal melanin often recognized 

as an essential mediator of fungal infection in many phytopathogenic dark fungi (Galhano 

& Talbot, 2011, Kawamura et al., 1999, Gachomo & Kotchoni, 2010, Xiao et al., 1991, 

Freeman & Ward, 2004, Winter & Koopmann, 2016). It is required for conidia formation 

and development (Yu et al., 2015), along with the maturation of the specialized appressoria 

cells used by fungi to infect plant tissues (Howard & Ferrari, 1989, Howard et al., 1991, 

Ryder & Talbot, 2015, Galhano & Talbot, 2011). Reduction in melanin production and 

mutations in its biosynthetic pathway affects the infection capacity of these phytopathogens 

(Ryder & Talbot, 2015, Galhano & Talbot, 2011, Chen et al., 2004, Langfelder et al., 2003). 
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The virulence of the rice blast phytopathogen Magnaporthe oryzae and its capacity to 

invade host tissues are abolished in albinos mutants unable to synthesize melanin (Chumley 

& Valent, 1990), as well as by the melanogenesis inhibitors tricyclazole and carpopamid 

(Hamada et al., 2014, Wheeler & Klich, 1995, Butler et al., 2005). 

Previous studies have shown that melanin pigmentation can be reduced both in non-

pathogenic sap-stain fungi (Ophiostoma piliferum and Sclerophoma pithyophila) and 

phytopathogenic-fungi (Verticillium dahiaeto, Guignardia citricarpa) when exposed to 

bacterial VOCs (Bruce et al., 2003, Liu et al., 2008). We hypothesize that bacterial VOCs 

can affect secondary metabolism and melanin production and inhibit fungal invasion of 

plant tissues. In the absence of virulence factors such as melanin, the pathogen is forced to 

switch from an infection cycle to a hyphal cycle and use the exudates released by the host 

tissues to ensure its survival (Perez-Nadales et al., 2014). 

We tested our hypothesis by using bacteria isolated from different plants including rice 

(Oyzae sativa), pepper (Capcicum annuum L.) and date palm (Phoenix dactylifera), against 

M. oryzae, a global threat of rice cultivation, causing economically significant crop losses 

(Nalley et al., 2016). We further assessed the effect of three selected bacterial strains on 

the virulence properties of this fungus. We provide evidence that specific VOCs released 

by the selected bacteria alter the fungal melanin-pigmentation, impair conidia development 

and abolish M. oryzae virulence in vivo in rice. 
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3.2. Results 

 

3.2.1 Bacterial VOCs reduce the pigmentation of black phytopathogenic fungi 

 

VOCs released by bacterial strains isolated from the root system (root tissues and 

rhizosphere) of rice (strains B10, B16 and B17), date palm (strains E102 and E141, (Cherif 

et al., 2015)) and pepper (strains E1 and E3, (Vigani et al., 2018)) and a plant non-

associated bacterium (Escherichia coli) did not affect the growth of the phytopathogenic 

fungus M. oryzae BOA102 (F9,92=1.874, p=0.066; Figure 1a), while its dark-pigmentation 

was significantly reduced by the rice-associated bacteria B10, B16 and B17 only (Tukey 

test vs control: p<0.0001; Figure 1b and c and Supporting Figure S1). The three strains 

presented a similar effect (Tukey test among rice-bacteria: p>0.05), with a dark area 

reduction ranging from 55 to 59% compared to the control treated with water vapor (Figure 

1b and c). The commercial fungicide Tricyclazole (20 µg/mL of medium), known to inhibit 

melanin synthesis in M. oryzae (Froyd et al., 1976), showed a significant strong effect on 

mycelium pigmentation, reducing the dark color up to 93% (Tukey test Tricyclazole vs 

rice-bacteria: p<0.05; Figure 1b and c). 

Color reduction mediated by strain B10, B16 and B17 in M. oryzae BOA102 was further 

investigated for melanin content. A significant lowering of DHN-melanin 

production/accumulation ranging from 59 to 72% was measured in all the three strains 

(Tukey test vs control: p<0.001; Figure 1d). 
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Figure 1: Effect of bacterial VOCs treatments on M. oryzae mycelium growth and development. (a) M. 

oryzae colony diameter; (b) Dark-color area ratio in M. oryzae mycelia exposed to water, bacterial VOCs 

and tricyclazole. Values are expressed as average ± standard error. Significant Tukey test differences are 

indicated by different letters. Absence of letters indicated that no differences were detected among treatments. 

(c) Image of M. oryzae mycelia after 7 days of exposition to the different treatments. (d) Heat map indicating 

concentrations of melanin (µg melanin/mg mycelium) extracted from fungal mycelia after treatments (n=3, 

mycelia preparations from three independent assays). 

 

The observed changes in color were transient, they disappeared once the mycelia were 

transferred in new plates in absence of bacterial VOCs (Tukey test vs rice-bacteria: p>0.05; 

Supporting Figure S2). This did not happen to the mycelium exposed to tricyclazole, that 

maintained an orange pigmentation also when grown without fungicide (Supporting Figure 

S2, Tukey test vs control: p<0.05). 

VOCs released by B10, B16 and B17 were also able to influence color of other 

environmental melanized-fungi (Supporting Table S1 and Supporting Figure S3). For 

instance, all the additional strains of Magnaporthe tested showed a significant reduction of 

black pigmentation when exposed to the bacterial VOCs (Tukey test vs control: p<0.05), 

while among the other genera only in Aspergillus species japonicus the dark-color was 

significantly reduced by B10 (Tukey test vs control: p<0.0001; Supporting Figure S3 and 

Supporting Table S2). In other fungi, such as Alternaria arborescens, Cladosporium sp., 

A. japonicus and M. oryzae TOA37, bacterial VOCs did not modify the color but 
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significantly affected mycelial growth (Tukey test vs control: p<0.05, Supporting Table 

S2). The observed effect was different for the three bacterial strains and subjected to both 

melanin types (B10: F1,39=7.06, p=0.001; B16: F1,39=13.82, p=0.001; B17: F1,41=9.52, 

p=0.001) and fungal genus (B10: F1,39=2.92, p=0.009; B16: F1,39=6.27, p=0.001; B17: 

F1,41= 4.76, p=0.003). 

 

3.2.2 Bacterial VOCs inhibit M. oryzae BOA102 conidia sporulation and 

germination and appressoria formation 

 

The average number of conidia produced by M. oryzae colonies exposed to water vapour 

was 602±92 per cm2, while they decreased in presence of bacterial VOCs (B10: 42±6; B16: 

29±6; B17: 35±6), with a significant (F3,6= 26.39, p=0.0007) conidia inhibition of 94±1% 

conserved in all the three strains (Tukey test among strains, p>0.05). Exposure to bacterial 

VOCs for three hours, induced significant changes also in conidia germination 

(F3,8=79.023, p=0.001; Figure 2a). Regularly germinated conidia were dominant 

(91±1.8%) in cultures exposed to water vapours, while a drastic reduction was observed in 

cultures exposed to the B10 (36±4%), B16 (20±2%) and B17 (22±3%) VOCs. The non-

germinated conidia were much more abundant in cultures exposed to the bacterial VOCs 

(42±5%, 56±1% and 60±4% for B10, B16 and B17, respectively than in the control cultures 

(9±2%) exposed to water vapour (Figure 2a and b). Abnormally germinated conidia, in the 

range of 17-22% of total conidia, occurred only in M. oryzae cultures exposed to the 

bacterial VOCs (Figure 2a and b). VOCs released by the bacterial strain B10 showed a 

significantly different effect on conidia germination compared to strains B16 and B17 

(Pair-wise tests, p<0.05).  
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After 12 hours, appressoria formation and maturation was significantly affected by the 

VOCs of the three bacterial strains in a similar way as after three hours (F3,8=2680.4, 

p=0.001; Pair-wise tests, p>0.05; Figure 2c). Conidia formed on mycelia exposed to water 

vapours produced mainly mature appressoria (93±2%), with very few conidia showing no-

appressoria formation (3±1%) or non-mature ones (4±2%; Figure 2c and d). 

 

Figure 2: Effect of bacterial VOCs on conidia germination and appressoria formation. (a) Conidia 

germination percentages for the regularly germinated conidia (regular, black bar), non-germinated conidia 

(absent, white bar) and abnormally germinated conidia (abnormal, grey bar), exposed to water vapour or the 

VOCs of the three bacterial strains. A total of 100 conidia were considered in each of three independent 

experiments. Values are average ± standard error. (b) Optical microscopy of conidia germination categories 

for mycelia exposed to water vapour and B17 VOCs. (c) Percentages of appressoria formation/maturation as 

per the conidia in (a). A total of 100 conidia was analysed for appressoria formation/maturation in each of 

three independent experiments. Values are average ± standard error. (d) Optical microscopy of appressoria 

categories for mycelia exposed to water vapour and B17 bacterial VOCs. Bars in (b) and (d) = 25 µm. 

 

On the contrary, when exposed to bacterial VOCs, conidia did not form appressoria 

(100%), with less than 1% of non-mature appressoria in B10 treatment (Figure 2c and d). 
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3.2.3 Identification of the bacterial VOCs associated with reduction of pigmentation, 

conidia sporulation and germination in M. oryzae 

 

The three bacterial strains grown on TSA released a total of 76 VOCs (33, 35 and 40 in 

B10, B16 and B17, respectively; Supporting Table S3) as identified by Head Space Solid 

Phase Micro-Extraction Gas Chromatography Mass Spectrometry (HS-SPME-GC-MS), 

which were not detected in control samples. These included alcohol, aromatic, ester, 

hydrocarbon, ketone and organosulfur compounds and the three VOC mixtures were 

significantly different (F2,4=3.45, p=0.016; Figure 3a). The majority of VOCs (n=53) was 

specific for the different strains, with 16, 18 and 19 specific-compounds for B10, B16 and 

B17 respectively, while few were shared among strain-pairs (n=14 in total; Supporting 

Table S3) and nine were common to all the three bacterial strains (Figure 3b). 

Table 1 shows the relative peak areas in the HS-SPME-GC-MS chromatograms of the nine 

common VOCs. The highest average relative area was that of 1-butanol-3-methyl (34%, 

RA), followed by disulfide dimethyl (27%, RA), styrene (11.5%, RA), 1-propanol-2-

methyl (11%, RA) and phenol (10%, RA). 
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Figure 3: VOCs released by rice-associated bacterial strains and their effect on M. oryzae mycelium and 

conidia germination. (a) Constrained analysis of principal coordinates (CAP) generated from the VOCs list 

constrained to the bacterial-strains (B10, B16 and B17) grouping factor. Analysis of variance (ANOVA) on 

relative distance matrix is indicated. (b) Venn diagram showing exclusive and common VOCs among the 

three strains. (c) Average ± standard error of M. oryzae colony diameter and (d) dark-color area ratio of 

mycelia exposed to water vapor, single VOCs and their mixtures. ANOVA and multiple comparison (Tukey 

test) are indicated. (e) Average percentages ± standard error of three independent measurements of conidia 

germination and (f) appressoria formation/maturation. Categories of conidia and appressoria are as those in 

Figure 2. Optical microscopy images of conidia germination and appressoria formation/maturation categories 

for mycelia exposed to water vapor and bacterial volatile commercial equivalent (BVCE). Bars = 20 µm. nd 

= not determined. 

 

Table 1: Common VOCs identified by SMPE-GC-MS analysis in the headspace of the three bacterial strains 

B10, B16 and B17 grown on TSA medium for 7 days at 30°C. Retention time (RT), molecular weight (MW) 

and percentage of GC peak relative area are shown for each strain as average ± standard deviation of 

replicates (n). In bold volatile compounds selected for the further in vitro experiments 

RT 

(min) 
Compound 

MW 

(g/mol) 

Relative peak area (%) 

B10 (n=3) B16 (n=2) B17 (n=2) Average 

9.0 Methanethiol 48.11 4.7 ± 0.7 4.1 ± 1 1.3 ± 1.3 3.4 ± 1 

13.0 2-butanone 72.11 4.2 ± 0.5 2.3 ± 1.9 1.6 ± 1.6 2.7 ± 0.8 

13.5 1-propanol-2-methyl 74.12 19.8 ± 6.3 8.2 ± 5.6 5.1 ± 0.6 11 ± 4.5 

15.5 1-butanol-3-methyl 88.15 5.5 ± 1.8 23.1 ± 0.9 73.3 ± 3.1 34 ± 20.3 

15.6 1-butanol-2-methyl-S 88.15 0.1 ± 0 0.1 ± 0.1 0.8 ± 0.5 0.3 ± 0.3 

15.7 Disulfide dimethyl 94.19 35.6 ± 5.4 34 ± 6.4 10.9 ± 4.6 26.8 ± 8 

17.8 2-heptanone 114.18 0.3 ± 0.1 0.1 ± 0.1 0.5 ± 0 0.3 ± 0.1 

17.9 Styrene 104.15 0.2 ± 0 27.9 ± 0.8 6.2 ± 1.4 11.5 ± 8.4 

19.9 Phenol 100.15 29.7 ± 6.7 0.2 ± 0 0.2 ± 0 10 ± 9.8 

 

The pure bacterial volatile commercial equivalents (BVCE) of these five VOCs were 

further tested for their effect on M. oryzae mycelium growth and color-development in 

vitro (Figure 3c and d). Disulfide dimethyl (BVCE C3), phenol (C4) and styrene (C5), 
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significantly reduced the fungal growth of 81±2%, 78±10% and 28±2%, respectively 

(Tukey test vs control: p<0.001; Figure 3c). On the contrary, the black-pigmentation was 

significantly reduced only by 1-butanol-3-methyl (C2) and 1-propanol-2-methyl (C1) of 

60±9% and 29±7%, respectively, with the former determining a significantly higher color 

reduction (Tukey test C2 vs C4: p<0.0001; Figure 3d). 

Combinations of two or three of the five VOCs with the highest relative abundances were 

tested after excluding C3 and C4 due to their strong inhibition of the growth of M. oryzae. 

The BVCE mixture of C1 and C2 did not affect the growth, while all the BVCE mixtures 

that included C5 affected the mycelium diameter, with growth inhibition ranging from 

31±10 to 53±6% (Figure 3c). All the BVCE combinations, which always included, 

compounds C1 and C2, significantly inhibited M. oryzae dark pigmentation (Figure 3d). 

Notably, when combined together the effects of compounds C1 and C2 determined stronger 

reduction of the pigmentation up to 81±9% (Figure 3d). 

The BVCE C2 was used as single chemical to evaluate its effect on conidia sporulation and 

germination and appressoria formation in vitro. Conidia sporulation was significantly 

inhibited by the treatment with a reduction of 99% (t-test, p=0.0029). The BVCE also 

significantly affected M. oryzae conidia development, by completely abolishing their 

germination (98±1%) in comparison with the control treated with water vapour (7±2%; t-

test, p<0.0001 Figure 3e). No regular germination, but only few abnormal-germinated 

conidia were observed in presence of BVCE C2 (Figure 3d). After 12 hours, the conidia 

exposed to BVCE C2 were still not able to germinate, inducing the complete inhibition of 

appressoria formation (100%; Figure 3f), while mature appressoria dominate mycelia 

exposed to water vapours (94±2%; Figure 3f). 
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3.2.4 Bacterial VOCs inhibit M. oryzae BOA102 capacity to infect rice leaves 

 
VOCs released by strains B10, B16 and B17 have been used to evaluate their capacity to 

directly control rice leaves infection by M. oryzae BOA102 in vivo. Rice leaves exposed 

to bacterial VOCs did not show visible alteration of their color and healthiness (Supporting 

Figure S4). Rice leaves inoculated with a suspension of 500 conidia/drop developed the 

first symptoms of blast disease in five days in 98% of the cases (n=110), with elliptical-

shaped lesions characterized by reddish-yellow margins and greyish centers (Figure 4a; 

(Wilson & Talbot, 2009)). Both optical and SEM microscopic observations confirmed that 

the lesions’ surface was covered by conidiophores stemming from the affected lesion on 

the leaf surface with sympodial arrayed teardrop shaped spore benches (optical 

microscopy: 42.33±9.95 conidia, n=6 fields of 6.63 104 µm2; SEM: 95.25±43.94, n=4 

fields of 11.43 104 µm2; Figure 4b and c). 

Presence of lesions was significantly reduced after exposure of the infected rice leaves to 

the bacterial VOCs, with only 4.4% (n=45), 2% (n=50) and 7% (n=45) of infections 

developed in B10, B16 and B17 VOCs-exposed leaves, respectively (Figure 4a). In the 

inoculated but not infected leaf areas, instead of blast lesion, small blackish spots were 

observed (Figure 4a), mainly composed by long hyphae typical of fungal vegetative growth 

(Figure 4b and c). A significant lower number of conidia was counted, with only 3±1 (n=3 

fields of 6.63 104 µm2), 7.4±2.19. (n=5) and 7.5±0.7 (n=2) conidia in B10, B16, and B17 

VOCs-treated leaves, respectively (Tukey test bacterial VOCs vs control: p<0.05; Figure 

4b). 
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Figure 4: Effect of bacterial VOCs on rice leaves infected with M. oryzae. (a) Images of rice leaves (O. 

sativa var. Carnarolli) infected with M. oryzae conidia and exposed to bacterial VOCs (from strains B10, 

B16, B17 and E. coli). Non-infected leaves were used as technical controls; leaves infected and exposed to 

water vapors were used as M. oryzae-virulence control. Development of blast disease was evaluated by 

measuring the number of yellow/brownish infection-lesions on the surface respect to the total number of 

the conidia-inoculations. (b) Optical microscopy of M. oryzae-infected rice leaf surfaces exposed or not to 

the bacterial VOCs. Magnification of the leaf surface lesions. (c) Scanning Electronic Microscopy (SEM) 

images of M. oryzae-infected rice leaf lesions exposed to water and to B10 VOCs. 

 

No appressoria or new conidiophores were observed (Figure 4b). SEM observation of B10-

exposed infected leaves evidenced deep alterations in the conidia shape, with wrinkly and 

dry external conidia membrane (Figure 4c) and confirmed the significant drop of conidia 

from 8.33 10-4±3.8 10-4 conidia/µm 2 in controls (n=4 fields) to 3.49 10-5±1.23 10-5 

conidia/µm2 in B10-exposed leaves (n=2 fields) (T test: p<0.04). 

No reduction of blast disease infection has been observed using VOCs released by the non-

plant associated bacterium E. coli. The infection lesions were developed on the leaves 

surface as happened in the control leaf in more than 99% of the cases (Figure 4a). 
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3.2.5 Genome analysis and evidence of 1-butanol-3-methyl pathway in the three 

selected strains 

 

The bacterial strains B10, B16 and B17 belong to the Enterobacteriaceae family and were 

phylogenetically affiliated with Citrobacter freundii (B10 and B16) and Enterobacter 

tabaci (B17; Supporting Figure S5). They presented similar genome lengths (from 

4,545,883 to 5,017,717 bp) and GC content (51-56%). Strain B17 included one plasmid 

(12,023 bp and 57.17 GC%; Table 2). 

Table 2: Comparative genomes characteristics of the strains B10, B16 and B17 

Characteristics 
Bacterial trains  

B17 plasmid 
B10 B16 B17  

Closest relative C. freundii C. freundii E. tabacii  

Genome size (bp) 5,017,717 4,957,753 4,545,883  12,023 

GC content (%) 51.51 51.5 56.04  57.17 

ORFs 5904 6437 4147  - 

rRNA 25 25 25  0 

tRNA 80 82 87  0 

Number of plasmids 0 0 1  NA 

 

Notably, 1-butanol-3-methyl was found as natural biosynthetic product of microbial 

fermentations from amino acid substrates in several bacteria (Ravyts et al., 2009, Stahnke, 

1995), including Enterobacteriacae members (Morales et al., 2004). All the three strains 

harbored the biosynthesis pathway of 1-butanol-3-methyl consisting of three main 

encoding genes: a branched-chain-amino acid aminotransferase (BCTA; Figure 5a), a 

pyruvate decarboxylase (PDC; Figure 5b) and an alcohol dehydrogenase (ADH; Figure 

5c). Amino acids are converted in branched-chain aldehydes by the activity of BCTA and 

PDC, and the obtained aldehydes are reduced to alcohols by the ADH. Comparison of the 

genome regions containing these three genes in the three bacteria strains showed high 
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similarity in all the cases. Sequence homologies among the three bacterial strains ranged 

from 74-100% for BCTA to 77-100% for both PCD and ADH (Blastn, e-value < 10-10) 

(Figure 5). Despite the different genera, all genomic regions around these genes (+/- 5 kb) 

were conserved. 

Quantification of 1-butanol-3-methyl by HS-SPME-GC-MS revealed that the three strains 

B10, B16 and B17 released similar quantities of this compound (ANOVA, F2,6=2.402, 

p>0.5), with an average weekly production of 2.67±0.49 µg/mL headspace. Exposure of 

M. oryzae to pure 1-butanol-3-methyl BVCE compound (M=9.1; 280 µg/mL headspace) 

showed the same black-color reduction previously described using the bacterial VOCs 

mixtures (Figure 3d). Calculation of the LC50 indicated 4.5 M (equivalent to 139 µg/mL 

headspace) as the BVCE concentration necessary to induce a loss of 50% in the mycelial 

black pigmentation. 
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Figure 5: Alignments of the genomic regions of strains B10, B16 and B17 surrounding the three genes 

involved in the 1-butanol-3-methyl synthesis pathway. (a) 1-butanol-3-methyl pathway and enzymes 

involved in its synthesis. (b) Branched-chain-amino-acid transaminase (EC 2.6.1.42), (c) pyruvate 

decarboxylase (EC 4.1.1.1) and (d) alcohol dehydrogenase (EC 1.1.1.1) genes (green) in strains B10, B16 

and B17. The alignments were done with the Easyfig software (blastn, e-value 10-10), as described in (Sullivan 

et al., 2011). The arrows represent the coding sequences of the genomes. 

 

3.3. Discussion 

 

The economic losses caused by blast disease threaten world food security and urge 

effective and sustainable control strategies (Gnanamanickam, 2009). The general strategy 

to address such critical global concern has been based on the concept of phytopathogen 

elimination towards their eradication. The approaches have been mostly based on 

inhibiting pathogens’ growth and reproduction using chemical fungicides (Froyd et al., 

1976). The application of such approaches has faced multiple drawbacks including 

environmental impact of the chemicals and development of resistance of the target pests, 

which impair ecological sustainability. In the frame of the biocontrol strategy it is 
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necessary to develop and adopt safe and sustainable strategies that insures crop protection 

together with ecosystem and biodiversity protection. In this research work, we have shown 

that it is possible to switch M. oryzae development from a ‘virulent’ to a ‘vegetative’ cycle 

indicating a way that may address the drawbacks of the current strategies. 

Wide range of secondary metabolites are produced by fungal phytopathogens (i.e. M. 

oryzae; (Wilson & Talbot, 2009, Collemare et al., 2008) and their extraordinary functional 

diversity in modulating cell biology (i.e. virulence; (Joshua & Arturo, 2003), indicates that 

secondary metabolites produced by the fungus are important target to control fungal 

infection (i.e. melanin; (Henson et al., 1999). The present study shows that VOCs produced 

by rice associated-bacteria can affect the production of the secondary-metabolite melanin, 

conidia production, their germination and appressoria formation both in vitro and in vivo 

and abolish the leaf infection capacity in rice. Such mode of action is interesting because 

it should not act on the selection of resistant fungal strains. 

The induced color change correlated with the decline of DHN-melanin 

production/accumulation is a transient effect that disappear once the cells are inoculated 

without exposure to VOCs. DHN-melanin biosynthesis inhibition does not interfere with 

fungal survival and white M. oryzae fungal mycelia are able to grow at normal rates 

(Kunova et al., 2013). In dark-phytopathogenic fungi melanin is implicated in the 

persistence of hyphae and conidia, as well in the formation of mature appressoria (Howard 

& Ferrari, 1989), but not directly in the fungal survival (Bell & Wheeler, 1986). The 

implication of melanin in conidiogenesis is supported by the reduction in the number of 

conidiophores in black fungi (i.e. M. oryzae, Boipolaris sorokiniana, and Aspergillus sp.) 

treated with melanin biosynthesis inhibiting fungicides, such as tricyclazole and 
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pyroquilon (Kunova et al., 2013, Uehara et al., 1995, Bashyal et al. 2010, Chattopadhyaya 

et al., 2013, Wheeler & Klich, 1995). The fungal asexual spores conidia are critical in the 

life cycle of many fungi because they are the primary means responsible to develop new 

generations if conditions are favourable, ensuring dispersion and genome protection for the 

fungus (Cole, 2012). Their pigmentation (i.e. melanin) is an adaptive mechanism in several 

dark-fungal species involved in the protection against physical and chemical environmental 

stresses and in the maintenance of the spores functionality bell (Bell & Wheeler, 1986, 

Rangel et al., 2006, Butler & Day, 1998, Segers et al., 2018, Gessler et al., 2014, Cordero 

& Casadevall, 2017). White mycelia produce fewer conidia with a lower fitness in 

comparison with black ones (Pandey et al., 2008, Jaiswal et al., 2007, Uehara et al., 1995), 

a trait that may affect spores survival in the field (Uehara et al., 1995). 

In in vivo infection assays with healthy rice seedlings, conidia exposed to bacterial VOCs 

failed to cause disease symptoms, which was consistent with the incapacity of conidia to 

germinate and produce appressoria previously observed in vitro. Limited accumulation of 

melanin impairs conidia germination (Howard & Ferrari, 1989) and even if appressoria are 

formed in absence of melanin, they are not able to accumulate solutes (i.e. glycerol), 

consequently the turgor pressure will not be enough to penetrate the host cuticle and invade 

leaf tissues (Howard et al., 1991, Chen et al., 2004, Langfelder et al., 2003, Chumley & 

Valent, 1990). Conidia exposed to VOCs failed to infect intact plants. However, conidia 

continue to grow following the vegetative cycle producing hyphae incapable of inducing 

disease symptoms: the disarmed fungus occupies the leaf-surface ‘ecological niche’ 

reducing the possibility that other phytopathogens colonize the same niche and infect the 

plant. 
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The importance of melanin in fungal infection of dark-melanized-fungi (i.e. M. oryzae) is 

well documented (Kubo et al., 1998, Nosanchuk & Casadevall, 2003), as demonstrated by 

the use of Conventional Melanin Biosynthesis Inhibitors (cMBIs) and albino-mutations 

(Woloshuk et al., 1983, Chumley & Valent, 1990), while how it affects pathogens-

conidiogenesis (i.e. conidia growth, germination and fitness) is still not well understood in 

M. oryzae. The association between conidiogenesis and mycelium melanisation was 

proved in Bipolaris sorokiniana, in which differentiation of secondary hyphae and 

conidiophores was directly correlate to the presence of melanin (Bashyal et al., 2010). 

Several hypotheses can be proposed to explain such modifications in M. oryzae. For 

instance, both cMBIs and bacterial VOCs block melanin-synthetic pathway favouring the 

accumulation of intermediate metabolites toxic to Magnaporthe, such as scytaion, flaviolin 

and 3-hydroxyjiiglon that may inhibit conidia sporulation and germination (Yamaguchi et 

al., 1983, Uehara et al., 1995). Another possibility is that cMBIs and bacterial VOCs target 

other enzymes, transcription factors or substances essential in the regulation of 

conidiogenesis (Chumley & Valent 1990). As suggested by two novel essential 

transcriptional regulators, mosom1 and mocdtf1, M. oryzae has a complex and diverse 

processes involved in infection-related morphogenesis and pathogenicity regulation (Yan 

et al., 2011). Moreover, the fungal proteasome family proteins, significantly induced 

during appressoria development (Kim et al., 2004), are involved in the pathogenicity of M. 

oryzae and other melanized-pathogens (Nguyen et al., 2011, Veneault-Fourrey et al., 2006) 

Inhibition of such proteins results in delay or suppression of fungal germination and 

appressorium formation both in vitro and in vivo conditions (Wang et al., 2011). Similarly, 

isocitrate lyase, a key enzyme of the glyoxylate cycle, is highly induced when 
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Magnaporthe infects its host (Kim et al., 2006) and its inhibition drastically reduce 

appressoria development, whereas conidia germination remained unaffected, suggesting 

that isocitrate lyase plays a crucial role in appressorium formation and in phytopathogenic 

fungal infection (Kim et al., 2006). 

The susceptibility of phytopathogen to VOCs released by microbes may vary according to 

their chemical nature (Toffano et al., 2017, Enespa & Chandra, 2017, Raza et al., 2016, 

Tahir et al., 2017). The different chemical profiles of the analyzed bacterial VOCs revealed 

nine common VOCs emitted by the three bacterial strains B10, B16 and B17. Such nine 

VOCs have been reported to be involved in biocontrol activities, except for styrene (Zou 

et al., 2010). For instance, methanethiol has been implicated in the biocontrol of Fusarium 

oxysporum (Ting et al., 2010), dimethyl disulfide protected maize plants against Botrytis 

cinerea and Cochliobolus heterostrophus (Huang et al., 2012) and was involved in the 

mycelial growth inhibition of Rhizoctonia solani (Groenhagen et al., 2013); 1-butanol-3- 

methyl has been documented to inhibit sclerotia formation and mycelial infection and alter 

the sporaceous reproductive-structures (Liu et al., 2008). In our work, we did not detect a 

significant reduction of growth, but only a reduction in melanin production and conidia 

germination of M oryzae. The use of bacterial volatiles commercial equivalents, revealed 

that 1-butanol-3-methyl was the main component of the VOCs mixture inducing changes 

in pigmentation. Possible implications of this compound in melanin-pathway inhibition 

were showed by (Fialho et al., 2011) using an artificial mixture of 1-butanol-3-methyl with 

other alcohols (1-butanol-2-methyl, ethanol and phenylethyl alcohol) and esters. The 

selected volatile mixture inhibited the laccase and tyrosinase enzymes belonging to the 

DHN-melanin pathway in Guignardia citricarpa (the causal pathogen of citrus blackspot 
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disease). However, such modification in melanin production were combined with a 

considerable mycelial growth reduction (Fialho et al., 2011), probably due to the use of 

mixture of several compounds. Combination of 1-butanol-3-methyl with other volatile 

compounds (i.e. 2-methyl-1-butanol) also revealed a biocontrol potential on other 

phytopathogens, such as the bean seeds pathogen Sclerotinia sclerotiorum (Liu et al., 

2008), the guava post-harvest pathogens Colletotrichum gloeosporioides and 

Colletotrichum acutatum (Fialho et al., 2016), along with a simultaneous inhibition of 

mycelial growth, conidia germination and appressoria formation in Phyllosticta citricarpa 

(causal agent of citrus spot disease, (Toffano et al., 2017)). Variable responses of M. 

oryzae, as well as other melanized-fungi, to the different combinations of VOCs reflect the 

complexity of melanin biosynthesis and fungal growth regulation pathway. 

 

3.4. Conclusion 

 

VOCs released by rice-associated bacteria and 1-butanol-3-methyl in particular, represent 

a potential resource for the biocontrol of rice blast infections, with an anticipated limited 

impact on the ecosystem and biodiversity sustainability. We presented a new mode of 

inhibition of rice infection by M. oryzae mediated by bacterial VOCs (Figure 6). 

The presence of dome-shaped melanized appressoria which accumulates high turgor 

pressure is a key-step used by M. oryzae to initiate the rice leaf infection (Howard et al., 

1991). Mycelial melanin production/accumulation in M. oryzae is significantly reduced 

after exposure to bacterial VOCs. As a consequence, conidiation is reduced and no 

germination tubes can elongate from the conidia and no appressoria can be formed or 
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matured. In this condition the conidia, even if adhered to the leaf surface, cannot finalize 

the penetration of the leaf cuticle and the infection of the rice leaves. The absence of 

appressoria does not allow the fungus to complete the infective cycle forcing the fungal 

cells to survive in the mycelial form on the leaf surface and eventually relying on the leaf 

exudates for growth. 

 

Figure 6: Bacterial VOCs mode of action. The Blast cycle starts with the conidium adherence to the host 

leaf surface (1) followed by the germ tube emergence (2a), appressorium formation and maturation (3), leaf 

surface penetration (4), invasive growth inside the leaf tissues (5) and development of Blast disease lesions 

with new sympodial conidia arranged on areal conidiophore emerge from the internal tissues during 

conidiation (6), implying the possible start of a new life cycle of M. oryzae. Nevertheless, in presence of 

B10, B16 and B17 bacterial VOCs the germination of conidia was inhibited and the Blast infection cycle was 

interrupted (2b). M. oryzae employed a vegetative growth by hyphae proliferation to survive and reproduce 

on the surface (2b). 

 

Such mode of infection inhibition represents a novel strategy of M. oryzae virulence control 

based on the interference of melanin metabolism mediated by rice-associated bacterial 

VOCs that interfere with conidia’ germination and appressoria formation. Functional 

reduction of conidia germination and the absence of the infective appressoria of M. oryzae 
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after bacterial VOCs exposure, both in vitro and in vivo, abolish fungal virulence. 

Suppressing virulence has potential advantages over growth inhibition because it does not 

favor resistance selection and promotes competitive exclusion of other pathogens for the 

same niche. 

 

3.5. Material and methods 

 

3.5.1. Isolation and growth conditions of bacteria 

 

Rice-associated bacterial strains B10 (C. freundii), B16 (C. freundii), B17 (E. tabaci) 

isolated from rice-field (Supporting Method S1) and additional PGP strains isolated from 

other plants roots (E1, B. subtilis and E3, P. illinoinensis from Capsicuum annuum L., 

(Vigani et al., 2018); and E102, P. frederickbergensis and E141, P. brassicacearum from 

Phoenix dactylifera L., (Cherif et al., 2015) have been selected. An additional non-plant-

associated bacterium, i.e. Escherichia coli strain 7, has been also used. All bacterial strains 

were grown on Tryptic Soy Broth (TSB) overnight at 30°C in order to obtain enough 

biomass to prepare 108 cell/mL suspensions to be used in the further experiments. 

 

3.5.2. Origin, growth conditions and phylogenetic identification of black fungi  

 

The phytopathogen-black fungus Magnaporthe oryzae strain BAO102 was isolated from 

Italian Thaibonnet rice fields in Casalbeltrame, Navora province in 1998 (Kunova et al., 

2013). The fungal strain was cultivated and propagated on Potato Dextrose Agar (PDA, 4 

g L-1 Potato extract, 20 g/L dextrose and 15 g/L Agar). Petri dishes were incubated at 30˚C 
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in the dark for 14 days and the new mycelium was stored in 25% glycerol at -80°C for 

further experiments. Other environmental black-fungi were isolated from rotten fruit and 

vegetable on PDA plates, as described in the Supporting Method S2. 

Fungal mycelia (~100 mg) of the M. oryzae strain and the dark-environmental fungi were 

flash frozen with liquid nitrogen and crushed with a sterile pestle. The fungal DNA was 

extracted using the Kit E.Z.N.A ® Fungal DNA Mini Kit (OMEGA Bio Tech) and the 

highly variable ITS1 and ITS2 sequences surrounding the 5.8S-coding sequence of the 

ribosomal operon was amplified using the primers ITS1F 

(TCCGTAGGTGAACCTGCGG) and ITS4R (TCCTCCGCTTATTGATATGC) as 

described by White et al. (1990). Dark-fungi selected for the further analyses were reported 

in Supporting Table S1. 

 

3.5.3. Evaluation of bacterial VOCs effect on M. oryzae development  

 

Effect of bacterial VOCs on M. oryzae BOA102 strain and on dark-environmental fungi 

was evaluated using I-Plate system in vitro assay following the protocol proposed by (Ryu 

et al., 2003). Briefly, the first compartment of the I-Plate was filled with the fungal medium 

(PDA) and the second compartment with the bacterial medium (TSA). Twenty µl of each 

bacterial suspension (108 cells/mL) of the selected strains B10, B16, B17, E1, E3, E102, 

E141 and E. coli were inoculated on TSA compartment of the I-Plate and incubated at 30˚C 

for 48h. Physiological solution was used as negative control. Eight millimeters diameter 

plugs of fungal mycelium (grown as described before) was placed on the PDA 

compartment of the second I-Plate compartment exposed only to the bacterial volatiles. 

The plates are sealed thrice with Parafilm ‘M’ and incubated at 30˚C for 7 days. After the 
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incubation, the bottom of the plates was scanned (Epson Perfection V600 Photo scanner, 

USA). The obtained images were analyzed by ImageJ software to measure the fungal 

colony radius (defined as the distance from the center to the border of the grown hyphae) 

and the mycelia dark area ratio (defined as the ratio of the fungal black area by the fungal 

total area). The phenotypic responses of M. oryzae to the commercial fungicide 

Tricyclazole (Sigma Aldrich, Germany) was also considered as positive control (see 

Supporting Method S3). Recovery test was performed transferring the plugs of fungal 

mycelium exposed to bacterial headspaces into new plates containing PDA. After 7 days 

at 30°C diameter and color of new mycelia were measured. The experiment was repeated 

3 times with three replicates per treatment. 

 

3.5.4. Extraction and purification of melanin produced by M. oryzae mycelium  

 

Intracellular melanin of M. oryzae mycelia was extracted and quantified according to the 

method described by Bashyal et al. (2010) with some modifications. The fungal mycelia 

exposed for 7 days to different treatments were used. Two 8 mm diameter plugs discs of 

M. oryzae were collected from each treatment and grinded in 200 µl NaOH (1M) using a 

motor driven pestle (Sigma Aldrich, Germany). The final volume was adjusted to 3ml with 

NaOH (1M) and the melanin was extracted by autoclaving the solution for 20 min at 120°C. 

The alkaline melanin extract was acidified to pH=2 using concentrated HCl. The melanin 

precipitated was washed thrice with milli-Q water and dried at 20°C in dehumidified 

atmosphere. The clot was dissolved in HCl (7M) and incubated at 100°C for 2h in a sealed 

glass vial to remove carbohydrates and proteins. The suspension was cooled and 

centrifuged, then the pellet was dissolved in NaOH (1M) and the absorbance (λ=405 nm) 
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was measured in triplicates with Infinite® 200 PRO microplate reader (TECAN). Melanin 

content (µg/g) was determined using a standard curve of DHN-melanin (Sigma Aldrich, 

Germany) dissolved in NaOH (1M). 

 

3.5.5. Evaluation of bacterial VOCs effect on M. oryzae specialized infection 

structures  

 

I-Plates containing wet filter paper in one side and TSA medium on the other were used. 

Twenty µL of 108 cells ml-1 bacterial culture was inoculated on TSA and a plastic coverslip 

was placed on the side containing the wet filter paper. A small whole was made on the top 

of the coverslip compartment and sealed with tape. The petri dishes were then closed twice 

with Parafilm ‘M’ and incubated at 30°C. After 7 days, 50 µl of conidia suspension (6 

conidia/µl) were dropped off on the coverslip, inserting the micropipette tip through the 

whole, without opening the petri dish. The whole was immediately resealed with the tape 

to avoid VOCs leak. The plate was incubated at 26°C in the dark to assess the conidia 

germination. After 3 hours of incubation, the conidia classes (normal germinated, non-

germinated and abnormal germinated) were counted at the optical microscope (Zeiss 

Axioscope 2 upright Light microscope, Germany) and photographed under bright field 

light using the fluorescent microscope Leica DM4000 B LED with the camera Leica 

DFC450C, Germany). The percentages of conidia with non-appressoria formation, mature 

appressoria and non-mature appressoria were similarly assessed at the microscope after 

12h of incubation. All the experiments were performed three times, considering a total of 

100 per replicate. 
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3.5.6. Bacterial VOCs identification using HS-SPME-GC-MS 

 

Head Space Solid Phase Micro- Extraction Gas Chromatography Mass Spectrum (HS-

SPME-GC-MS) technique was used for the detection and identification of VOCs produced 

by the three selected bacteria. Two grams of TSA media were poured in 40 ml glass vial 

stopped with a Polytetrafluoroethylene (PTFA) septum. 20 µl of bacterial 108 cells ml-1 

were inoculated on the surface of the media inside the vials. Then incubated for 7 days at 

30°C. An SPME manual holder (Supelco, Bellafonte, PA, USA), equipped with a two 

cm×50/30 μm Stable Flex Divinylbenzene/Carboxen/Polydimethylsiloxane 

(DVB/CAR/PDMS, Supelco) was inserted through the PTFA cap. The fiber coating was 

exposed to the bacterial culture headspace for 30 min then the absorbed VOCs were 

desorbed by directly introducing the fiber for one minute into the injection port of the Gas 

Chromatography instrument (GC 7890B, Agilent Technologies, USA) maintained at 260° 

(Tait et al., 2014) The GC was equipped with a DB-624 capillary column (60 m×250 µm 

×1.4 μm film thicknesses, Agilent Technologies, USA) and a flame ionization detector 

(5977A Mass Spectroscopy Detector, MS, Agilent Technologies, USA). Each sample was 

maintained at 260˚C for 0.25 min and then flushed with Helium at a flow rate of 50 ml/min 

for 20 min. Oven conditions started at 40°C for 4 min, then ramped to 190°C at 15°C/min 

up to a final temperature of 245°C at 10°C/min and held 6.5 min at that temperature (Farag 

et al., 2006). Samples were run in triplicate. VOCs peaks identification is carried out by 

comparison of mass spectra with the data from the mass spectral library NIST 11 

(http://www.sisweb.com/software/ms/nist.htm). The bacterial VOC 1-butanol, 3-methyl 

was quantified using a calibration curve obtained diluting the commercial equivalent 

compound in Dimethyl Sulfoxide (DMSO). Integrated areas were normalized on 

http://www.sisweb.com/software/ms/nist.htm
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Cyclohexanone, used as an internal standard. All chemicals were with high purity (≥99%) 

from Sigma Aldrich (Germany). 

 

3.5.7. Evaluation of bacterial VOCs-commercial-equivalents effect on M. oryzae 

growth and development 

 

To evaluate the effect of bacterial VOCs-commercial-equivalents compounds on M. oryzae 

growth and development, I-Plate in vitro assay was conducted as described previously 

using the VOCs-commercial-equivalents compounds instead of bacterial VOCs. A sterile 

square filter paper (5mm x 5mm) was used to absorb 10 µl of the pure commercial 

compound (molecular weight in Table 1). The plate was sealed thrice with Parafilm ‘M’ 

and incubated at 30˚C for 7 days. The plates were then analyzed and subjected to the 

recovery test as described above. The experiment was repeated 3 times using triplicate for 

each treatment. Mycelial melanin, spores germination and appressoria formation of the 

exposed M. oryzae to the commercial compounds headspace were assessed as previously 

detailed. Combination of compounds (pair or trio) were also tested. 

 

3.5.8. Effect of bacterial VOCs on fungal infection capacity in vivo 

 

The seeds of O. sativa var. Carnarolli are surface-sterilized with 1% hypochlorite solution 

and germinated in the growth chamber (26˚C, 16h photoperiod, 60% humidity). After 7 

days, the germinated seeds are transferred to soil and grown in the greenhouse (28˚C, 60% 

humidity). Four days-old rice plantlets were used. Twenty µl of 108 cells ml-1 bacterial 

culture (B10, B16, B17 and E. coli) were inoculated on the TSA medium in one side of I-
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Plate dishes and incubated at 30˚C for 48 hours. Physiological solution was used as 

negative control. M. oryzae conidia were obtained by flooding 10 days old fungal culture 

grown on rice extract media (26˚C) with two ml sterile water. The collected conidia were 

counted under the optical microscope (Zeiss Axioscope 2 upright Light microscope) and 

adjusted to a final concentration of 100 conidia/µl. The 0.002% of Tween 20 solution was 

added to the conidia suspension. Thus, the leaves of rice plants were inserted in the empty 

side of I-Plate dishes without separating them from the plant and gently fixed on the dishes’ 

surface with adhesive tape. Five drops (5 µl) of the conidia suspension were deposed on 

the surface of the fixed leaves. The petri dishes were gently sealed with Parafilm ‘M’ pay 

attention to not injury the leaves and the entire plant was incubated into the growth chamber 

(26˚C, 60% RH) for 7 days. Three independent experiments were performed. 

 

3.5.9. Microscopic examination of Blast infected rice leaves exposed or not to 

bacterial VOCs  

 

The rice leaves infected with the conidia of M. oryzae BOA102 and subjected to the 

different treatments were examined at both optical microscope (Zeiss Axioscope 2) and 

Scan Electron Microscope (SEM). Part of the infected leaves was subjected to Trypan blue 

staining as described in (Park et al., 2009) and was analyzed at the optical microscope and 

images acquired for further analysis. The other part was fixed in 2.5% glutaraldehyde in 

0.1 M Cacodylate buffer (pH 7.4). Fixed leaves were post-fixed in 1% Osmium tetroxide 

to preserve their ultrastructure, serially dehydrated in an ethanol gradient prior to critical 

point drying and sputter-coated with a 5 nm Gold/Palladium layer. The samples were 
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imaged using a Quanta 600 FEI scanning electron microscope, in the Imaging and 

Characterization Core Lab at KAUST.  

 

3.5.10. Sequencing and analysis of rice-associated bacterial strains genome. 

 

Genomic bacterial DNA was extracted with QIAGEN Genomic-tip 100/G kit. Fresh 

bacterial cultures of B10, B16 and B17 were centrifuged 10 min at 4500 g and cellular 

pellet was recovered. DNA concentration was measured by Qubit high sensitivity (Thermo 

Fischer) protocol and quality control was performed using Bioanalyzer (Agilent 2010). The 

DNA obtained from the three bacterial strains was sequenced using the PacBio Platform in 

the KAUST Bioscience Core Lab (BCL) and the obtained sequences were used to assemble 

the genomes through the Single Molecule Real Time SMRT sequencing analysis software 

(PACBIO) and the Hierarchical Genome-Assembly Process (HGAP.3) workflow (Chin et 

al., 2013). The genomes are annotated using an automated annotation pipeline for microbial 

genomes, (Integrated Data Warehouse of Microbial Genomes (INDIGO) (Alam et al., 

2013). Bacterial VOCs pathways (i.e. 1-butanol-3-methyl) were investigated by comparing 

the bacterial genomes to the available genes of interest in the literature using Kyoto 

Encyclopedia of Genes and Genomes (KEGG) and BLAST data bases at 60% of identity. 

 

3.5.11. Quantification of 1-butanol, 3-methyl released by the bacteria of interest and 

determination of LC50.  

 

The bacterial VOC 1-butanol, 3-methyl was quantified following the same VOCs 

identification protocol using HS-SPME-GC-MS, basing on a calibration curve obtained by 



 

145 
 

the dilution of the pure compound in Dimethyl Sulfoxide (DMSO). Integrated areas were 

normalized on Cyclohexanone, used as an internal standard. All chemicals were with high 

purity (≥99%) from Sigma Aldrich (Germany).VOCs peaks identification is carried out by 

comparison of mass spectra with the data from the mass spectral library NIST 11 

(http://www.sisweb.com/software/ms/nist.htm). The Lethal Concentration 50 (LC50) value 

representing the 1-butanol-3-methyl (Sigma Aldrich, Germany) concentration that reduces 

50% of the fungal dark area ratio in M. oryzae has been evaluated. Serial dilutions of the 

1-butanol-3-methyl, from 1M to 9M, were prepared in absolute ethanol. 10 µl of each 

concentration were placed on the filter paper in the first compartment of I-Plate while 

circular plugs of M. oryzae BOA102 were placed on the opposite side, following the same 

procedures described above. After 7 days of incubation the plates were scanned and 

analyzed with ImageJ software. The experiment was repeated 3 times and all the treatments 

were prepared in triplicates. 

 

3.5.12. Statistical analysis 

 

Different among treatments were evaluated using the analysis of variance (ANOVA) or T-

test in Graph Pad software. Turkey test was used for multiple comparisons. Results were 

considered to be significant when p<0.05. 

  

http://www.sisweb.com/software/ms/nist.htm
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Supporting information 

 

Supporting information methods 

 

Supporting Method S1. Bacteria associated with rhizospheric soil have been isolated from 

rice plants (Oryza sativa) growing in a field not affected by Blast disease infection in North 

Italy. Briefly, rhizospheric soil was separated from the root tissues as described in Cherif 

et al. (2015). Starting from 1 gram of rhizospheric soil, serial dilution have been prepared 

and plated on Tryptic Soy (TS, Sigma Aldrich, USA) agar. Plates were incubated at 30˚C 

and after 48 hours the obtained colonies were restricted on fresh medium. After 

dereplication process (Marasco et al 2012) and preliminary screening of Plant Growth 

Promoting (PGP) traits in vitro, three bacterial strains (B10, B16 and B17) have been 

selected and their cultures were stored in 25% glycerol at -80°C. DNA was extracted from 

fresh bacterial cultures following the boiling lysis protocol as described in Marasco et al., 

2012 then used as a template for PCR amplification of the 16S rRNA gene with the 

universal primers 27F (AGAGTTTGATCMTGGCTCAG) and 1492R 

(TACGGYTACCTTGTTACGACTT). Sequencing of the bacterial DNA of the three 

strains was performed using the 3730 xl DNA Analyzer Applied Bhjiosystem (Bioscience 

Core Lab). The sequences were aligned in the GenBank database, using the online software 

Basic Local Alignment Search Tool (BLAST) and submitted to the National Center for 

Biotechnology Information (NCBI) database. 

A phylogenetic tree based on an analysis of the entire 16S rRNA sequence was inferred by 

the neighbour-joining method, with 2,000 replicates for a bootstrap test in the molecular 

evolutionary genetics analysis software, MEGA 4 (Kumar et al., 2008). 

 

Supporting Method S2. Environmental dark-fungi (DHN- and DOPA-melanin-

producers) were isolated from soil, fruit and vegetable samples Briefly, one gram of 

smashed environmental samples (soil, garlic and lettuce) is suspended in nine ml of sterile 

physiological solution (9 g L-1 NaCl) and shaken for 15 min at 200 rpm at room 

temperature. The suspensions are diluted in a 10-fold series and plated onto potato dextrose 

agar (PDA) medium. After three days of incubation at 30°C, colonies with different black 

phenotypes are isolated and purified on fresh PDA medium. The pure fungal strains are 

stored in potato dextrose broth (PDB) supplemented with Glycerol (25%) at -80˚C for 

subsequent use. Effect of bacterial VOC on mycelium development and dark-pigmentation 

were evaluated with the same I-plate assay used for M. oryzae. 

 

Supporting Method S3. The effects of the commercial fungicide Tricyclazole on M. 

oryzae, mycelium growth and development was evaluated in vitro using I-Plate assay with 

few modification. M. oryzae BOA102 was grown on one side of I-Plate containing PDA 

medium supplemented with Tricylazole (20 µg ml-1; Sigma Aldrich, Germany). On the 
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other side of I-Plate the fungus was grown on normal PDA and used as control. After 7 

days of incubation at 30°C, fungal mycelia were analyzed as previously described. 

 

Supporting information tables 

 

Table 3: Supporting Table S1. DOPA-melanin and DHN-melanin phytopathogenic fungi isolated from 

environmental samples 

Identification Color Source 
Pathogenic 

activity 

Melanin 

type* 
References 

A. heteromorphus Black LBVBGR# Yes (Plant) DOPA  (Oliveri et al., 2016)  

A. westerdijkiae Brown LBVBGR# Yes (Food) DHN  (Morello et al., 2007) 

A. ibericus Black Soil Yes (Plant) DOPA  (Serra et al., 2006) 

A. tamarii  Green Garlic Yes (Food) DOPA  (Satish et al., 2007) 

A. japonicas Black Soil Yes (Plant) DOPA  (Valentino et al., 2015)  

Cladosporium sp. Black Soil Yes (Plant) DHN  (Rashid et al., 2013)  

A. arborescens  Black Lettuce Yes (Plant) DHN  (Barkai-Golan et al., 2008) 

M. oryzae BOA 95 Black Rice Yes (Plant) DHN (Vidal-Cros et al. 1994) 

M. oryzae TOA 37 Black Rice Yes (Plant) DHN (Vidal-Cros et al. 1994) 

M. oryzae BOA 56 Black Rice Yes (Plant) DHN (Vidal-Cros et al. 1994) 
#: Fungal strains are a gift from the Laboratory of Biotechnology and Valorization of Bio-Geo Resourses 

laboratory 

*: DOPA-melanin, 3,4 dihydroxyphenylalanine melanin 

    DHN-melanin, 1,8-dihydroxynaphthalene melanin 

Table 4: Supporting Table S2. Mycelial growth and dark area ratio of DHN-melanin and DOPA-melanin 

phytopagen fungi exposed and not exposed to rice associated bacterial VOCs. Letter indicate significant 

(ANOVA, Tukey’s multiple comparison test) difference among treatment (water, B10, B16 and B17) for 

each fungal strains tested 

Fungus Treatment Total area (cm2) 
Color 

modification* 

Aspergillus. heteromorphus NC 10.12 ± 3.5 0.72 ± 0.06  
 B10 6.63 ± 1.07 0.51 ± 0.14  
 B16 7.91 ± 1.86 0.4 ± 0.09  

  B17 11.02 ± 0.9 0.68 ± 0.04  

Aspergillus westerdijkiae  NC 5.4 ± 0.76 0.22 ± 0.04  

 

B10 2.65 ± 1.28 0.19 ± 0.02  

B16 2.83 ± 0.29 0.15 ± 0.03  

B17 4.08 ± 0.73 0.21 ± 0.02  

Aspergillus ibericus NC 21.82 ± 3.67 0.91 ± 0.03  
 B10 24.98 ± 1.84 0.88 ± 0.03  
 B16 23.04 ± 1.73 0.88 ± 0.04  

  B17 25.38 ± 2.85 0.91 ± 0.05  

Aspergillus tamarii NC 22.56 ± 0.5 0.98 ± 0.01  
 B10 20.04 ± 0.04 0.95 ± 0.04  
 B16 25.08 ± 3.65 0.93 ± 0.03  

  B17 25.08 ± 3.65 0.94 ± 0.05  

Alternaria arborescens NC 23 ±  0.97 0.91 ± 0.03 
 B10 24.71 ±  1.93 0.37 ± 0.27 
 B16 21.53 ± 0.67 0.43 ± 0.27 

  B17 22.74 ± 0.4 0.68 ± 0.21 
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Cladosporium sp. NC 4.26 ± 0.35 1 ± 0.06 
 B10 1.81 ± 0.21 1 ± 0 
 B16 2 ± 1.05 0.97 ± 0.03 

  B17 2.28 ± 1 0.97 ± 0.03 

Aspergillus japonicas NC 22.44 ± 3.35 0.87 ± 0.07 
 B10 4.99 ± 5.79  0.02 ± 0.02 
 B16 20.05 ± 1.32 0.77 ± 0.06 

  B17 19.69 ± 1.45 0.61 ± 0.08 

Magnaporthe oryzae BOA 95 NC 21.69 ± 0.54 0.29 ± 0.11 

 B10 20.61 ± 0.31 0.13 ± 0.09 

 B16 18.14 ± 0.48 0.12 ± 0.05 

  B17 19.89 ± 0.87 0.38 ± 0.02 

Magnaporthe oryzae TOA 37 NC 17.08 ± 0.22 0.51 ± 0.03 

 B10 12.81 ± 2.003 0.03 

 B16 12.257 ± 0.37 0.03 

  B17 15.15 ± 1.63 0.02 

Magnaporthe oryzae BOA 56 NC 19.35 ± 1.37 0.29 ± 0.13 

 B10 16.31 ± 1.62 0.02 

 B16 16.88 ± 1.3 0.03 

  B17 19.52 ± 2.28 0.07 ±  0.05 

*: Color modification consists on the ratio of the fungal dark area divided by the total area 
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Table 5: Supporting Table S3. Volatiles organic compounds detected and identified by HS-SPME-GC-MS 

analysis in the headspace of B10, B16 and B17 grown TSA medium for 7 days at 30°C. Compounds detected 

in water control have been removed by the table because they were probably present due to the protein source 

of the growth medium used 

VOCs specific to B10 

1-propanol 

Mercaptoacetone 

Ethanone, 1-(2-furanyl)- 

Butyrolactone 

Phenylacetic acid, 2-(1-adamantyl)ethyl ester 

Benzeneacetaldehyde 

p-Cresol 

Dimethyl,fluoromethyl,phenylsilane 

Carbon disulfide 

Ethanone, 1-(2-furanyl)- 

Butyrolactone 

Methyl isovalerate 

Methyl isopropyl disulphide 

3-octanone 

Propanoic acid, 2-methyl-, pentyl ester 

1-Monolinoleoylglycerol trimethylsilyl ether 

  

VOCs specific to B16 

Dimethyl sulfide 

Propanoic acid, ethyl ester 

Butanoic acid, ethyl ester 

9,12,15-Octadecatrienoic acid, 2-[(trimethylsilyl)oxy]-1-

[[(trimethylsilyl)oxy]methyl]ethyl ester, (Z,Z,Z)- 

Pyrimidine, 4-methyl- 

Butanethioic acid, S-methyl ester 

S-Methyl 3-methylbutanethioate 

Octadecanal, 2-bromo- 

1-Octen-3-ol 

3-Heptanone, 5-methyl- 

Propanoic acid, 2-methyl-, 3-methylbutyl ester 

9-Octadecenoic acid, (2-phenyl-1,3-dioxolan-4-yl)methyl ester, cis- 

Butanoic acid, 2-methyl-, 2-methylbutyl ester 

Methyl N-(N-benzyloxycarbonyl-beta-l-aspartyl)-beta-d-

glucosaminide 

Benzeneacetaldehyde 

1-Methoxy-2-methyl-4-(methylthio)benzene 

Benzene 

Disulfide, methyl (methylthio)methyl 

Butanoic acid, 3-methyl  
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VOCs specific to B17 

(2-Aziridinylethyl)amine 

1,3-Pentadiene 

2,3-Butanedione 

2-Butanone, 3-methyl- 

Butane, 1-methoxy-3-methyl- 

1,5-Dioxonane, 2-ethoxy-9-methyl- 

Lethane 

2,3-Butanediol, [R-(R*,R*)]- 

2,3-Butanediol 

2-Heptanol, 3-methyl- 

4-Methyl-2-hexanol 

Hexanoic acid, 2-methyl- 

4-Methyl-2-oxovaleric acid 

Pentanoic acid, 2-hydroxy-4-methyl-, (S)- 

Stearic acid, 3-(octadecyloxy)propyl ester 

Benzenemethanol, α-(1-ethenylpentyl)-α-methyl- 

d-Mannitol, 1-decylsulfonyl- 

Butanoic acid, 3-methyl-, 3-methylbutyl ester  
VOCs common between all strains (n=9) 

methanthiol 

2-Butanone 

1-Propanol, 2-methyl- 

1-Butanol, 3-methyl- 

1-Butanol, 2-methyl-, (S)- 

Disulfide, dimethyl 

2-Heptanone 

Phenol 

Styrene  
VOCs common between B10 and B16 (n=6) 

Carbon dioxide 

ethanol 

Butanoic acid, 2-methyl-, methyl ester 

Pyrazine, methyl- 

1-Butanol, 3-methyl-, acetate 

Thiopivalic acid  
VOCs common between B16 and B17 (n=6) 

1-Butanol, 3-methyl-, propanoate 

Methoxy(n-pentyloxy)methylsilane 

Pyrazine, 3-ethyl-2,5-dimethyl- 

2-Undecanone 

Indole 

Propylene Carbonate  
VOCs common between B10 and B17 (n=2) 

2-Pentanone 

Pyrazine, methyl- 
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Supporting information figures 

 
Figure 7: Supporting Figure S1. Effect of VOCs released by bacteria isolated from date palm (E102 and E141) and 

pepper (E1 and E3) on M. oryzae growth and pigmentation. 

 

Figure 8: Supporting Figure S2. (A) Recovery test in new PDA plates to evaluate the growth and color of M. oryzae 

mycelium after the exposition to water, bacterial VOCs released by B10, B16 and B17 and tricyclazole 

respectively. (B) Fungal diameter after recovery test (C) Black area ratio after recovery test. 
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Figure 9: Supporting Figure S3. Effect of rice-associated bacteria B10, B16 and B17 on dark-phytopathogen fungi 

producing DHN or DOPA-melanin 
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Figure 10: Supporting Figure S4. Effect of water vapors (NC) and B10, B16 and B17 bacterial VOCs on Carnarolli 

rice leaves healthiness. 

 

 

 

Figure 11: Supporting Figure S5. Phylogenetic trees of B10, B16 (Citrobacter freundii) and B17 (Enterobacter 

tabaci) using the complete 16SrRNA genesequence. Neighbour-joining phylogenetic tree-based 16S rRNA 

gene sequences from B10, B16 and B17, and their closest phylogenetic neighbours. Bootstrap values are 

indicated at nodes. Scale bar represents observed number of changes per nucleotide position. 
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Chapter 4: Widespread plant growth promotion traits and biologically-

active volatile organic compounds (VOCs) synthesis pathways in plant-

associated bacteria 

 

Abstract 

 

Plant symbiotic bacteria harbor plant growth promoting (PGP) traits that offer to the host 

beneficial services promoting the growth and alleviating biotic and abiotic stresses. These 

include the capacity to produce biologically active volatile organic compounds (VOCs) 

implicated in PGP activities and biocontrol services. In this study, the PGP factors and the 

VOCs production pathways of five bacterial strains producing biologically active VOCs 

have been investigated by genomic analysis. Three strains isolated from the rhizosphere of 

rice and capable of controlling the virulence of the rice blast pathogen Magnaporthe oryzae 

and two strains originating from the pepper endosphere and capable of conferring drought 

stress tolerance to pepper and salinity tolerance to Arabidopsis thaliana through the 

production of VOCs, have been studied. Despite the five strains presented distinct patterns 

of PGP traits, almost all the major VOCs were shared between two or more bacterial 

strains. The genomic analysis revealed that many of the components of the heterogeneous 

beneficial VOC mixtures are widespread among plant-associated bacteria, independently 

from the host plant, bacteria affiliation and their ecological niche. 

 

Key worlds. PGP traits; VOCs pathways; Genome; Bioprotection; Biocontrol 
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4.1. Introduction 

 

The urgent need of increasing productivity in agriculture (Bruinsma, 2009) is challenged 

by a series of abiotic and biotic threats such as drought and soil salinity (El-Beltagy & 

Madkour, 2012) and the increasing incidence of phytopathogens (Fisher et al., 2012) that 

must be controlled with methods environmentally-safer than chemical fertilizers and 

pesticides (Edwards, 2013). 

Among emerging environmentally-safe and sustainable solutions for protecting crops from 

both biotic and abiotic stresses is the exploitation of plant-associated bacteria endowed 

with plant growth promotion (PGP) and phytopathogen biocontrol activities (Beneduzi et 

al., 2012, Soussi et al., 2015. Bacterial PGP activities range from the production of plant-

like hormones, to that of nutrients or the facilitation of nutrient uptake, to the release of 

antibiotics and bio-fungicides (Ahmad et al., 2008, Radhapriya et al., 2018, Kai et al., 2009, 

Gutiérrez-Luna et al., 2010). 

Among the biologically-active molecules, volatile organic compounds (VOCs) are 

emerging as potentially interesting applicable biological products. Generally, they are 

secondary metabolites, which behave as signalling molecules involved in cell-to-cell 

communication (Chernin et al., 2013, Junker & Tholl, 2013). An interesting feature of 

VOCs is that they may exert their effects in the absence of a physical association between 

the producer and the target organisms and are active at variable distance ranges by moving 

throughout the air space both in and above the soil (Audrain et al., 2015). 

In previous studies, I have shown that plant associated bacteria can i) alleviate drought 

stress in pepper and salinity stress in arabidopsis (Chapter 2, Vigani et al., 2018) and ii) 

impair the virulence of the rice blast fungal pathogen Magnaporthe oryzae (Chapter 3, 
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Soussi et al., unpublished). In both cases the stress-biocontrol activities were mediated by 

VOCs that were characterized by head space solid-phase micro-extraction gas 

chromatography mass spectroscopy (HS-SPME-GC-MS). The two studies investigated 

five PGP bacterial strains belonging to Firmicutes (Bacillus subtilis E1 and Paenibacillus 

illinoinensis E3, both capable of alleviating drought stress in pepper and salinity stress in 

arabidopsis) and Proteobacteria (Citrobacter freundii B10 and B16 and Enterobacter 

tabaci B17, all silencing the virulence of M. oryzae by inhibiting the synthesis of melanin). 

To assess the biosynthetic pathways of those biologically-active VOCs and reveal the 

genome wide PGP traits harboured by these five bacterial strains, here I present a 

comparative analysis of their genomes, in order to assess the presence of the genes 

contributing to the main plant-beneficial properties. The distribution of 17 genes involved 

in six key plant-beneficial functions and 37 genes implicated in the production of 13 VOCs, 

previously identified by HS-SPME-GC-MS (Chapter 2, Vigani et al., 2018; Chapter 3, 

Soussi et al., unpublished) have been investigated. 

 

4.2. Results 

 

4.2.1 Identification of plant growth promotion traits 

 

The five bacterial strains showed different PGP factor profiles. Bacteria isolated from the 

rice rhizosphere (B10, B16 and B17) were endowed with a larger number of PGP properties 

than the pepper endophytes E1 and E3. B10 genome incorporated the highest number of 

PGP traits followed by B16, then B17, E3 and E1, as resumed in Table 1. 
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Among biofertilization traits, genes involved in the nitrogen fixation (nifD, nifH and nifK) 

were all present in the E1 genome, while they were absent in B10, B16 and B17 or partially 

present (only nifD) in E3. All the studied bacteria, except B17, presented all the phosphate 

solubilization genes including citZ, ppa, leuB, gdh, Idh, IdhD, IdhL, prpC and AARI_03110 

(Khan et al., 2016). These results were confirmed by testing in vitro the ability of the strains 

to fix nitrogen and solubilize phosphate (Vigani et al., 2018). Only the strains E1 and E3 

showed this ability (Table 1, Table 3). 

Biopromoting traits were detected in all of the five genomes. The genome of strain B10 

was the only harboring tryptophanase (tnaA) an enzyme involved in indole production 

(Table 1, Table 3). All the bacterial genomes, except that of strain E1, presented the indole-

3-pyruvate decarboxylase genes, involved in auxin biosynthesis (Andrés-Barrao et al., 

2017). Aminocyclopropane-1-carboxilate (ACC) deaminase gene (acdS) was exclusively 

harbored by the genomes of the rice-associated bacteria B10, B16 and B17. The absence 

of this trait in pepper strains was confirmed in vitro (Vigani et al., 2018). All the five 

genomes contained the genes coding for arginine decarboxylase (speA), agmatinase (speB) 

and sperimidine synthase (speE) that convert amino acids to polyamines, namely 

putrescine, spermine and spermidine respectively. These molecules are also involved in 

bacterial ecological fitness and plant growth promotion (Shah et al., 2011, Walden et al., 

1997, Xie et al., 2014). 

 

4.2.2 Identification of VOCs biosynthesis pathways 

 

Within the 76 bacterial VOCs identified by HS-SPME-GC-MS in the headspaces of B10, 

B16, B17 cultures (Chapter 2, Soussi et al., unpublished) and the 30 volatiles detected in 
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E1 and E3 cultures airspaces (Table 1, modified from Vigani et al., 2018), 13 compounds 

have been selected to be subjected to pathway investigation in the genomes of all the five 

bacterial strains. The genomes of B10 and B17 comprised 10 of the inspected VOCs 

pathways, followed by B16 and E1 (n=9) and E3 (n=5) (Table 2). The genomic analysis 

confirmed the experimental detection of VOCs in vitro except in the case of propanoic acid 

(B10); styrene (E1); 2-methyl-1-butanol (E1) that were not detected by HS-SPME-GC-MS 

despite their pathways were present in the genomes. For other VOCs detected in the in 

vitro experiments I did not detect complete pathways in the bacterial genomes, including 

2-methyl-1-propanol (E1, E3), ethanol (E1, E3); phenol (B17); 2-methyl-1-butanol (E3) 

and 2-butanone (B16, B17, E1) (Table 2). 

Four VOCs are common to all the five plant-associated bacteria: one carbon compound 

(carbon dioxide), two short chain alcohols (3-methyl-1-butanol and 2-methyl-1-propanol) 

and one sulfur compound (dimethyl disulfide) (Table 2, Figure1A). The presence of 

common compounds was confirmed by the detection of 13 shared genes encoding for the 

enzymes involved in such biosynthesis pathways (Table 2, Figure1B). 

The other VOCs pathway were shared between two or more strains, with a total of 38 

shared genes (Figure 1B): B17 and E1 shared the production of acetoin and 2,3-butandiol 

(Table 2, Figure 1A,B) and together with B10 and B16 they release the three compounds 

styrene, 2-butanone and 2-methyl-1-butanol which are coded by a total of 15 genes (Table 

2, Figure 1A,B). The nitric oxide was the only compound with strain specificity. Its genetic 

signatures were present in the genome of strain E3 only, under the control of the single 

gene nirK coding for the copper-containing nitrite reductase enzyme (Bruto et al., 2014, 

Table 3, Figure 1A,B). 
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Figure 1: Venn diagrams of (A) common produced VOCs and (B) common coding genes in the genomes of 

the five bacterial strains B10, B16, B17, E1 and E3 

 

All the bacteria can produce propanoic acid, coded by the five genes SAPIO_CDS9504, 

mdh, fumC, frdA and scpC, except strain E3 (Table 2, Table 3, Figure 1AB). Only rice-

associated bacteria (B10, B16 and B17) have the potential to produce the tyrosine phenol-

lyase (coded by tpl gene) involved in phenol biosynthesis (Table 3, Figure 1AB). 
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Table 1: PGP traits distribution in the genomes of the bacterial strains and identification of the activity in vitro. The pathway completeness in the 

genomes, the number of missing genes and the presence/absence of the different traits in vitro are reported 

      B10   B16   B17   E1   E3 

PGP traits 

  PC 

in 

vitro  PC 

in 

vitro  PC 

in 

vitro  PC 

in 

vitro  PC 

in 

vitro 

Biofertilization 
Nitrogen fixation   50% ND  50% ND  50% ND  C +  33% - 

Phosphate solubilisation  C ND  C ND  11% ND  C +  C + 

Biopromotion 

ACC deaminase C ND  C ND  C ND  A -  A - 

Auxin biosynthesis  C ND  C ND  C ND  A -  C - 

Indole production  C ND  A ND  A ND  A ND  A ND 

Bacterial fitness C ND   C ND   C ND   C ND   C ND 
(PC) pathway completeness; (C) Complete pathway; (ND) not determined; (A) absent; (%) percentage of missing genes; (+) presence; (-) absence  

 

 

Table 2: Bacterial VOCs pathways distribution in the bacterial genomes and their in vitro identification using HS-SPME-GC-MS. The pathway 

completeness in the genomes, the number of missing genes and the presence/absence of the different traits in vitro are reported 

VOCs 

B10  B16  B17  E1  E3 

PC in vitro  PC in vitro  PC in vitro  PC in vitro  PC in vitro 

Carbon dioxide C +  C +  C -  C +  C + 

Ethanol C +  C +  C -  A +  A + 

Styrene C +  C +  C +  C -  16% - 

Propanoic acid C -  C +  C -  C +  20% - 

Phenol C +  C +  A +  A -  A - 

2-methyl, 1-butanol C +  C +  C +  C -  50% + 

3-methyl, 1-butanol C +  C +  C +  C +  C + 

2-methyl, 1-propanol C +  C +  C +  C -  C - 

2-butanone C +  44% +  11% +  A +  55% - 

dimethyl sulfide C +  C +  C +  C -  C - 

Acetoin 50% -  50% -  C +  C +  A - 

2,3 butanediol A -  A -  C +  C +  A - 

Nitric oxide A -  A -  A -  A -  C - 
(PC) pathway completeness; (C) Complete pathway; (ND) not determined; (A) absent; (%) percentage of missing genes; (+) presence; (-) absence

 



 

170 
 

Table 3: PGP traits identified in the five bacterial genomes. The genes names and their corresponding enzymes, KEGG Orthology (KO) identifiers, 

Enzyme Commission numbers (EC) and literature references are reported 

PGP traits Genes Enzymes KO number 
EC 

Number 
References 

 

Biofertilization 

Phosphate 

solubilization 

citZ Citrate synthase 2 K01647. EC:2.3.3.16  

Khan et al., 2016 

Ppa Inorganic pyrophosphatase K01507.  EC:3.6.1.1  

leuB 3-isopropylmalate dehydrogenase - EC:1.1.1.85  

Gdh Glucose 1-dehydrogenase K18124.  EC:1.1.1.47  

ldhD D-lactate dehydrogenase K03778.  EC:1.1.1.28  

ldhL L-lactate dehydrogenase K00016.  EC:1.1.1.27  

prpC 2-methylcitrate synthase K01659 EC:2.3.3.16  

AARI_03110 Alcaline phosphatase K01113 EC:3.1.3.1  

Nitrogen fixation 

nifD 

Nitrogenase molybdenum-iron protein 

alpha chain - EC:1.18.6.1  

Bruto et al., 2014 nifH Nitrogenase iron protein - EC:1.18.6.1  

nifK 

Nitrogenase molybdenum-iron protein 

beta chain - EC:1.18.6.1  

Biopromotion 

ACC- deaminase 
acdS 

1-aminocyclopropane-1-carboxylate 

deaminase  - EC:3.5.99.7  Andrés-Barraro et al., 2017 

Auxin ipdC Indole-3-pyruvate decarboxylase - EC:4.1.1.74  Andrés-Barraro et al., 2017 

Indole  tnaA Tryptophanase K01667.  EC:4.1.99.1  Andrés-Barraro et al., 2017 

Bacterial fitness 

speA Arginine decarboxylase K01585.  EC:4.1.1.19  

Andrés-Barraro et al., 2017 speB Agmatinase K01480.  EC:3.5.3.11  

speE Spermidine synthase K00797.  EC:2.5.1.22  

 

 

 

 

 

 

 

 
  

http://www.genome.jp/dbget-bin/www_bget?ko:K01647
https://enzyme.expasy.org/EC/2.3.3.16
http://www.genome.jp/dbget-bin/www_bget?ko:K01507
https://enzyme.expasy.org/EC/3.6.1.1
https://enzyme.expasy.org/EC/1.1.1.85
http://www.genome.jp/dbget-bin/www_bget?ko:K18124
https://enzyme.expasy.org/EC/1.1.1.47
http://www.genome.jp/dbget-bin/www_bget?ko:K03778
https://enzyme.expasy.org/EC/1.1.1.28
http://www.genome.jp/dbget-bin/www_bget?ko:K00016
https://enzyme.expasy.org/EC/1.1.1.27
https://enzyme.expasy.org/EC/2.3.3.16
http://www.genome.jp/dbget-bin/www_bget?ko:K01113
https://enzyme.expasy.org/EC/3.1.3.1
https://enzyme.expasy.org/EC/1.18.6.1
https://enzyme.expasy.org/EC/1.18.6.1
https://enzyme.expasy.org/EC/1.18.6.1
https://enzyme.expasy.org/EC/3.5.99.7
https://enzyme.expasy.org/EC/4.1.1.74
http://www.genome.jp/dbget-bin/www_bget?ko:K01667
https://enzyme.expasy.org/EC/4.1.99.1
http://www.genome.jp/dbget-bin/www_bget?ko:K01585
https://enzyme.expasy.org/EC/4.1.1.19
http://www.genome.jp/dbget-bin/www_bget?ko:K01480
https://enzyme.expasy.org/EC/3.5.3.11
http://www.genome.jp/dbget-bin/www_bget?ko:K00797
https://enzyme.expasy.org/EC/2.5.1.22
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Table 4: VOC pathways identified in the five bacterial strains genomes. The genes names and their corresponding enzymes, Kyoto Encyclopedia of 

Genes and Genomes (KEGG) Orthology (KO) identifiers, Enzyme Commission numbers (EC) and literature references are reported. 

VOCs Genes Enzymes KO number  EC Number References 

Carbon dioxide cynT Carbonic anhydrase K01673 EC:4.2.1.1 KEGG 

Ethanol aldB Aldehyde dehydrogenase B K00138 (EC:1.2.1.-) KEGG 

Styrene 

ppsA Phosphoenol pyruvate synthase - - Machas et al., 2017 

Epd D-erythrose-4-phosphate dehydrogenase K03472.  EC:1.2.1.72  Machas et al., 2017 

aroA 
3-deoxy-D-arabinoheptulosonate-7-

phosphate synthase 
K01626.  

EC:2.5.1.54/ 

EC:5.4.99.5  

Machas et al., 2017 

pheA 
Chorismate mutase/prephenate 

dehydratase 
K14170.  

EC:5.4.99.5/ 

EC:4.2.1.51  

Machas et al., 2017 

Pal Phenylalanine ammonia lyase K10775.  EC:4.3.1.24  Machas et al., 2017 

fdc1 Ferulic acid decarboxylase K20039.  EC:4.1.1.102  Machas et al., 2017 

Propanoic acid 

SAPIO_CD

S9504 
Methylmalonyl-CoA carboxyltransferase - EC:2.1.3.1  Metacyc 2007 

Mdh Malate dehydrogenase K00024.  EC:1.1.1.37 Metacyc 2007 

fumC Fumarate hydratase K01679. EC:4.2.1.2  Metacyc 2007 

frdA Fumarate reductase K00244.  EC:1.3.5.4  Metacyc 2007 

scpC Propionyl-CoA:succinate CoA transferase  K22214.  EC:2.8.3.- Metacyc 2007 

Phenol Tpl Tyrosine phenol-lyase - EC:4.1.99.2  Breining et al., 2000 

2-methyl, 1-butanol 
Kdc Alpha-keto-acid decarboxylase K21431.  EC:4.1.1.- Vogt et al., 2016 

adhE Alcohol Deshydrogenase K04072. EC 1.1.1.1 Vogt et al., 2016 

3-methyl, 1-butanol 

BCAAT 
Branched-chain-amino-acid 

aminotransferase 
- EC:2.6.1.42  Farag et al., 2006 

Pdc Pyruvate decarboxylase K01568.  EC 4.1.1.1 Farag et al., 2006 

adhE Alcohol Deshydrogenase K04072.  EC 1.1.1.1 Farag et al., 2006 

2-methyl, 1-propanol 

ilvI 
Acetolactate synthase isozyme 3 large 

subunit 
K01652.  EC:2.2.1.6  Atsumi et al., 2008 

ilvC Ketol-acid reductoisomerase  NADP + K00053. EC:1.1.1.86 Atsumi et al., 2008 

ilvD Dihydroxy-acid dehydratase K01687. EC:4.2.1.9 Atsumi et al., 2008 

ilvD Dihydroxy-acid dehydratase K01687.  EC:4.2.1.9  Atsumi et al., 2008 

Kdc Alpha-keto-acid decarboxylase K21431.  EC:4.1.1.-  Atsumi et al., 2008 

kivD Alpha-ketoisovalerate decarboxylase - EC:4.1.1.74  Atsumi et al., 2008 

alkJ Alcoholdehydrogenase - - Atsumi et al., 2008 

2-butanone 

ilvI 
Acetolactate synthase  ALS  3 large 

subunit 
K01652.  EC:2.2.1.6  Yoneda et al., 2014 

ilvG 
Acetolactate synthase  ALS  2 large 

subunit 
- EC:2.2.1.6  Yoneda et al., 2014 

http://www.genome.jp/dbget-bin/www_bget?ko:K01673
http://www.genome.jp/dbget-bin/www_bget?ko:K00138
https://enzyme.expasy.org/EC/1.2.1.-
http://www.genome.jp/dbget-bin/www_bget?ko:K03472
https://enzyme.expasy.org/EC/1.2.1.72
http://www.genome.jp/dbget-bin/www_bget?ko:K01626
https://enzyme.expasy.org/EC/2.5.1.54
https://enzyme.expasy.org/EC/2.5.1.54
http://www.genome.jp/dbget-bin/www_bget?ko:K14170
https://enzyme.expasy.org/EC/5.4.99.5
https://enzyme.expasy.org/EC/5.4.99.5
http://www.genome.jp/dbget-bin/www_bget?ko:K10775
https://enzyme.expasy.org/EC/4.3.1.24
http://www.genome.jp/dbget-bin/www_bget?ko:K20039
https://enzyme.expasy.org/EC/4.1.1.102
https://biocyc.org/META/NEW-IMAGE?type=EC-NUMBER&object=EC-2.1.3.1
http://www.genome.jp/dbget-bin/www_bget?ko:K00024
http://www.genome.jp/dbget-bin/www_bget?ko:K01679
https://biocyc.org/META/NEW-IMAGE?type=EC-NUMBER&object=EC-4.2.1.2
http://www.genome.jp/dbget-bin/www_bget?ko:K00244
https://enzyme.expasy.org/EC/1.3.5.4
https://biocyc.org/gene?orgid=META&id=G7517-MONOMER
http://www.genome.jp/dbget-bin/www_bget?ko:K22214
https://enzyme.expasy.org/EC/2.8.3.-
https://enzyme.expasy.org/EC/4.1.99.2
http://www.genome.jp/dbget-bin/www_bget?ko:K21431
https://enzyme.expasy.org/EC/4.1.1.-
https://enzyme.expasy.org/EC/2.6.1.42
http://www.genome.jp/dbget-bin/www_bget?ko:K01568
http://www.genome.jp/dbget-bin/www_bget?ko:K04072
http://www.genome.jp/dbget-bin/www_bget?ko:K01652
https://enzyme.expasy.org/EC/2.2.1.6
http://www.genome.jp/dbget-bin/www_bget?ko:K01687
https://enzyme.expasy.org/EC/4.2.1.9
http://www.genome.jp/dbget-bin/www_bget?ko:K21431
https://enzyme.expasy.org/EC/4.1.1.-
https://enzyme.expasy.org/EC/4.1.1.74
http://www.genome.jp/dbget-bin/www_bget?ko:K01652
https://enzyme.expasy.org/EC/2.2.1.6
https://enzyme.expasy.org/EC/2.2.1.6
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ilvB Acetolactate synthase  ALS 1 large subunit K01652.  EC:2.2.1.6  Yoneda et al., 2014 

ilvH 
Acetolactate synthase isozyme 3 small 

subunit 
K01653.  EC:2.2.1.6  Yoneda et al., 2014 

ilvM 
Acetolactate synthase isozyme 2 small 

subunit 
- EC:2.2.1.6  Yoneda et al., 2014 

ilvN 
Acetolactate synthase isozyme 1 small 

subunit 
K11258.  EC:2.2.1.6  Yoneda et al., 2014 

aldB Alpha-acetolactate decarboxylase - EC:4.1.1.5  Yoneda et al., 2014 

adhE Alcohod dehydrogenase K04072. EC:1.1.1.1  Yoneda et al., 2014 

dhaB Glycerol dehydratase large subunit - EC:4.2.1.30  Yoneda et al., 2014 

Dimethyl sulfide 
Mgl L-methionine gamma-lyase 

 

K01761.  
EC:4.4.1.11 

 

Carrion et al., 2015 

mddA Methanethiol S-methyltransferase - EC:2.1.1.334 Carrion et al., 2015 

Acetoin 
budA Alpha-acetolactate decarboxylase - EC:4.1.1.5  Bruto et al., 2014 

budB Acetolactate synthase, catabolic - EC:2.2.1.6  Bruto et al., 2014 

 2,3 butandiol budC L-2,3-butanediol dehydrogenase K03366.  EC:1.1.1.76  Bruto et al., 2015 

Nitric oxide nirK Copper-containing nitrite reductase K00368.  EC:1.7.2.1  Bruto et al., 2014 

http://www.genome.jp/dbget-bin/www_bget?ko:K01652
https://enzyme.expasy.org/EC/2.2.1.6
http://www.genome.jp/dbget-bin/www_bget?ko:K01653
https://enzyme.expasy.org/EC/2.2.1.6
https://enzyme.expasy.org/EC/2.2.1.6
http://www.genome.jp/dbget-bin/www_bget?ko:K11258
https://enzyme.expasy.org/EC/2.2.1.6
https://enzyme.expasy.org/EC/4.1.1.5
https://enzyme.expasy.org/EC/1.1.1.1
https://enzyme.expasy.org/EC/4.2.1.30
http://www.genome.jp/dbget-bin/www_bget?ko:K01761
https://enzyme.expasy.org/EC/4.1.1.5
https://enzyme.expasy.org/EC/2.2.1.6
http://www.genome.jp/dbget-bin/www_bget?ko:K03366
https://enzyme.expasy.org/EC/1.1.1.76
http://www.genome.jp/dbget-bin/www_bget?ko:K00368
https://enzyme.expasy.org/EC/1.7.2.1
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4.3. Discussion 

 

Plant growth-promoting bacteria are free-living prokaryotes that live in symbiosis with the 

host plant, offering beneficial services to improve its growth and resistance to pathogens 

(Lugtenberg & Kamilova, 2009). They can colonize all plant compartments (Rosenblueth 

& Martínez-Romero, 2006), but the endosphere and rhizosphere are the most explored 

parts (Compant et al., 2010). In the underground compartment, endophytes and 

rhizobacteria can exert the same PGP services, but, contrary to the rhizospheric bacteria, 

endophytes have the advantage of a higher protection from the environmental fluctuations 

once penetrated in the internal tissues of the host (Santoyo et al., 2016). Both types of 

bacteria employ direct and indirect PGP mechanisms (Saharan & Nehra, 2011), acting as 

biofertilizers (Richardson et al., 2009), biopromotion (Khan et al., 2016) and biocontrol 

agents (Compant et al. 2005; Dimkpa et al., 2009). 

In this study, the light has been shed on PGP bacteria associated with two different host 

plants, living in distinct farming environments, dealing with different abiotic (E1 and E3; 

Vigani et al., 2018) and biotic (B10, B16 and B17; Chapter 3, Soussi et al, unpublished) 

stresses. 

N and P can be important limiting factors for the growth and development of plants 

(Bergkemper et al., 2016, Gupta et al., 2014). Even though biofertilization potential has 

been reported in many Enterobacteriaceae; mainly Enterobacter (E. agglomerans, E. 

oryzae), Klebsiella (Klebsiella sp.) and Serratia (Serratia marcescens) genera (Kreutzer et 

al., 1991, Peng et al., 2009, Khan et al., 2016) along with Firmicutes;  mainly Bacillus (B. 

marisflavi, B. megaterium, B. cereus) and Paenibacillus (P. massiliensis) genera (Ding et 

al., 2005), the absence of nitrogenase-encoding genes nifHDK in all the studied 
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Enterobacter (strains B10, B16 and B17) and Paenibacillus (strain E3) genomes indicates 

that nitrogen fixation is not in their PGP capacities, contrary to strain E1 (Vigani et al., 

2018). Phosphate solubilization potential is within the PGP traits of B10 and B16 

(Citrobacter freundii) while it is not present in strain B17, suggesting that genes encoding 

for biofertilization activities are specifically selected during plant-bacteria interaction and 

association. 

Along with biofertilization, bacteria are also involved in promotion of plant growth under 

both normal and stressful conditions. Phytohormones production (indole-3-acetic acid 

[IAA], cytokinins, and gibberellins) is an important trait adopted by PGP bacteria to 

facilitate plant growth and activate physiological response in plants, including cell 

elongation and division, and tissue differentiation (Taiz & Zeiger, 1998, Bloemberg & 

Lugtenberg., 2001, Bottini et al., 2004). Interestingly, IAA encoding genes were identified 

in Firmicutes and Enterobacteria strains colonizing rhizosphere and root tissues of several 

crops (Etesami et al., 2015; Andrès-Barraro et al., 2017). This is also a prevalent trait 

among the five strains investigated in this study: the genomes of the Enterobacteria B10, 

B16 and B17 and the Firmicutes E3 include the ipdC gene coding for the indole-3-pyruvate 

decarboxylase, involved in IAA auxin biosynthesis. Another important biopromoting and 

bioprotecting mechanism of PGP bacteria is the production of ACC-deaminase enzyme, 

that by degrading ACC, it reduces the accumulation of stress hormone ethylene (Glick, 

2005, Gamalero & Glick, 2015). This enzyme has been identified in Mesorhizobium and 

Pseudomonas genera, but also in Enterobacter strains such as E. cloacae UW4, E. cloacae 

CAL2, and E. cancerogenus (Govindasamy et al., 2008, Holguin & Glick, 2001). 
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More than 300 bacterial strains have been reported to release a variety of biologically-

active VOC mixtures endowed with physio-chemical properties that enable them to diffuse 

in heterogeneous blends of solids, liquids and gasses (Zou et al., 2007, Kai et al., 2009). 

This indicate that VOCs production is a general feature of bacteria. However, the 

information on the mechanisms of VOCs-mediated bacterial communication, the VOCs 

identity, their production pathways and the affected cellular behaviors remain largely 

unknown for a wide number of molecules, with few exceptions, such as the role of VOCs 

in inducing systemic resistance and plant growth in Arabidopsis thaliana (Ryu et al., 2003) 

and in the modification of Escherichia coli antibiotic resistance (Bernier et al., 2011). The 

rice rhizospheric bacteria  were the most VOCs producers comparing to pepper endophytes. 

The plant growth promotion and defense against phytopathogens are two major features 

that have been widely documented to characterize bacterial acetoin and 2,3-butanediol 

potentials on plants (Ryu et al., 2003, Ryu et al., 2004, Farag et al., 2016). Such a potential 

has been demonstrated in B. amyloliquefaciens and Bacillus subtilis (Ryu et al., 2003) the 

same species of the strain E1 considered in the present study. 

Styrene, 2-butanone and propanoic acid pathways have been also detected in all the 

genomes (except that of strain E3). The function of the aromatic hydrocarbon styrene and 

the propanoic acid have not yet been elucidated. However, Chavez-Lopez et al. (2015) 

reported that 2-butanone induces fugal mycelial growth inhibition. The lack of fungicidal 

capacities of the three strains from rice suggests that this compound is released at very low 

concentrations below the thresholds for fungal growth inhibition. 

Basing on the genomic and experimental analyses, we demonstrated that bacteria affiliated 

to different phyla (Enterobacteria and Firmicutes) and occupying distinct niches 
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(rhizosphere and endosphere) in different crops (pepper and rice) host conserved VOCs 

pathways, even though not always the expected compounds were detected in their cultures 

headspace in vitro. This suggests that those genes may not be expressed at least in the 

adopted growth conditions. Otherwise, these VOCs could also be produced at very low 

levels below the instrumental detection threshold. On the other hand, the detection of 

several VOCs in the bacterial culture headspaces for which a corresponding pathway could 

not be detected in the genome could be explained by the existence of yet unknown synthetic 

pathway. 

 

4.4. Conclusion 

 

Genetic analysis demonstrated that pepper endophytes cultivated under desert farming 

conditions and rice rhizobacteria resistant to blast disease are endowed with biofertilization 

and biopromotion PGP activities along with biocontrol potentials that confirm their 

abilities to support the host plants in coping with the abiotic and biotic stresses (Chapter 2 

and Chapter 3, respectively). 

The presence of the genes involved in VOCs pathway and PGP factors in the bacterial 

genomes despite the failure in their experimental detection, entails that these genes can be 

non-expressed. Another hypothesis consists on the limitation of HS-SPME-GC-MS in the 

detection of low concentration VOCs as well as the limited reliability of certain PGP in 

vitro assays. Interestingly, 92% of the investigated VOCs were shared between two or more 

bacterial strains, suggesting that a conservation of VOC blends within different bacterial 

taxa could make these molecules as PGP biomarkers for the five studied plant associated 

bacteria, independently of their affiliation and ecological niches. 
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4.5. Material and Methods 

 

4.5.1 Origin of selected bacterial strains. 

 

Root system associated bacteria able to produce VOCs involved in PGP activities (i.e. 

drought-protection and biocontrol) were selected: E1 (Bacillus subtilis) and E3 

(Paenibacillus illinoinensis) isolated from pepper root (Capsicuum annuum L.) plants 

cultivated in the northwestern desert region in Egypt (Marasco et al. 2012), and B10, B16 

(Citrobacter freundii) and B17 (Enterobacter tabaci) isolated from rice (Oryza sativa) 

rhizosphere plants growing in Italian Thaibonnet rice field (Chapter 2 - Soussi et al. 

unpublished). 

 

4.5.2 Whole genome sequencing and annotation. 

 

The genomic DNA of the selected bacterial strains B10, B16 and B17 was extracted using 

QIAGEN Genomic-tip 100/G kit (Qiagen GmbH, Hilden, Germany) starting from a fresh 

overnight culture in Tryptic Soy Broth (TSB) incubated at 30°C under 100 rpm of shaking 

speed. DNA concentration was measured by Qubit high sensitivity (Thermo Fischer) 

protocol and its quality control was checked using Bioanalyzer (Agilent 2010). The 

extracted DNA was sequenced using the PacBio Platform in the KAUST Bioscience Core 

Lab (BCL) and the obtained sequences were used to assemble the genomes through the 

Single Molecule Real Time (SMRT) sequencing analysis software (PACBIO) and the 

Hierarchical Genome-Assembly Process (HGAP.3) workflow (Chin et al., 2013). The 
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genomes were annotated using an automated annotation pipeline for microbial genomes, 

(Integrated Data Warehouse of Microbial Genomes (INDIGO) (Alam et al., 2013). The 

genomes of E1 and E3 were downloaded from the NCBI database (GCA_000724125.1 and 

PRJNA430863; Vigani et al., 2018) 

 

4.5.3 Screening for plant growth promoting traits and VOCs pathways. 

 

PGP traits and VOCs pathways were investigated by comparing the bacterial genomes to 

the available genes of interest in the literature using Kyoto Encyclopedia of Genes and 

Genomes (KEGG) http://www.genome.jp/kegg/ and the uniprot database (Andrés-Barraro 

et al., 2017, Belbahri et al., 2017, Khan et al., 2016, Bruto et al., 2014) (Table 3, Table 4). 

In vitro PGP activities assessment has been also performed for E1 and E3 strains Vigani et 

al., 2018 for comparison with the results obtained from the genome analysis. Phosphate 

solubilization was assessed on Pikovskaya’s (PVK) media (Farag et al., 2006). Indole-3-

acetic acid production was determined according to Bric et al. (1991) protocol and ACC 

deaminase activity has been deduced following the protocol of Honma & Shimomura 

(1978). VOCs biocontrol activity has been evaluated in Chapter 2 – Soussi et al., 

unpublished, respectively. 
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THESIS CONCLUSIONS 

 

VOCs represent potentially versatile resource released by the microbiome during the 

interaction between plant and microorganisms. Due to their special physiochemical 

characteristics (high vapour pressure, low molecular weight), plant associated bacterial 

VOCs have the potential to get across aqueous, solid and gas matrices that form the above 

and below-ground plants compartments (Schenkel et al., 2015). Such metabolites play 

diverse ecological roles including plant growth promotion (Ryu et al., 2003, Farag et al., 

2006) and inhibition of phytopathogen growth (Enespa & Chandra, 2017, Raza et al., 

2016). Many recent studies have consolidated the evidence that VOCs released by 

beneficial PGP microorganisms represent a sustainable powerful tool to increase abiotic 

and biotic stresses tolerance of agricultural crops (Panpatte et al., 2017). For several 

applications bacterial VOCs can potentially substitute, or at least complement, chemical 

fertilizers and pesticides, providing eco-friendly alternatives for sustainable agriculture. 

In this context, understanding the diversity and function of VOCs released by plant 

associated bacteria represents an actual field of study.  

The main purpose of this Ph.D. thesis has been the characterization of VOCs released by 

bacteria associated with crops, in order to test their potential role in plant-fitness 

improvement under abiotic and biotic stresses. I focused my work on bacteria isolated from 

different plants subjected to abiotic and biotic stresses: (i) pepper plants cultivated under 

desert farming system in arid region and (ii) healthy rice plants potentially exposed to 

phytopathogen attacks. Through in vitro and in vivo assays, along with organism 

physiological response experiments and microscopy, I characterized the diversity and 
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functions of VOCs released by bacteria associated with the root systems of the selected 

model plants (i.e. pepper and rice). 

The composition of the VOCs blend released by the selected plant-associated bacteria 

varies depending on multiple factors in vitro, including substrate nature, growth conditions 

and genetic mutations (Fiddaman & Rossall, 1994, De Vrieze et al., 2015), along with still 

unknown natural/environmental factors (Schmidt et al., 2016, Chung et al., 2016). In this 

contest I selected agricultural systems subjected to different stresses, such as (i) drought 

(an abiotic stress) experienced by crops cultivated in desert farming system and (ii) the M. 

oryzae rice infection (a biotic stress) causing the rice blast disease, in order to evaluate the 

biotechnological potential of the VOC mixtures released by the bacteria naturally 

associated with crops exposed to such stressful conditions. First, I investigated the 

relationship between the capacities of endophytic bacteria to increase plant drought 

tolerance. Under drought conditions, plants adjust their osmotic regulation to ensure cell 

homeostasis (Fang & Xiong, 2015) involving ion fluxes adjustments over the plasma 

membrane and tonoplast (Gaxiola et al., 2007). Pepper plants exposed to the VOCs, 

produced by selected Bacillus subtilis and Paenibacillus illinoinensis bacterial strains 

isolated from desert-farming pepper crop, presented larger root system and enhanced 

leaves’ photosynthetic activity under drought conditions. Interestingly, these bacteria, 

apparently in part through the emission of VOCs, induced the improvement of the 

expression and activity of the vacuolar proton pumps V-PPase, resulting in an increased 

plant drought tolerance. 

Beside plant growth promotion potential, bacterial VOCs biocontrol service has been also 

explored (Selim et al., 2017, Ossowicki et al., 2017, Schalchli et al., 2016, Raza et al., 
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2016, Weisskopf, 2013). As a substitute to fungal growth suppression, I considered that 

the reduction of fungal virulence can be an alternative for the biological control of crop-

phytopathogenic fungi (Butler et al., 2005). Knowing that pathogenicity factors include 

several secondary metabolites (Macheleidt et al., 2016) such as melanins (Henson et al., 

1999), that play direct or indirect roles in the infection process of multiple phytopathogens 

(Joshua & Arturo, 2003, Ryder & Talbot, 2015), the exploration of molecules that affect 

melanin biosynthesis fungal virulence would be a novel ecological strategy for the 

biocontrol of fungal phytopathogens. In this respect, in the second part of my thesis 

research work, I spotted the light on the potential role of bacterial VOCs in determining 

the suppression of M. oryzae virulence. I studied three rice rhizospheric bacteria (two 

Citrobacter and one Enterobacter strains) isolated from healthy rice plants. The outcome 

of my study unveiled an interesting potential of these volatile molecules in interfering with 

the fungal melanin biosynthesis, together with the alteration of sporulation, conidia 

germination and the inhibition of appressoria formation. The involvement of melanin in 

conidiogenesis is endorsed by the reduction in conidiophore numbers in other black fungi 

(including M. oryzae, Boipolaris sorokiniana, and Aspergillus sp.) treated with melanin 

biosynthesis inhibitor fungicides (Kunova et al., 2013, Bashyal et al., 2010, 

Chattopadhyaya et al., 2013). This led to an interruption of the fungal infection life cycle 

and to a dramatic drop of Blast lesions expansion on rice leaves exposed to the bacterial 

VOCs. Interestingly, the disarmed fungus switched to vegetative life cycle that ensured its 

survival without affecting plant healthiness. The three rice-associated rhizobacteria 

released mixtures with some common VOC chemical species, among which 1-butanol-3-

methyl. This compound showed similar effects to the bacterial VOC mixtures on M. oryzae 
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melanin biosynthesis. This study proposes a novel biocontrol strategy based on the use of 

rice associated-bacteria VOCs that suppress the virulence of M. oryzae rather than survival 

and growth. Differently from the standard biocontrol approaches that aim pathogen 

eradication, this new strategy does not directly kill the disarmed fungi, thus minimizes 

resistance selection and promotes competitive exclusion of other pathogens for the same 

ecological niche. 

The research work evidenced a various and rich VOCs mixture production by plant 

associated bacteria that exhibited plant growth promotion and biocontrol functions 

depending on the stress that the host undergoes in the two different agro-systems. These 

findings have been further confirmed with genomic tools that supported the presence of 

plant growth promotion traits as well as VOC synthesis pathways, supporting the 

assumption that bacterial VOCs are involved in the regulation of plant fitness. In addition, 

I demonstrated that common VOCs and PGP traits drew the profiles of the different 

bacterial strains despite their distinct isolation origins, suggesting that conserved traits play 

a key role in shaping the different plant associated bacteria’s PGP services and VOCs 

production regardless the host plant and its origin. 

Overall, basing on in vitro, in vivo and genetic approaches, my research demonstrated novel 

roles played by bacterial VOCs in plant crop protection against biotic and abiotic stresses. 

Under increasing environmental and biological stress conditions, novel biological 

molecules represent ecofriendly alternatives to chemical fertilizers and pesticides, in the 

light of a sustainable agriculture (Mahanty et al. 2017). Nevertheless, the application of 

bacterial VOCs at field scale is still challenging, giving the complexity of the microbial 

VOCs mixtures in terms of dilution in open field space, uneven levels of effectiveness and 
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species specificity (Han et al., 2006). Further efforts and optimization measures are 

required to implement VOCs application in modern agriculture ecosystems and substitute 

the actual artificial crop promotion and protection. 
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