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The use of synthetic fungicides represents the most common strategy to control plant pathogens. Excessive and/or long-term distribution of chemicals is responsible for increased levels of environmental pollution, as well as adverse health consequence to humans and animals. These issues are deeply influencing public perception, as reflected by the increasing demand for safer and eco-friendly agricultural commodities and their by-products. A steadily increasing number of research efforts is now devoted to explore the use of safer and innovative approaches to control plant pathogens. The use of microorganisms as biological control agents (BCAs) represents one of the most durable and promising strategies. Among the panoply of microbial mechanisms exerted by BCAs, the production of volatile organic compounds (VOCs) represents an intriguing issue, mostly exploitable in circumstances where a direct contact between the pathogen and its antagonist is not practicable. VOCs are potentially produced by all living microorganisms, and may be active in the biocontrol of phytopathogenic oomycetes, fungi, and bacteria by means of antimicrobial activity and/or other cross-talk interactions. Their biological effects, the reduced residuals in the environment and on agricultural commodities, and the ease of application in different agricultural systems make the use of VOCs a promising and sustainable approach to replace synthetic fungicides in the control of plant pathogens. In this review, we focus on VOCs produced by bacteria and fungi and on their role in the cross-talk existing between the plant pathogens and their host. Biologic systemic effect of the microbial volatile blends on both pathogen and host plant cells is also briefly reviewed.
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INTRODUCTION

Synthetic biocides are the major route to control plant pathogens (Irtwange, 2006). However, it has been widely demonstrated that prolonged usage of such agrochemicals is associated with unsustainable levels of environmental pollution, hence raising ecological concern. Long-term exposure to synthetic fungicides recorded a reduced treatment efficacy due to the development of resistance mechanisms by plant pathogens. This led farmers to increase chemical application, with a consequent accumulation of residues in the agricultural commodities and their by-products which, in turn, are responsible for harmful effects for both human and animal health (Pal and McSpadden Gardener, 2006). In addition, the appearance of resistance mechanisms represents a clinical problem, and resistance to fungicides among human pathogenic fungi is being increasingly observed (Cowen et al., 2002; Mehta et al., 2018). A typical example is represented by the acquired resistance of Aspergillus fumigatus and other human pathogenic fungi to azoles (i.e., one of the major class of fungicides, widely used in both agricultural and clinical treatment) as reviewed by Deising et al. (2008).

These reasons have a strong influence on the public perception and market demand, posing the need to move toward the production of pesticide-free commodities, in a healthier and more ecologically friendly context. In this view, a promising pest management alternative is represented by the biological control approach, where the human intervention exploits the natural antagonistic effects of some agents (i.e., the biological control agents, or BCAs) to mitigate the detrimental effects of pathogenic (micro)organisms (Irtwange, 2006). Biological control mechanisms exerted by BCAs are diverse and depend on the specific peculiarities of both pathogen and the antagonist, as well as their density and the specificity of the interactions occurring among these species (Pal and McSpadden Gardener, 2006). A successful BCA is generally featured by the activation of a plurality of mechanisms and targets, synergistically aimed at controlling the pathogen and/or its detrimental effect (Droby et al., 2009). In addition, ideal BCAs do not produce toxic metabolites for both humans/animals and the environment (D’Alessandro et al., 2014; Velivelli et al., 2015). Direct antagonism (e.g., hyperparasitism and predation) occurs in the case of a very high affinity among the pathogen and its BCA (Wisniewski et al., 1991; Heydari and Pessarakli, 2010). Here, interacting species get directly in physical contact and the BCA exerts its suppressive effect without the need for any auxiliary activity from other microorganisms or the surrounding environment (Pal and McSpadden Gardener, 2006). Contrariwise, in the case of indirect antagonism (e.g., competition, or host resistance induction), no physical contact is required between the BCA and its target (Heydari and Pessarakli, 2010). Instead, the BCA acts as a “stimulus” to trigger the development of an unfavorable condition for the microbial growth, leading to a control of the pathogenic species (Pal and McSpadden Gardener, 2006).

Other pathogen suppression mechanisms include the production of volatiles, antibiotics, and other secondary metabolites of the microbial lifecycle. Volatile organic compounds (VOCs) production is gaining a constantly increasing interest by the scientific community, owing to the diverse advantages of their application. VOCs are a blend of volatile metabolites potentially produced by all living microorganisms and were observed to be active in the control of phytopathogenic oomycetes, fungi, and bacteria by means of antimicrobial activity and other cross-talk interactions. Their antimicrobial effects, along with the reduced hazard for both environment and human beings and their possible application without the need of a supplemental spray or drench, make the use of VOCs a promising and sustainable approach to replace fungicides of synthetic origin in the control of plant pathogens (Mercier and Jiménez, 2004; Fialho et al., 2010; Parafati et al., 2017).

In the current review, we focus our attention on the VOCs production by BCAs, intended as active effectors of the dynamic network of cross-relations existing among microbial entities and their host. Their potential exploitation as effective mechanisms to control the causal agents of diseases of economically relevant plants is discussed.



VOLATILE ORGANIC COMPOUNDS OF MICROBIAL ORIGIN

The volatile metabolites of both microbial and plant origin are gaining a steadily increasing interest, and the term “volatilome” has been relatively recently adopted to refer to this complex heterogeneous ensemble of metabolites (Maffei et al., 2011; Farbo et al., 2018).

Among the volatile metabolites produced by the microbial and/or plant metabolism, organic and inorganic molecules can be primarily differentiated. Inorganic volatile molecules such as CO, CO2, H2, N2, O2, NH3, H2S, NO2-, SO2, SO3, and HCN are the most relevant and are involved in a wide variety of biological functions ranging from electron acceptors/donor to acting as defense compound (Effmert et al., 2012). Moreover, a role in the interspecies communication (e.g., quorum sensing/quenching) and antibiotic resistance has been recently proved (Schmidt et al., 2015; Avalos et al., 2019). By acknowledging the important role of inorganic volatile metabolites under diverse biological and ecological aspects, the current review deals mainly with volatile organic compounds of microbial origin and their role in biological control of plant pathogens.

Volatile organic compounds are small (typically less than 300 Da), carbon-based molecules featured by a low water solubility and a high vapor pressure that makes them available in a gaseous status in the normal ambient conditions (i.e., 1 atm pressure and 25°C temperature) (Pagans et al., 2006; Vespermann et al., 2007; Morath et al., 2012). From a chemical point of view, VOCs are comprised of a heterogeneity of molecular classes, including hydrocarbons, alcohols, thioalcohols, aldehydes, ketones, thioesters, cyclohexanes, heterocyclic compounds, phenols, and benzene derivatives (Wheatley et al., 1997; Chiron and Micherlot, 2005; Morath et al., 2012). Examples of the most commonly investigated volatile molecules of bacterial and fungal origin are provided in Figures 1A,B, respectively.
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FIGURE 1. Major volatile metabolites with antimicrobial properties. Molecular classes of bacterial (blue framed, panel A) and fungal (red framed, panel B) origin reported to exert promising antimicrobial activities, of actual or potential application in the biological control of plant pathogens.


In agriculture, the use of VOCs of microbial origin in the biocontrol of plant pathogens has received a reduced marginal in the past years; however, progresses recently made, along with the overall tendency of the scientific community toward the adoption of a holistic approach, highlighted the potential benefits of microbial VOCs in this field.

VOCs are generally effective already at a very low concentration (Mitchell et al., 2010; Raza et al., 2016). Being volatile, VOCs are capable of diffusing between the soil particles and spread in the atmosphere over large distances from their application point, where they can exert their inhibitory activity without requiring a direct or physical contact between the VOCs-producing microorganism and the target pathogen (Minerdi et al., 2009; Heydari and Pessarakli, 2010). Besides pathogen inhibition and the negative effects on fungal spore germination and the activity of morphogenesis enzymes (Fialho et al., 2011), microbial VOCs have also shown to be involved in a wide variety of processes (McKee and Robinson, 2009; Morath et al., 2012; Yuan et al., 2012). These include the capability of VOCs to kill plant-parasitic nematodes (Gu et al., 2007; Yang et al., 2012; Xu et al., 2015), the ability to promote plant growth (Ryu et al., 2003; Mercier and Manker, 2005; Minerdi et al., 2011), and the induction of resistance mechanisms in plants, preventing them from being colonized by pathogens (van Loon et al., 1998; Compant et al., 2005; Farag et al., 2006).

Biosynthetic pathways leading to the production of microbial VOCs are yet poorly understood; however, omics-based studies so far performed link the VOCs production to either metabolic transformation products of lipids, proteins, and other building blocks of living tissues, or as the result of degradation (i.e., end-products) of catabolic reactions (Serrano and Gallego, 2006; Tholl et al., 2006; van Dam and Poppy, 2008; Kännaste et al., 2014). On this basis, a dichotomic classification of VOCs as primary or secondary metabolites appears rather inappropriate; instead, VOCs are commonly classified on the basis of their molecular features, such as the number of carbon atoms, ring moieties, and substituent groups (Bennett et al., 2012).

The composition of microbial VOC blends depends on several factors. These include the microbial entities (e.g., bacteria, fungi) producing the VOCs, the substrate they are grown on, temperature, radiation, presence of other microorganisms, and the type of ecosystem (Pasanen et al., 1997; Nilsson et al., 2004; Fiedler et al., 2005). Also, VOCs composition of a given species is highly dynamic over time, resulting in a changing composition of the produced VOCs depending on the age of the VOCs-producing species (Wang et al., 2013).

Regardless of the emitting species and the specific VOCs blend composition, several studies are nowadays being performed with the aim to exploit the countless benefits of employing a natural antimicrobial mixture to prevent plant pathogens by replacing traditional chemical approaches. Unanimously, studies performed so far recommend VOCs application under air-tight environment, in order to rapidly saturate the atmosphere with the volatile antimicrobials. Particularly effective application of VOCs is reported in the control of storage pathogens on fresh fruit (e.g., citrus, peach, strawberry) but also other commodities such as nuts, grains, and seeds (Table 1; Strobel, 2006; Fialho et al., 2011; Wang et al., 2013; Chen et al., 2018; Gao et al., 2018).



TABLE 1. Main biological control agents emitting volatile organic compounds, their target pathogen, framework application, and primary volatilome components.
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Bacterial Volatilome as a Tool for the Biocontrol of Plant Pathogens

Bacteria produce volatile metabolites as part of their normal metabolism (Figure 1A). Bacterial VOCs are involved in the complex network of interconnections established among bacterial species, bacteria vs. other microorganisms, and bacteria vs. plants. Such interactions have a variable ecological role, ranging from beneficial cooperation (e.g., mutualism, symbiosis, host resistance induction) to antagonistic relationship occurring, for instance, in the case of microbicidal activity exerted by one of the interacting species (Maffei et al., 2011; Kanchiswamy et al., 2015). The recent awareness on the beneficial effects arising from bacteria-plant interaction opens new avenues in the use of bacterial volatilome to stimulate plant growth. Moreover, owing to the high versatility of bacteria-derived VOCs and their effectiveness in controlling other microorganisms, studies are focusing on exploiting the natural bacterial VOCs production as a strategy for the biocontrol of plant pathogens.

In this view, only a handful of studies have so far been performed to elucidate the metabolic effects of the bacterial volatilome on the target organism, while it is well known that bacteria-derived VOCs have a pivotal role in stimulating or repressing other bacterial species (Garbeva et al., 2014a; Kanchiswamy et al., 2015).

Bacillus amyloliquefaciens strain SQR-9 has been reported as effective against the tomato wilt pathogen Ralstonia solanacearum (Raza et al., 2016). A key role is played by the VOCs blend produced by the BCA, which provides effective inhibition of R. solanacearum in both synthetic media and in soil. Inhibitory effects of the bacterial VOCs have been confirmed by lack of inhibition observed in the case of treatment with a non-VOCs-producing bacterium as well as when B. amyloliquefaciens SQR-9 is applied in the presence of activated charcoal (i.e., a well-known gas adsorbent). Growth inhibition was dependent on the BCA load; however, the inhibitory effects produced by the bacterial VOCs were reversed by BCA removal, indicating a bacteriostatic effect of the B. amyloliquefaciens-derived VOCs on R. solanacearum (Raza et al., 2016). Bacteriostatic evidences were also observed in the volatilome of different strains of Pseudomonas chlororaphis, Serratia plymuthica IC1270, and Serratia proteamaculans 94, tested for their antagonistic potential against Agrobacterium tumefaciens C58 (Popova et al., 2014). In dual culture, all strains succeeded in total or partial inhibition of the phytopathogenic bacterium. An exception is represented by S. proteamaculans 94, resulting in a non-significant inhibition of the pathogen. Nevertheless, this strain scored a total inhibition of the cyanobacterium Synechococcus sp. PCC 7942 and other eukaryotic cells (Popova et al., 2014). This study confirms previous reports on the in vitro antagonistic potential of S. plymuthica IC1270, P. fluorescens Q8r1-96, and P. fluorescens B-4117 against phytopathogenic A. tumefaciens and Agrobacterium vitis. Here, authors indicated VOCs produced by the candidate BCAs as a valuable tool to prevent crown gall tumors on tomato plants (Dandurishvili et al., 2011).

Investigations on the composition and activity of the bacterial VOCs blend revealed a strain-specific VOCs mixture, with some molecular entities being exclusive to a given bacterial strain, whereas quantitative changes were observed among the other “commonly identified” volatile molecules. This might justify the diverse antagonistic features of candidate BCAs in regard to different pathogens (Dandurishvili et al., 2011; Popova et al., 2014; Garbeva et al., 2014b). Dimethyl disulfide (DMDS) was identified as the major volatile produced by S. proteamaculans 94 and other Serratia spp. (Dandurishvili et al., 2011; Popova et al., 2014); however, only traces of DMDS have been produced by Pseudomonas spp. strains, in favor of the production of ketones. Among these compounds, 2-nonanone, 2-heptanone, 2-undecanone, and 2-tridecanone are among the most represented bactericidal compounds as confirmed in subsequent VOCs experiments (Dandurishvili et al., 2011; Popova et al., 2014; Raza et al., 2016).

Bacteria-bacteria interaction does not necessarily result in the sole bactericidal (or bacteriostatic) effect; it may also imply a synergistic/cooperative activity among bacterial species. A recent investigation performed on soil bacteria showed that the volatilome of four genetically diverse isolates results in antithetical phenotypes of P. fluorescens. Here, VOCs released by Collimonas pratensis and S. plymuthica positively stimulated the growth of P. fluorescens, with C. pratensis volatiles even stimulating the production of antimicrobial compounds by P. fluorescens. On the other hand, P. fluorescens exposure to Paenibacillus and Pedobacter spp. did not stimulate the growth of P. fluorescens, but triggered a stress response mechanism in the bacterial model even though no significant inhibition was observed for any of the four different strains (Garbeva et al., 2014b).

Besides intra-kingdom interconnections, bacteria are also involved in sophisticated bi-directional cross-talks involving phylogenetically higher species such as fungi and plants: bacteria-fungi interactions are very dynamic, depending on the interacting species and are strongly exploited in the modern agricultural practice to control important phytopathogenic taxa (Maffei et al., 2011).

Rhizobacteria such as S. plymuthica, Serratia odorifera, Stenotrophomonas maltophilia, Stenotrophomonas rhizophila, P. fluorescens, and Pseudomonas trivialis are known to produce VOCs mixtures with antifungal properties active against a wide array of both pathogenic and non-pathogenic fungi (Kai et al., 2010; Effmert et al., 2012; Kanchiswamy et al., 2015). Common volatile molecules known in the bacteria-fungi interaction are γ-patchoulene, 3-methylbutanal, 1-octen3-ol, 2-undecanone, 2-nonanone, 3-methylbutanoate, 2-methylbutan-1-ol, 4-methyl-2-heptanone, ethanethioic acid, and dimethyltrisulfide 2,3,6-trimethylphenol. Among these, several have already been tested for their antifungal activity.

A study on the antifungal activity of B. amyloliquefaciens NJN-6 volatilome demonstrated the ability of this bacterium to hinder growth and spore germination of the pathogenic Fusarium oxysporum f. sp. cubense causing fusarium wilt on banana. Analysis of its volatilome composition identified a total of 36 volatile molecules, including aromatic compounds, alkyls, ketones, alcohols, naphthyls, aldehydes, one ester and one ether compound. In vitro evaluation of the identified compounds suggested an important fungicidal activity of benzothiazoles phenol and 2,3,6-trimethylphenol. Other benzenic compounds, instead, were attributed to the “sole” inhibitory properties, owing to their inability to preclude the growth of the pathogenic fungus. The other identified compounds were able to inhibit almost completely F. oxysporum growth only when present in massive quantities, leading authors to exclude them as potential candidates to antagonize F. oxysporum growth (Yuan et al., 2012).

Volatiles released by Streptomyces spp. have also shown interesting antifungal properties, especially in the control of storage and mycotoxigenic fungi (Schöller et al., 2002; Li et al., 2010). A further study by Wang and colleagues confirmed the simultaneous antifungal activity of Streptomyces alboflavus TD-1 with regard to some of the most known mycotoxigenic fungi such as F. moniliforme (syn. Fusarium fujikuroi), A. flavus, Aspergillus ochraceus, Aspergillus niger, and Penicillum citrinum (Wang et al., 2013). Moreover, the investigation of its volatilome underlines a very complex and dynamic composition, with several molecules shared among taxonomically related species even though with high quantitative variability (Wilkins and Schöller, 2009; Li et al., 2010; Wang et al., 2013). In addition, some volatiles have been previously identified as components of essential oils of diverse plants with already supposed antifungal effects (Bajpai et al., 2008; Essien et al., 2011; Serrano et al., 2011; Shanthi et al., 2011; Wang et al., 2013; Gao et al., 2018). The mix of volatiles produced by Bacillus atrophaeus CAB-1 strains is mainly composed of hexadecane, 2,3-dimethoxybenzamide and oanisaldehyde. In vitro assay of the bacterial volatiles resulted in an effective inhibition of Botrytis cinerea, the causal agent of tomato gray mold (Zhang et al., 2013). In another study, DMDS, 2-undecanone, dimethyltrisulfide (DMTS), 4-octanone, S-methylmethanethiosulfonate, and 1-phenylpropan-1-one produced by Burkholderia ambifaria scored a significant inhibition of the growth of the pathogenic fungi Rhizoctonia solani and Alternaria alternata (Groenhagen et al., 2013). Similarly, the investigation of 15 strains of Burkholderia tropica resulted in a significant inhibition of the growth of four fungal pathogens, namely Colletotrichum gloeosporioides, Fusarium culmorum, F. oxysporum, and Athelia rolfsii, most likely due to their capability to produce VOCs, among which limonene, alpha-pinene, dimethyldisulfide (DMDS), and ocimene were considered as the most effective ones (Tenorio-Salgado et al., 2013). The antifungal activity of limonene was also confirmed in a further study, where the growth rate of F. oxysporum and R. solani has been hindered by the limonene emitted by Bulkholderia gladioli pv. agaricola (Elshafie et al., 2012).

Besides antagonism, VOCs from several bacterial species are also involved in ectosymbiotic relations occurring between bacteria and fungi. The bacterial volatiles of Achromobacter and Serratia spp. DMDS, propanal, 2-ethyl-1-hexanol, dodecane, tridecane, and tetradecane, are capable of stimulating F. oxysporum MSA35 to produce a higher amount of α-humulene and β-caryophyllene which, in turn, are known to favor lettuce growth (Minerdi et al., 2009, 2011).



Bacterial Volatilome Prevents Pathogen Infection by Conditioning Plant Physiology

Interactions occurring between plants and bacteria, by means of volatile emission, may have both beneficial and detrimental outcomes for the overall plant growth (Kai et al., 2009; Gutiérrez-Luna et al., 2010). Elucidating the complex cross-talk occurring between bacteria and their host allows a conscious human intervention that promotes plant growth by preventing plant colonization and/or by exploiting the direct beneficial effects that some bacteria exert on plants. Blom and co-workers screened over 40 bacterial species for their capability to stimulate plant growth. The study selected 36 bacterial volatiles and, of these, indole, 1-hexanol and pentadecene showed the most promising results in terms of plant growth stimulation (Blom et al., 2011). On the other hand, co-cultivation of A. thaliana in the presence of Serratia odorifera volatilome resulted in a severe inhibition of plant growth. Authors attributed the inhibitory effect to DMDS and ammonia volatiles (Vespermann et al., 2007; Kai et al., 2010). With regard to DMDS and its direct (i.e., plant growth stimulation) and indirect (e.g., disease prevention) effects on plants, controversial results are available in the literature. A study performed on Nicotiana attenuata reports DMDS as a volatile metabolite that directly alters plant metabolism, causing the downregulation of sulfur assimilation and methionine biosynthesis genes (Meldau et al., 2013). Contrariwise, a previous study linked the bacterial production of DMDS to a significantly increased growth of A. thaliana (Groenhagen et al., 2013). Accordingly, another study reported that DMDS produced by Bacillus cereus results in significant protection of tobacco and corn from the infection by B. cinerea and Bipolaris maydis, respectively (Huang et al., 2012a).

Other bacterial metabolites involved in bacteria-plant cross-talk include 3-hydroxy-2-butanone and 2,3-butanediol. These are produced by Bacillus spp. and are linked to a significantly enhanced total leaf surface area besides the induction of host systemic resistance (Ryu et al., 2003; Rudrappa et al., 2010). This observation is also confirmed in another study highlighting 2,3-butanediol produced by Enterobacter aerogenes as involved in the induction of resistance against Exserohilum turcicum infection in corn plants (D’Alessandro et al., 2014).



Fungal Volatilome and Its Role in Biological Control

As for bacteria, several fungal species produce volatile metabolites (Figure 1B) taking part in diverse ecological relationships (Kanchiswamy et al., 2015), ranging from antagonism to symbiotic relations with other fungi (Schiestl et al., 2006), bacteria, and plants (Hung et al., 2013).

Among antagonistic fungi, Muscodor albus, an endophyte from Cinnamomum zeylanicum (cinnamon tree), represents the first commercially available BCA acting through its volatilome (Strobel et al., 2001; Strobel, 2006). This fungus produces a wide variety of volatiles comprising alcohol, acid, ester, and terpenoid derivatives, with antimicrobial properties against pathogens responsible of the post-harvest decay of fruits such as apple, peach, lemon, and grape. Moreover, it proved safe for humans and the environment, enabling its registration as a biopesticide at the US Environmental Protection Agency. The usage of bags containing a lyophilized culture of M. albus that is reactivated by hydration is advantageous for the biofumigation under air-tight environments, providing an effective prevention of fruit decay during storage and shipping (Strobel, 2006; Mercier et al., 2010). Moreover, due to its remarkable antagonistic activity, the use of M. albus was already proposed by Strobel and colleagues as a valuable alternative to replace methyl bromide fumigation, with comparable results (Strobel, 2006; Strobel et al., 2011). A risk assessment for the effects of VOCs on human health and the environment did not show important harmful potential since these compounds are produced in low amounts, do not contaminate treated food commodities, and dissipate rapidly in the atmosphere. Nevertheless, it has been recently demonstrated that a volatile molecule produced by M. albus raised human health issues, hence underlying the need to develop further studies/guidelines for a comprehensive assessment of the potential toxicity exerted by VOCs produced by BCAs (Braun et al., 2012; Jiménez et al., 2012; Romanazzi et al., 2012; Margolis, 2012, personal communication).

Other endophytic fungi have shown to promote plant growth through the release of volatile metabolites inhibiting the growth of plant pathogens. Investigations on endophytes from Rosa x damascena (Damask rose) yielded over 50 isolates, among which A. niger was found to produce high amounts of 2-phenylethanol (2-PE; Wani et al., 2010). In addition to the potential value in the cosmetic industry, this study is among the first ones linking the production of 2-PE with its potential application as fumigant, owing to its antimicrobial and antiseptic properties already exploited in pharmaceutics (Wani et al., 2010). Other studies indicated 2-PE as the major component of yeast volatile blends and described its role in limiting the growth of pathogenic Aspergillus spp. (Fialho et al., 2010; Hua et al., 2014; Liu et al., 2014; Chang et al., 2015; Farbo et al., 2018). Phomopsis spp. isolated by Odontoglossum sp. (Orchidaceae) emits a mixture of volatile metabolites including sabinene, 1-butanol, 3-methyl, benzene ethanol, 1-propanol, 2-methyl, and 2-propanone. An artificial mixture of such volatiles had remarkable antifungal properties against several oomycete and fungal pathogens, including Pythium, Phytophthora, Sclerotinia, Rhizoctonia, Fusarium, Botrytis, Verticillium, and Colletotrichum spp. In addition, the fungus was shown to tolerate and survive in the presence of the volatile metabolites produced by the antagonistic M. albus (Mercier and Jiménez, 2004; Singh et al., 2011). Epichloe typhina isolated from Phleum pratense emits sesquiterpene volatiles with antifungal activity against Cladosporium phlei (Kumar and Kaushik, 2012). Phaeosphaeria nodorum, a common endophyte of Prunus domestica, produces a blend of volatile metabolites comprising ethyl acetate, 3-methylbutan-1-ol, acetic acid, 2-propyl-1-ol, and 2-propenenitril. Altogether, these volatiles inhibit the pathogenic fungus Monilinia fructicola, by reducing its growth, hyphal width, and by provoking the disintegration of the hyphal content (Pimenta et al., 2012).



Yeast Volatilome and Its Effects Against Pathogenic and Mycotoxin-Producing Fungi

The application of yeasts as BCAs represents one of the most investigated alternatives to fungicides, due to the great ability of these microorganisms to grow and survive in heterogeneous ecological niches and under severe stress conditions (Muccilli and Restuccia, 2015). Moreover, the highly competitive activity of yeasts does not suffer the side effects (e.g., production of human allergenic compounds or toxic secondary metabolites) sometimes encountered with the application of other microbial species as BCAs, therefore extending their potential application to the eco-friendly safeguard of agricultural commodities and by-products (Droby et al., 2009; Janisiewicz et al., 2010; Liu et al., 2013; Muccilli and Restuccia, 2015). Early studies performed on Wickerhamomyces anomalus (syn. Pichia anomala) have shown that the antimicrobial effectiveness of yeast-derived volatilome is mainly attributed to ethyl acetate, enabling for a successful control of Penicillium roqueforti during air-tight storage of grain (Ädel Druvefors and Schnürer, 2005). Nevertheless, recent evidence confirmed the impossibility to determine a static inhibitory mechanism. As for bacteria, the yeast-pathogen interaction, as well as the chemical composition of the emitted blend of volatiles, is widely dynamic in relation to several factors such as the VOCs-producing yeast, the antagonized pathogen and the ecological niche where the cross-talking species are growing (Mari et al., 2012; Yuan et al., 2012; Parafati et al., 2017). Volatile metabolites produced by Sporidiobolus pararoseus effectively inhibited spore germination and mycelial growth of B. cinerea. Investigation of the volatile blend composition highlighted 2-ethyl-1-hexanol as the major compound (Huang et al., 2012b); whereas 1,3,5,7-cyclo octatetraene, 3-methyl-1-butanol, 2-nonanone, and phenylethyl alcohol are the major components of the VOCs produced by Candida intermedia antagonizing the same pathogen (B. cinerea) both in vitro and in planta (Huang et al., 2011).

Meyerozyma guilliermondii has shown antifungal activity against the rice blast pathogen Pyricularia oryzae by means of VOCs production, with ethyl-acetate (Coda et al., 2013) and helvolic acid (Zhao et al., 2010) being the most effective molecules. More recent studies performed on W. anomalus identified 2-PE as the most effective compound in preventing spore germination, mycelial growth, and toxin production by A. flavus (Hua et al., 2014). Fiori et al. (2014) highlighted the effect of two non-fermenting (Cyberlindnera jadinii and Candida friedrichii) and of two low-fermenting (C. intermedia and Lachancea thermotolerans) yeast strains, resulting in the inhibition of both mycelial growth and toxigenic potential of the pathogen Aspergillus carbonarius. Subsequently, the chemical composition of the four yeast strains volatilome was characterized: although more than 20 different compounds were identified as components of the yeast-derived volatilome, 2-PE was found to be the most abundant one in all tested volatile blends (Farbo et al., 2018). A recent proteomic investigation aimed at assessing the role of C. intermedia volatilome in the inhibition of the ochratoxin A (OTA) producing fungus A. carbonarius revealed that yeast VOCs target a plurality of fungal metabolic routes, inducing a marked reduction of the protein biosynthetic activity, proliferative activity, energy metabolism, and inhibiting the fungal detoxification system. Nevertheless, exposure to the sole 2-PE (i.e., the major volatilome component) can only partially reproduce the metabolic alteration provoked by the whole yeast-derived volatilome, thereby suggesting that other minor and still unidentified yeast VOCs components are likely to involve a plurality of metabolic targets, resulting in a higher effectiveness of the treatment over the long-term period (Tilocca et al., 2019). In line with these observations, a very recent study reported the higher antagonistic efficiency of bacterial and fungal volatilome considered “as whole” when compared with the administration of the blend components in their pure form (Mülner et al., 2019).

Volatile organic compounds produced by W. anomalus, Pichia kluyveri, and Hanseniaspora uvarum inhibited the mycotoxigenic fungus A. ochraceus growth as well as OTA production during processing of coffee (Masoud et al., 2005; Masoud and Kaltoft, 2006).

Volatiles produced by Aureobasidium pullulans have been tested against B. cinerea, Colletotrichum acutatum, P. expansum, P. digitatum, and P. italicum resulting in an effective control of these post-harvest fruit pathogens growth both in vitro and in planta (Di Francesco et al., 2015). In a similar study, Parafati and colleagues attributed to VOCs produced by W. anomalus, Metschnikowia pulcherrima, S. cerevisiae, and A. pullulans a pivotal role in the biocontrol of B. cinerea vegetative growth and its infection rate on table grape berries (Parafati et al., 2015). Similarly, volatiles produced by Candida sake reduced the incidence of apple rot caused by the storage pathogens P. expansum and B. cinerea (Arrarte et al., 2017).



Exploiting Fungus-Plant Cross-Talk to Control Pathogens

Besides the pathogen-antagonist relationship, plant-fungi interactions are also widely exploited because of the beneficial effects exerted either directly or indirectly on the plant growth.

Direct effects of fungi on plant growth promotion are mainly investigated for endophytes, a group of plant-associated fungal symbionts emitting a wealth of volatile molecules with heterogenous physical, chemical, and biological properties (Khan et al., 2014; Waqas et al., 2014; Zhou et al., 2014; Kanchiswamy et al., 2015). Previous investigations showed that tobacco seedlings are improved by Phoma sp. GS8-3 volatiles, with a wide array of C4–C8 hydrocarbons being produced by this endophytic strain (Naznin et al., 2012). Although VOCs blend composition appeared highly dynamic over fungal growth, 2-methyl-propanol and 3-methyl-butanol were the most abundant compounds along the whole fungal cultivation period (Naznin et al., 2012). Volatile metabolites from endophytic fungi have demonstrated to induce plant growth when administered both as singular molecules and as a whole blend of compounds (Khan et al., 2014; Waqas et al., 2014; Zhou et al., 2014; Kanchiswamy et al., 2015). Quite remarkably, the application of low concentration of the volatiles blend has registered a better plant growth promotion than that observed upon exposure to higher concentrations (Naznin et al., 2012, 2014).

A total of 51 diverse volatiles have been identified from the fungal volatilome of Trichoderma viride, the most abundant of which included isobutyl alcohol, isopentyl alcohol, and 3-methylbutanal. Dual culture of T. viride with A. thaliana under air-tight condition revealed a significant plant growth promotion, stimulating bigger, taller, and earlier flowering plants (Hung et al., 2013).

Indirect effects of fungi on the plant growth concern primarily the induction of systemic resistance, providing the plants with the adequate resources to face infection by pathogenic species. The plant-growth promotion exerted by the fungi Cladosporium and Ampelomyces spp. can be partly attributed to their volatilome, with m-cresol and methyl benzoate, respectively, being the major players in eliciting host systemic resistance, hence resulting in a significantly decreased disease severity after experimental infection with Pseudomonas syringae pv. tomato DC3000 (Naznin et al., 2014). Another study, aiming at characterizing the volatilome of Talaromyces spp., identified several terpenoid-like molecules including β-caryophyllene. Subsequent investigation of the sole β-caryophyllene on Brassica campestris L. var. perviridis resulted in a significantly increased growth of seedlings and enhanced resistance against Colletotrichum higginsianum infection (Yamagiwa et al., 2011).



Volatile Organic Compounds Production by Mixed Microbial Consortia

It has been already proven that the heterogeneous ensemble of VOCs produced by a single organism may result in different biological outcomes (Tilocca et al., 2019). Analogously, multiple microbial specimens coexisting in the same ecological niche (e.g., the soil) might lead to differing biocontrol achievements compared to what observed and/or expected by the application of a single microbial entity. Many types of interaction can occur among microbial strains, genera, phyla, and even kingdoms (Delory et al., 2016; Schulz-Bohm et al., 2017), leading to a diverse overall behavior of the microbiota, intended as a whole unique entity, whose biological and ecological role is the result of all interactions occurring among all microbiota members. It has been recently proved that interactions occurring among the microbiota members Bacillus cereus Rs-MS53 and Pseudomonas helmanticensis Sc-B94 result in enhanced effectiveness while controlling the pathogenic fungus R. solani (Mülner et al., 2019), supporting previous evidences of a strong strain compatibility and cooperative interaction (Lim et al., 1991; Dowling and O’Gara, 1994; Ait-Lahsen et al., 2001; Hong and Meng, 2003; Peighami-Ashnaei et al., 2009; Asari et al., 2016). Several strains of Pseudomonas and Bacillus spp. have shown to produce both volatile and nonvolatile antimicrobial compounds, resulting in either a direct inhibition of the pathogen or a conditioning of the whole microbial community that hampers pathogens growth and infection (Schulz-Bohm et al., 2017). Analogously, it has been reported that Collimonas pratensis and Serratia plymuthica inhibit the growth of pathogenic Bacillus sp. by means of an indirect stimulation of Pseudomonas fluorescens and its subsequent stimulation of antimicrobial compounds production (Garbeva et al., 2014b). Microbial cross-talk plays also a pivotal role in the microbial persistence, including antimicrobial resistance and optimal exploitation of scarce nutritional resources (Raza et al., 2016; Jones et al., 2017).

Microbiota investigation is still in its infancy under all applicative fields and further investigations are certainly needed. The soil-associated microbiota is rather complex, mostly because of the high biological diversity comprised in its architecture and the myriad of interfering molecules sampled along that hamper a fair and accurate analysis. Nevertheless, technical progress in the field of meta-omics sciences amended disciplines such as metagenomics, metatranscriptomics metaproteomics, and metabolomics, enabling a comprehensive investigation of the taxonomical composition, metabolic potential, and effective metabolic function of all microbial members. Such holistic approach would greatly benefit the comprehensive understanding of the whole microbial community and how it can be shaped by acting on key variables (e.g., physicochemical characteristics of the soil, inclusion of “probiotics”). Moreover, by analogy with animal-oriented research (Tröscher-Mußotter et al., 2019), investigating how the soil/plant microbiota interacts with its plant host, system biology would provide precious information to be exploited in diverse applicative field, including biological control.




PRACTICAL APPLICATION OF MICROBIAL VOLATILE ORGANIC COMPOUNDS

Volatile blends emitted by BCAs have resulted in a high effectiveness even at low concentrations. Moreover, the reduced release of residual and the negligible hazardous effects on both animals and the environment makes BCA volatilome an intriguing alternative to the use of synthetic pesticides and/or fertilizers. In addition, the high volatility of these molecules enables a wide and homogeneous diffusion both below- and above-ground level. On the other hand, volatility of these natural metabolites is also responsible for the major challenge to their massive application in open-field agricultural and horticultural practices. Drenching of 2,3-butanediol, 3-pentanol, and 2-butanone revealed reproducible outcomes (Cortes-Barco et al., 2010a,b). Moreover, open field application of the 3-pentanol and 2-butanone in a cucumber field has demonstrated a significant effectiveness against the bacterial angular leaf spot pathogen Pseudomonas syringae pv. lachrymans by inducing plant systemic acquired resistance mechanisms. In turn, the activation of the defense-related gene CsLOX stimulated the oxylipin pathway, which plays a role in recruiting Coccinella septempunctata, a natural enemy of the sucking insect aphid, Myzus persicae (Song and Ryu, 2013).

Similar observations were reported by a field study performed on red pepper (Choi et al., 2014). Treatment with Bacillus amyloliquefaciens strain IN937a on plant leaves resulted in an antagonistic effect against Xanthomonas axonopodis pv. vesicatoria. The 3-pentanol of bacterial origin has proved to be effective in the induction of plant resistance mechanism by priming salicylic acid, jasmonic acid, and ethylene defense signaling pathway. Another soundly piece of evidence supporting microbial VOCs in the open-field practices has been reported by D’Alessandro and colleagues, who demonstrated that field application on maize plants of acetoin and 2,3-butanediol produced by Enterococcusaerogenes triggers a higher resistance against the Northern corn leaf blight fungus Setosphaeria turcica, most likely by stimulating the plant defense system (D’Alessandro et al., 2014).

In a recent investigation performed on potato field, five bacterial strains, namely Pseudomonas palleroniana R43631, Bacillus sp. R47065, R47131, Paenibacillus sp. B3a R49541, and Bacillus simplex M3-4 R49538, were designed as suitable to improve potato yield by means of VOC production (Velivelli et al., 2015). Nevertheless, molecular details on how the single components of the volatilome exert their inhibitory activity are generally missing in field studies. On the other hand, studies carried out in vitro and/or greenhouse condition do generally succeed in the evaluation of the biological mechanisms triggered by the microbial VOCs, but lack to consider the practicability under open-field conditions. Undoubtedly, investigation of the microbial VOCs is still in its infancy and further complementary studies are needed to design appropriate methods for delivery and effective lasting of these innovative treatments (Velivelli et al., 2015; Chung et al., 2016; Schulz-Bohm et al., 2017).

To date, the most promising results were achieved by applying microbial VOCs for the control and prevention of storage pathogens. VOCs application under air-tight condition ensures a rapid saturation of the atmosphere and allows the maintaining of concentration levels of the microbial volatile blend above the minimal effective concentration required to succeed with the pathogen control strategies. In this view, application of microbial VOCs in close environment condition may represent a valuable approach for investigating unique molecules and complex VOCs mixtures in relation to their potential biocontrol activity. Identification of bioactive molecules along with the dynamic cross-talk these compounds are involved in would greatly facilitate the development of suitable chemical forms (e.g., immobilized molecules, pro-bioactive compounds) that should allow better handling, storage, and safe deliver to open fields (Kanchiswamy et al., 2015).



CONCLUSION

Microbes produce a wide array of volatile metabolites linked to a complex network of interactions, involving intra- and inter-species relationship. Most of the studies so far performed have focused on the unidirectional effect of the microbial VOCs produced by a single microbial entity in regard to another microbial species or strain (Schulz-Bohm et al., 2015, 2017; Splivallo et al., 2015). Although of a great importance, this “foreshortening of the microbial reality” is rather simplistic and does not consider a wealth of biotic and abiotic factors that would facilitate a comprehensive understanding of the whole ecosystem the microbial species are coping with; thus, how modulating the ecosystem can shape the overall VOCs composition, in favor of a better control of the pathogen diffusion and plant growth stimulation.

Moreover, we are now suffering from a lack of knowledge related to VOCs emission by protists, archaea, or other rhizosphere organisms, such as nematodes or earthworms (Schulz-Bohm et al., 2017). These groups are currently understudied with respect to this aspect, yet their contribution to the overall VOCs composition and the inter-species cross-talk may be of crucial importance. In this view, we foresee that effort to validate this promising strategy will focus on expanding the knowledge on the microbial VOCs biodiversity along with the investigation of their effect on the living community through the adoption of holistic approaches such as -omics sciences and bioinformatics prediction tools.



AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual contribution to the work, and approved it for publication.



REFERENCES

 Ädel Druvefors, U., and Schnürer, J. (2005). Mold-inhibitory activity of different yeast species during airtight storage of wheat grain. FEMS Yeast Res. 5, 373–378. doi: 10.1016/j.femsyr.2004.10.006 

 Ait-Lahsen, H., Soler, A. S., Rey, M., De, J. S., Cruz, L., Monte, E., et al. (2001). An antifungal exo-α-1,3-glucanase (AGN13.1) from the biocontrol fungus Trichoderma harzianum. Appl. Environ. Microbiol. 67, 5833–5839. doi: 10.1128/AEM.67.12.5833-5839.2001

 Arrarte, E., Garmendia, G., Rossini, C., Wisniewski, M., and Vero, S. (2017). Volatile organic compounds produced by Antarctic strains of Candida sake play a role in the control of postharvest pathogens of apples. Biol. Control 109, 14–20. doi: 10.1016/j.biocontrol.2017.03.002

 Asari, S., Matzén, S., Petersen, M. A., Bejai, S., and Meijer, J. (2016). Multiple effects of Bacillus amyloliquefaciens volatile compounds: plant growth promotion and growth inhibition of phytopathogens. FEMS Microbiol. Ecol. 92, 1–11. doi: 10.1093/femsec/fiw070

 Avalos, M., Garbeva, P., Raaijmakers, J. M., and van Wezel, G. P. (2019). Production of ammonia as a low-cost and long-distance antibiotic strategy by Streptomyces species. ISME J. 2019, 1–15. doi: 10.1038/s41396-019-0537-2

 Bajpai, V. K., Rahman, A., Dung, N. T., Huh, M. K., and Kang, S. C. (2008). In vitro inhibition of food spoilage and foodborne pathogenic bacteria by essential oil and leaf extracts of Magnolia liliflora Desr. J. Food Sci. 73, M314–M320. doi: 10.1111/j.1750-3841.2008.00841.x 

 Bennett, J. W., Hung, R., Lee, S., and Padhi, S. (2012). “Fungal and bacterial volatile organic compounds: an overview and their role as ecological signaling agents” in The mycota (A Comprehensive Treatise on Fungi as Experimental Systems for Basic and Applied Research). ed. B. Hock (Berlin, Heidelberg: Springer), 373–393.

 Blom, D., Fabbri, C., Connor, E. C., Schiestl, F. P., Klauser, D. R., Boller, T., et al. (2011). Production of plant growth modulating volatiles is widespread among rhizosphere bacteria and strongly depends on culture conditions. Environ. Microbiol. 13, 3047–3058. doi: 10.1111/j.1462-2920.2011.02582.x 

 Braun, G., Vailati, M., Prange, R., and Bevis, E. (2012). Muscodor albus volatiles control toxigenic fungi under controlled atmosphere (CA) storage conditions. Int. J. Mol. Sci. 13, 15848–15858. doi: 10.3390/ijms131215848 

 Chang, P. K., Hua, S. S. T., Sarreal, S. B. L., and Li, R. W. (2015). Suppression of aflatoxin biosynthesis in Aspergillus flavus by 2-phenylethanol is associated with stimulated growth and decreased degradation of branched-chain amino acids. Toxins 7, 3887–3902. doi: 10.3390/toxins7103887 

 Chen, P.-H., Chen, R.-Y., and Chou, J. Y. (2018). Screening and evaluation of yeast antagonists for biological control of Botrytis cinerea on strawberry fruits. Mycobiology 46, 33–46. doi: 10.1080/12298093.2018.1454013 

 Chiron, N., and Micherlot, D. (2005). Odeurs des champignons: chimie et rôle dans les interactions biotiques - une revue. Cryptogam. Mycol. 26, 299–364. https://hal.archives-ouvertes.fr/hal-00086256

 Choi, H. K., Song, G. C., Yi, H., and Ryu, C. (2014). Field evaluation of the bacterial volatile derivative 3-pentanol in priming for induced resistance in pepper. J. Chem. Ecol. 40, 882–892. doi: 10.1007/s10886-014-0488-z 

 Chung, J. H., Song, G. C., and Ryu, C. M. (2016). Sweet scents from good bacteria: case studies on bacterial volatile compounds for plant growth and immunity. Plant Mol. Biol. 90, 677–687. doi: 10.1007/s11103-015-0344-8 

 Coda, R., Rizzello, C. G., Di Cagno, R., Trani, A., Cardinali, G., and Gobbetti, M. (2013). Antifungal activity of Meyerozyma guilliermondii: identification of active compounds synthesized during dough fermentation and their effect on long-term storage of wheat bread. Food Microbiol. 33, 243–251. doi: 10.1016/j.fm.2012.09.023 

 Compant, S., Duffy, B., Nowak, J., Clément, C., and Barka, E. A. (2005). Use of plant growth-promoting bacteria for biocontrol of plant diseases: principles, mechanisms of action, and future prospects. Appl. Environ. Microbiol. 71, 4951–4959. doi: 10.1128/AEM.71.9.4951-4959.2005 

 Cortes-Barco, A. M., Goodwin, P. H., and Hsiang, T. (2010a). Comparison of induced resistance activated by benzothiadiazole, (2R,3R)-butanediol and an isoparaffin mixture against anthracnose of Nicotiana benthamiana. Plant Pathol. 59, 643–653. doi: 10.1111/j.1365-3059.2010.02283.x

 Cortes-Barco, A. M., Hsiang, T., and Goodwin, P. H. (2010b). Induced systemic resistance against three foliar diseases of Agrostis stolonifera by (2R,3R)-butanediol or an isoparaffin mixture. Ann. Appl. Biol. 157, 179–189. doi: 10.1111/j.1744-7348.2010.00417.x

 Cowen, L. E., Anderson, J. B., and Kohn, L. M. (2002). Evolution of drug resistance in Candida albicans. Annu. Rev. Microbiol. 56, 139–165. doi: 10.1146/annurev.micro.56.012302.160907 

 D’Alessandro, M., Erb, M., Ton, J., Brandenburg, A., Karlen, D., Zopfi, J., et al. (2014). Volatiles produced by soil-borne endophytic bacteria increase plant pathogen resistance and affect tritrophic interactions. Plant Cell Environ. 37, 813–826. doi: 10.1111/pce.12220 

 Dandurishvili, N., Toklikishvili, N., Ovadis, M., Eliashvili, P., Giorgobiani, N., Keshelava, R., et al. (2011). Broad-range antagonistic rhizobacteria Pseudomonas fluorescens and Serratia plymuthica suppress Agrobacterium crown gall tumours on tomato plants. J. Appl. Microbiol. 110, 341–352. doi: 10.1111/j.1365-2672.2010.04891.x 

 Deising, H. B., Reimann, S., and Pascholati, S. F. (2008). Mechanisms and significance of fungicide resistance. Braz. J. Microbiol. 39, 286–295. doi: 10.1590/S1517-83822008000200017

 Delory, B. M., Delaplace, P., Fauconnier, M., and du Jardin, P. (2016). Root-emitted volatile organic compounds: can they mediate belowground plant-plant interactions? Plant Soil 36, 361–368. doi: 10.1007/s11104-016-2823-3

 Di Francesco, A., Ugolini, L., Lazzeri, L., and Mari, M. (2015). Production of volatile organic compounds by Aureobasidium pullulans as a potential mechanism of action against postharvest fruit pathogens. Biol. Control 81, 8–14. doi: 10.1016/j.biocontrol.2014.10.004

 Dowling, D. N., and O’Gara, F. (1994). Metabolites of Pseudomonas involved in the biocontrol of plant disease. Trends Biotechnol. 12, 133–141.

 Droby, S., Wisniewski, M., Macarisin, D., and Wilson, C. (2009). Twenty years of postharvest biocontrol research: is it time for a new paradigm? Postharvest Biol. Technol. 52, 137–145. doi: 10.1016/j.postharvbio.2008.11.009

 Effmert, U., Kalderás, J., Warnke, R., and Piechulla, B. (2012). Volatile mediated interactions between bacteria and fungi in the soil. J. Chem. Ecol. 38, 665–703. doi: 10.1007/s10886-012-0135-5 

 Elshafie, H. S., Camele, I., Racioppi, R., Scrano, L., Iacobellis, N. S., and Bufo, S. A. (2012). In vitro antifungal activity of Burkholderia gladioli pv. agaricicola against some phytopathogenic fungi. Int. J. Mol. Sci. 13, 16291–16302. doi: 10.3390/ijms131216291 

 Essien, E., Aboaba, S. O., and Ogunwande, I. A. (2011). Constituents and antimicrobial properties of the leaf essential oil of Gossypium barbadense (Linn.). J. Med.Plants Res. 5, 702–705. doi: 10.5897/JMPR

 Farag, M. A., Ryu, C. M., Sumner, L. W., and Paré, P. W. (2006). GC-MS SPME profiling of rhizobacterial volatiles reveals prospective inducers of growth promotion and induced systemic resistance in plants. Phytochemistry 67, 2262–2268. doi: 10.1016/j.phytochem.2006.07.021 

 Farbo, M. G., Urgeghe, P. P., Fiori, S., Marcello, A., Oggiano, S., Balmas, V., et al. (2018). Effect of yeast volatile organic compounds on ochratoxin A-producing Aspergillus carbonarius and A. ochraceus. Int. J. Food Microbiol. 284, 1–10. doi: 10.1016/j.ijfoodmicro.2018.06.023

 Fialho, M. B., Ferreira, L. F. R., Monteiro, R. T. R., and Pascholati, S. F. (2011). Antimicrobial volatile organic compounds affect morphogenesis-related enzymes in Guignardia citricarpa, causal agent of citrus black spot. Biocontrol Sci. Tech. 21, 797–807. doi: 10.1080/09583157.2011.580837

 Fialho, M. B., Toffano, L., Pedroso, M. P., Augusto, F., and Pascholati, S. F. (2010). Volatile organic compounds produced by Saccharomyces cerevisiae inhibit the in vitro development of Guignardia citricarpa, the causal agent of citrus black spot. World J. Microbiol. Biotechnol. 26, 925–932. doi: 10.1007/s11274-009-0255-4

 Fiedler, N., Laumbach, R., Kelly-McNeil, K., Lioy, P., Fan, Z. H., Zhang, J., et al. (2005). Health effects of a mixture of indoor air volatile organics, their ozone oxidation products, and stress. Environ. Health Perspect. 113, 1542–1548. doi: 10.1289/ehp.8132 

 Fiori, S., Urgeghe, P. P., Hammami, W., Razzu, S., Jaoua, S., and Migheli, Q. (2014). Biocontrol activity of four non- and low-fermenting yeast strains against Aspergillus carbonarius and their ability to remove ochratoxin a from grape juice. Int. J. Food Microbiol. 189, 45–50. doi: 10.1016/j.ijfoodmicro.2014.07.020 

 Gao, H., Li, P., Xu, X., Zeng, Q., and Guan, W. (2018). Research on volatile organic compounds from Bacillus subtilis CF-3: biocontrol effects on fruit fungal pathogens and dynamic changes during fermentation. Front. Microbiol. 9:456. doi: 10.3389/fmicb.2018.00456 

 Garbeva, P., Hordijk, C., Gerards, S., and de Boer, W. (2014a). Volatiles produced by the mycophagous soil bacterium Collimonas. FEMS Microbiol. Ecol. 87, 639–649. doi: 10.1111/1574-6941.12252

 Garbeva, P., Hordijk, C., Gerards, S., and de Boer, W. (2014b). Volatile-mediated interactions between phylogenetically different soil bacteria. Front. Microbiol. 5:289. doi: 10.3389/fmicb.2014.00289

 Groenhagen, U., Baumgartner, R., Bailly, A., Gardiner, A., Eberl, L., Schulz, S., et al. (2013). Production of bioactive volatiles by different Burkholderia ambifaria strains. J. Chem. Ecol. 39, 892–906. doi: 10.1007/s10886-013-0315-y 

 Gu, Y. Q., Mo, M. H., Zhou, J. P., Zou, C. S., and Zhang, K. Q. (2007). Evaluation and identification of potential organic nematicidal volatiles from soil bacteria. Soil Biol. Biochem. 39, 2567–2575. doi: 10.1016/j.soilbio.2007.05.011

 Gutiérrez-Luna, F. M., López-Bucio, J., Altamirano-Hernández, J., Valencia-Cantero, E., De La Cruz, H. R., and Macías-Rodríguez, L. (2010). Plant growth-promoting rhizobacteria modulate root-system architecture in Arabidopsis thaliana through volatile organic compound emission. Symbiosis 51, 75–83. doi: 10.1007/s13199-010-0066-2

 Heydari, A., and Pessarakli, M. (2010). A review on biological control of fungal plant pathogens using microbial antagonists. J. Biol. Sci. 10, 273–290. doi: 10.3923/jbs.2010.273.290

 Hong, T.-Y., and Meng, M. (2003). Biochemical characterization and antifungal activity of an endo-1,3-b-glucanase of Paenibacillus sp. isolated from garden soil. Appl. Microbiol. Biotechnol. 61, 472–478. doi: 10.1007/s00253-003-1249-z

 Hua, S. S. T., Beck, J. J., Sarreal, S. B. L., and Gee, W. (2014). The major volatile compound 2-phenylethanol from the biocontrol yeast, Pichia anomala, inhibits growth and expression of aflatoxin biosynthetic genes of Aspergillus flavus. Mycotoxin Res. 30, 71–78. doi: 10.1007/s12550-014-0189-z 

 Huang, R., Che, H. J., Zhang, J., Yang, L., Jiang, D. H., and Li, G. Q. (2012b). Evaluation of Sporidiobolus pararoseus strain YCXT3 as biocontrol agent of Botrytis cinerea on post-harvest strawberry fruits. Biol. Control 62, 53–63. doi: 10.1016/j.biocontrol.2012.02.010

 Huang, R., Li, G. Q., Zhang, J., Yang, L., Che, H. J., Jiang, D. H., et al. (2011). Control of postharvest Botrytis fruit rot of strawberry by volatile organic compounds of Candida intermedia. Phytopathology 101, 859–869. doi: 10.1094/phyto-09-10-0255

 Huang, C. J., Tsay, J. F., Chang, S. Y., Yang, H. P., Wu, W. S., and Chen, C. Y. (2012a). Dimethyl disulfide is an induced systemic resistance elicitor produced by Bacillus cereus C1L. Pest Manag. Sci. 68, 1306–1310. doi: 10.1002/ps.3301

 Hung, R., Lee, S., and Bennett, J. W. (2013). Arabidopsis thaliana as a model system for testing the effect of Trichoderma volatile organic compounds. Fungal Ecol. 6, 19–26. doi: 10.1016/j.funeco.2012.09.005

 Irtwange, S. (2006). Application of biological control agents in pre-and postharvest operations. Agric. Eng. Int. CIGR J. 3, 3. Available at: http://cigrjournal.org/index.php/Ejounral/article/download/690/684; https://hdl.handle.net/1813/10564 (Accessed January 24, 2020).

 Janisiewicz, W. J., Kurtzman, C. P., and Buyer, J. S. (2010). Yeasts associated with nectarines and their potential for biological control of brown rot. Yeast 27, 389–398. doi: 10.1002/yea.1763 

 Jiménez, J. I., Margolis, J. S., Baird, J. K., and Lego, S. F. (2012). Compounds derived from Muscodor fungi. US Patent 20120058058.

 Jones, S. E., Ho, L., Rees, C. A., Hill, J. E., Nodwell, J. R., and Elliot, M. A. (2017). Streptomyces exploration is triggered by fungal interactions and volatile signals. elife 6:e21738. doi: 10.7554/eLife.21738

 Kai, M., Crespo, E., Cristescu, S. M., Harren, F. J. M., Francke, W., and Piechulla, B. (2010). Serratia odorifera: analysis of volatile emission and biological impact of volatile compounds on Arabidopsis thaliana. Appl. Microbiol. Biotechnol. 88, 965–976. doi: 10.1007/s00253-010-2810-1 

 Kai, M., Haustein, M., Molina, F., Petri, A., Scholz, B., and Piechulla, B. (2009). Bacterial volatiles and their action potential. Appl. Microbiol. Biotechnol. 81, 1001–1012. doi: 10.1007/s00253-008-1760-3 

 Kanchiswamy, C. N., Malnoy, M., and Maffei, M. E. (2015). Chemical diversity of microbial volatiles and their potential for plant growth and productivity. Front. Plant Sci. 6:151. doi: 10.3389/fpls.2015.00151 

 Kännaste, A., Copolovici, L., and Niinemets, Ü. (2014). Gas chromatography-mass spectrometry method for determination of biogenic volatile organic compounds emitted by plants. Methods Mol. Biol. 1153, 161–169. doi: 10.1007/978-1-4939-0606-2_11

 Khan, A. L., Waqas, M., Hussain, J., Al-Harrasi, A., Al-Rawahi, A., Al-Hosni, K., et al. (2014). Endophytes Aspergillus caespitosus LK12 and Phoma sp. LK13 of Moringa peregrina produce gibberellins and improve rice plant growth. J. Plant Interact. 9, 731–737. doi: 10.1080/17429145.2014.917384

 Kumar, S., and Kaushik, N. (2012). Metabolites of endophytic fungi as novel source of biofungicide: a review. Phytochem. Rev. 11, 507–522. doi: 10.1007/s11101-013-9271-y

 Li, Q., Ning, P., Zheng, L., Huang, J., Li, G., and Hsiang, T. (2010). Fumigant activity of volatiles of Streptomyces globisporus JK-1 against Penicillium italicum on Citrus microcarpa. Postharvest Biol. Technol. 58, 157–165. doi: 10.1016/j.postharvbio.2010.06.003

 Lim, H.-S., Kim, Y.-S., and Kim, S.-D. (1991). Pseudomonas stutzeri YPL-1 genetic transformation and antifungal mechanism against Fusarium solani, an agent of plant root rot. Appl. Environ. Microbiol. 57, 510–516.

 Liu, P., Cheng, Y., Yang, M., Liu, Y., Chen, K., Long, C. A., et al. (2014). Mechanisms of action for 2-phenylethanol isolated from Kloeckera apiculata in control of Penicillium molds of citrus fruits. BMC Microbiol. 14:242. doi: 10.1186/s12866-014-0242-2 

 Liu, J., Sui, Y., Wisniewski, M., Droby, S., and Liu, Y. (2013). Review: utilization of antagonistic yeasts to manage postharvest fungal diseases of fruit. Int. J. Food Microbiol. 167, 153–160. doi: 10.1016/j.ijfoodmicro.2013.09.004 

 Maffei, M. E., Gertsch, J., and Appendino, G. (2011). Plant volatiles: production, function and pharmacology. Nat. Prod. Rep. 28, 1359–1380. doi: 10.1039/c1np00021g 

 Mari, M., Martini, C., Guidarelli, M., and Neri, F. (2012). Postharvest biocontrol of Monilinia laxa, Monilinia fructicola and Monilinia fructigena on stone fruit by two Aureobasidium pullulans strains. Biol. Control 60, 132–140. doi: 10.1016/j.biocontrol.2011.10.013

 Masoud, W., and Kaltoft, C. H. (2006). The effects of yeasts involved in the fermentation of Coffea arabica in East Africa on growth and ochratoxin a (OTA) production by Aspergillus ochraceus. Int. J. Food Microbiol. 106, 229–234. doi: 10.1016/j.ijfoodmicro.2005.06.015 

 Masoud, W., Poll, L., and Jakobsen, M. (2005). Influence of volatile compounds produced by yeasts predominant during processing of Coffea arabica in East Africa on growth and ochratoxin A (OTA) production by Aspergillus ochraceus. Yeast 22, 1133–1142. doi: 10.1002/yea.1304 

 McKee, N. D., and Robinson, P. M. (2009). Production of volatile inhibitors of germination and hyphal extension by Geotrichum candidum. Trans. Br. Mycol. Soc. 91, 157–160. doi: 10.1016/s0007-1536(88)80017-2

 Mehta, H. H., Prater, A. G., and Shamoo, Y. (2018). Using experimental evolution to identify druggable targets that could inhibit the evolution of antimicrobial resistance. J. Antibiot. 71, 279–286. doi: 10.1038/ja.2017.108

 Meldau, D. G., Meldau, S., Hoang, L. H., Underberg, S., Wunsche, H., and Baldwin, I. T. (2013). Dimethyl disulfide produced by the naturally associated bacterium Bacillus sp B55 promotes Nicotiana attenuata growth by enhancing sulfur nutrition. Plant Cell 25, 2731–2747. doi: 10.1105/tpc.113.114744 

 Mercier, J., and Jiménez, J. I. (2004). Control of fungal decay of apples and peaches by the biofumigant fungus Muscodor albus. Postharvest Biol. Technol. 31, 1–8. doi: 10.1016/j.postharvbio.2003.08.004

 Mercier, J., Lego, S. F., and Smilanick, J. (2010). In-package use of Muscodor albus volatile-generating sachets and modified atmosphere liners for decay control in organic table grapes under commercial conditions. Fruits 65, 31–38. doi: 10.1051/fruits/2009039

 Mercier, J., and Manker, D. C. (2005). Biocontrol of soil-borne diseases and plant growth enhancement in greenhouse soilless mix by the volatile-producing fungus Muscodor albus. Crop Prot. 24, 355–362. doi: 10.1016/j.cropro.2004.09.004

 Minerdi, D., Bossi, S., Gullino, M. L., and Garibaldi, A. (2009). Volatile organic compounds: a potential direct long-distance mechanism for antagonistic action of Fusarium oxysporum strain MSA 35. Environ. Microbiol. 11, 844–854. doi: 10.1111/j.1462-2920.2008.01805.x 

 Minerdi, D., Bossi, S., Maffei, M. E., Gullino, M. L., and Garibaldi, A. (2011). Fusarium oxysporum and its bacterial consortium promote lettuce growth and expansin A5 gene expression through microbial volatile organic compound (MVOC) emission. FEMS Microbiol. Ecol. 76, 342–351. doi: 10.1111/j.1574-6941.2011.01051.x 

 Mitchell, A. M., Strobel, G. A., Moore, E., Robison, R., and Sears, J. (2010). Volatile antimicrobials from Muscodor crispans, a novel endophytic fungus. Microbiology 156, 270–277. doi: 10.1099/mic.0.032540-0

 Morath, S. U., Hung, R., and Bennett, J. W. (2012). Fungal volatile organic compounds: a review with emphasis on their biotechnological potential. Fungal Biol. Rev. 26, 73–83. doi: 10.1016/j.fbr.2012.07.001

 Muccilli, S., and Restuccia, C. (2015). Bioprotective role of yeasts. Microorganisms 3, 588–611. doi: 10.3390/microorganisms3040588 

 Mülner, P., Bergna, A., Wagner, P., Sarajlić, D., Gstöttenmayr, B., Dietel, K., et al. (2019). Microbiota associated with sclerotia of soilborne fungal pathogens – a novel source of biocontrol agents producing bioactive volatiles. Phytobiomes Journal. 3, 125–136. doi: 10.1094/PBIOMES-11-18-0051-R

 Naznin, H. A., Kimura, M., Miyazawa, M., and Hyakumachi, M. (2012). Analysis of volatile organic compounds emitted by plant growth-promoting fungus Phoma sp. GS8-3 for growth promotion effects on tobacco. Microbes Environ. 28, 42–49. doi: 10.1264/jsme2.me12085

 Naznin, H. A., Kiyohara, D., Kimura, M., Miyazawa, M., Shimizu, M., and Hyakumachi, M. (2014). Systemic resistance induced by volatile organic compounds emitted by plant growth-promoting fungi in Arabidopsis thaliana. PLoS One 9:e86882. doi: 10.1371/journal.pone.0086882 

 Nilsson, A., Kihlström, E., Lagesson, V., Wessén, B., Szponar, B., Larsson, L., et al. (2004). Microorganisms and volatile organic compounds in airborne dust from damp residences. Indoor Air 14, 74–82. doi: 10.1046/j.1600-0668.2003.00178.x 

 Pagans, E., Font, X., and Sánchez, A. (2006). Emission of volatile organic compounds from composting of different solid wastes: abatement by biofiltration. J. Hazard. Mater. 131, 179–186. doi: 10.1016/j.jhazmat.2005.09.017 

 Pal, K. K., and McSpadden Gardener, B. (2006). Biological control of plant pathogens. Plant Health Instr. 2, 1. doi: 10.1094/PHI-A-2006-1117-02

 Parafati, L., Vitale, A., Restuccia, C., and Cirvilleri, G. (2015). Biocontrol ability and action mechanism of food-isolated yeast strains against Botrytis cinerea causing post-harvest bunch rot of table grape. Food Microbiol. 47, 85–92. doi: 10.1016/j.fm.2014.11.013 

 Parafati, L., Vitale, A., Restuccia, C., and Cirvilleri, G. (2017). Performance evaluation of volatile organic compounds by antagonistic yeasts immobilized on hydrogel spheres against gray, green and blue postharvest decays. Food Microbiol. 63, 191–198. doi: 10.1016/j.fm.2016.11.021 

 Pasanen, P., Korpi, A., Kalliokoski, P., and Pasanen, A. L. (1997). Growth and volatile metabolite production of Aspergillus versicolor in house dust. Environ. Int. 23, 425–432. doi: 10.1016/S0160-4120(97)00027-5

 Peighami-Ashnaei, S., Sharifi-Tehrani, A., Ahmadzadeh, M., and Behboudi, K. (2009). Interaction of different media on production and biocontrol efficacy of Pseudomonas fluorescens P-35 and Bacillus subtilis B-3 against grey mould of apple. J. Plant Pathol. 91, 65–70. doi: 10.4454/jpp.v91i1.625

 Pimenta, R. S., Moreira da Silva, J. F., Buyer, J. S., and Janisiewicz, W. J. (2012). Endophytic fungi from plums (Prunus domestica) and their antifungal activity against Monilinia fructicola. J. Food Prot. 75, 1883–1889. doi: 10.4315/0362-028X.JFP-12-156 

 Popova, A. A., Koksharova, O. A., Lipasova, V. A., Zaitseva, J. V., Katkova-Zhukotskaya, O. A., Eremina, S. I., et al. (2014). Inhibitory and toxic effects of volatiles emitted by strains of Pseudomonas and Serratia on growth and survival of selected microorganisms, Caenorhabditis elegans, and Drosophila melanogaster. Biomed. Res. Int. 2014:4. doi: 10.1155/2014/125704 

 Raza, W., Ling, N., Yang, L., Huang, Q., and Shen, Q. (2016). Response of tomato wilt pathogen Ralstonia solanacearum to the volatile organic compounds produced by a biocontrol strain Bacillus amyloliquefaciens SQR-9. Sci. Rep. 6:24856. doi: 10.1038/srep24856 

 Romanazzi, G., Lichter, A., Gabler, F. M., and Smilanick, J. L. (2012). Recent advances on the use of natural and safe alternatives to conventional methods to control postharvest gray mold of table grapes. Postharvest Biol. Technol. 63, 141–147. doi: 10.1016/j.postharvbio.2011.06.013

 Rudrappa, T., Biedrzycki, M. L., Kunjeti, S. G., Donofrio, N. M., Czymmek, K. J., Paré, P. W., et al. (2010). The rhizobacterial elicitor acetoin induces systemic resistance in Arabidopsis thaliana. Commun. Integr. Biol. 3, 130–138. doi: 10.4161/cib.3.2.10584

 Ryu, C.-M., Farag, M. A., Hu, C.-H., Reddy, M. S., Wei, H.-X., Pare, P. W., et al. (2003). Bacterial volatiles promote growth in Arabidopsis. Proc. Natl. Acad. Sci. USA 100, 4927–4932. doi: 10.1073/pnas.0730845100

 Schiestl, F. P., Steinebrunner, F., Schulz, C., von Reuss, S., Francke, W., Weymuth, C., et al. (2006). Evolution of ‘pollinator’-attracting signals in fungi. Biol. Lett. 2, 401–404. doi: 10.1098/rsbl.2006.0479 

 Schmidt, R., Cordovez, V., de Boer, W., Raaijmakers, J., and Garbeva, P. (2015). Volatile affairs in microbial interactions. ISME J. 9, 2329–2335. doi: 10.1038/ismej.2015.42 

 Schöller, C. E. G., Gürtler, H., Pedersen, R., Molin, S., and Wilkins, K. (2002). Volatile metabolites from actinomycetes. J. Agric. Food Chem. 5, 2615–2621. doi: 10.1021/jf0116754

 Schulz-Bohm, K., Martín-Sánchez, L., and Garbeva, P. (2017). Microbial volatiles: small molecules with an important role in intra- and inter-kingdom interactions. Front. Microbiol. 8:2484. doi: 10.3389/fmicb.2017.02484 

 Schulz-Bohm, K., Zweers, H., de Boer, W., and Garbeva, P. (2015). A fragrant neighborhood: volatile mediated bacterial interactions in soil. Front. Microbiol. 6:1212. doi: 10.3389/fmicb.2015.01212 

 Serrano, A., and Gallego, M. (2006). Sorption study of 25 volatile organic compounds in several Mediterranean soils using headspace-gas chromatography-mass spectrometry. J. Chromatogr. 1118, 261–270. doi: 10.1016/j.chroma.2006.03.095

 Serrano, C., Matos, O., Teixeira, B., Ramos, C., Neng, N., Nogueira, J., et al. (2011). Antioxidant and antimicrobial activity of Satureja montana L. extracts. J. Sci. Food Agric. 91, 1554–1560. doi: 10.1002/jsfa.4347

 Shanthi, K., Gowri, P., and Gopu, M. (2011). Pharmacognosy, analysis of bio-active compounds form Abutilon indicum Linn. (Malvaceae) by using gas chromatography and mass spectrometry (GC-MS) in ethanol and hexane solvent. J. Pharm. Res. 4, 4795–4797.

 Singh, S. K., Strobel, G. A., Knighton, B., Geary, B., Sears, J., and Ezra, D. (2011). An endophytic Phomopsis sp. possessing bioactivity and fuel potential with its volatile organic compounds. Microb. Ecol. 61, 729–739. doi: 10.1007/s00248-011-9818-7 

 Song, G. C., and Ryu, C. M. (2013). Two volatile organic compounds trigger plant self-defense against a bacterial pathogen and a sucking insect in cucumber under open field conditions. Int. J. Mol. Sci. 14, 9803–9819. doi: 10.3390/ijms14059803 

 Splivallo, R., Deveau, A., Valdez, N., Kirchhoff, N., Frey-Klett, P., and Karlovsky, P. (2015). Bacteria associated with truffle-fruiting bodies contribute to truffle aroma. Environ. Microbiol. 17, 2647–2660. doi: 10.1111/1462-2920.12521 

 Strobel, G. (2006). Muscodor albus and its biological promise. J. Ind. Microbiol. Biotechnol. 33, 514–522. doi: 10.1007/s10295-006-0090-7 

 Strobel, G. A., Dirkse, E., Sears, J., and Markworth, C. (2001). Volatile antimicrobials from Muscodor albus, a novel endophytic fungus. Microbiology 147, 2943–2950. doi: 10.1099/00221287-147-11-2943 

 Strobel, G., Singh, S. K., Riyaz-Ul-Hassan, S., Mitchell, A. M., Geary, B., and Sears, J. (2011). An endophytic/pathogenic Phoma sp. from creosote bush producing biologically active volatile compounds having fuel potential. FEMS Microbiol. Lett. 230, 87–94. doi: 10.1111/j.1574-6968.2011.02297.x

 Tenorio-Salgado, S., Tinoco, R., Vazquez-Duhalt, R., Caballero-Mellado, J., and Perez-Rueda, E. (2013). Identification of volatile compounds produced by the bacterium Burkholderia tropica that inhibit the growth of fungal pathogens. Bioengineered 4, 236–243. doi: 10.4161/bioe.23808

 Tholl, D., Boland, W., Hansel, A., Loreto, F., Röse, U. S., and Schnitzler, J. P. (2006). Practical approaches to plant volatile analysis. Plant J. 45, 540–560. doi: 10.1111/j.1365-313X.2005.02612.x 

 Tilocca, B., Balmas, V., Hassan, Z. U., Jaoua, S., and Migheli, Q. (2019). A proteomic investigation of Aspergillus carbonarius exposed to yeast volatilome or to its major component 2-phenylethanol reveals major shifts in fungal metabolism. Int. J. Food Microbiol. 306:108265. doi: 10.1016/j.ijfoodmicro.2019.108265 

 Tröscher-Mußotter, J., Tilocca, B., Stefanski, V., and Seifert, J. (2019). Analysis of the bacterial and host proteins along and across the porcine gastrointestinal tract. Proteomes 7:4. doi: 10.3390/proteomes7010004 

 van Dam, N. M., and Poppy, G. M. (2008). Why plant volatile analysis needs bioinformatics-detecting signal from noise in increasingly complex profiles. Plant Biol. 10, 29–37. doi: 10.1055/s-2007-964961 

 van Loon, L. C., Bakker, P. A. H. M., and Pieterse, C. M. J. (1998). Systemic resistance induced by rhizosphere bacteria. Annu. Rev. Phytopathol. 36, 453–483. doi: 10.1146/annurev.phyto.36.1.453 

 Velivelli, S. L. S., Kromann, P., Lojan, P., Rojas, M., Franco, J., Suarez, J. P., et al. (2015). Identification of mVOCs from andean rhizobacteria and field evaluation of bacterial and mycorrhizal inoculants on growth of potato in its center of origin. Microb. Ecol. 268, 285–292. doi: 10.1007/s00248-014-0514-2

 Vespermann, A., Kai, M., and Piechulla, B. (2007). Rhizobacterial volatiles affect the growth of fungi and Arabidopsis thaliana. Appl. Environ. Microbiol. 73, 5639–5641. doi: 10.1128/AEM.01078-07 

 Wang, C., Wang, Z., Qiao, X., Li, Z., Li, F., Chen, M., et al. (2013). Antifungal activity of volatile organic compounds from Streptomyces alboflavus TD-1. FEMS Microbiol. Lett. 341, 45–51. doi: 10.1111/1574-6968.12088 

 Wani, M. A., Sanjana, K., Kumar, D. M., and Lal, D. K. (2010). GC-MS analysis reveals production of 2-phenylethanol from Aspergillus niger endophytic in rose. J. Basic Microbiol. 50, 110–114. doi: 10.1002/jobm.200900295 

 Waqas, M., Khan, A. L., and Lee, I. J. (2014). Bioactive chemical constituents produced by endophytes and effects on rice plant growth. J. Plant Interact. 9, 478–487. doi: 10.1080/17429145.2013.860562

 Wheatley, R., Hackett, C., Bruce, A., and Kundzewicz, A. (1997). Effect of substrate composition on production of volatile organic compounds from Trichoderma spp. inhibitory to wood decay fungi. Int. Biodeterior. Biodegrad. 39, 199–205. doi: 10.1016/S0964-8305(97)00015-2

 Wilkins, K., and Schöller, C. (2009). Volatile organic metabolites from selected Streptomyces strains. Actinomycetologica 23, 27–33. doi: 10.3209/saj.SAJ230202

 Wisniewski, M., Biles, C., Droby, S., McLaughlin, R., Wilson, C., and Chalutz, E. (1991). Mode of action of the postharvest biocontrol yeast, Pichia guilliermondii. I. Characterization of attachment to Botrytis cinerea. Physiol. Mol. Plant Pathol. 39, 245–258. doi: 10.1016/0885-5765(91)90033-E

 Xu, Y. Y., Lu, H., Wang, X., Zhang, K. Q., and Li, G. H. (2015). Effect of volatile organic compounds from bacteria on nematodes. Chem. Biodivers. 12, 1415–1421. doi: 10.1002/cbdv.201400342 

 Yamagiwa, Y., Inagaki, Y., Ichinose, Y., Toyoda, K., Hyakumachi, M., and Shiraishi, T. (2011). Talaromyces wortmannii FS2 emits β-caryphyllene, which promotes plant growth and induces resistance. J. Gen. Plant Pathol. 77, 336–341. doi: 10.1007/s10327-011-0340-z

 Yang, Z., Yu, Z., Lei, L., Xia, Z., Shao, L., Zhang, K., et al. (2012). Nematicidal effect of volatiles produced by Trichoderma sp. J. Asia Pac. Entomol. 15, 647–650. doi: 10.1016/j.aspen.2012.08.002

 Yuan, J., Raza, W., Shen, Q., and Huang, Q. (2012). Antifungal activity of Bacillus amyloliquefaciens NJN-6 volatile compounds against Fusarium oxysporum f. sp. cubense. Appl. Environ. Microbiol. 78, 5942–5944. doi: 10.1128/AEM.01357-12 

 Zhang, X., Li, B., Wang, Y., Guo, Q., Lu, X., Li, S., et al. (2013). Lipopeptides, a novel protein, and volatile compounds contribute to the antifungal activity of the biocontrol agent Bacillus atrophaeus CAB-1. Appl. Microbiol. Biotechnol. 97, 9525–9534. doi: 10.1007/s00253-013-5198-x

 Zhao, J., Mou, Y., Shan, T., Li, Y., Zhou, L., Wang, M., et al. (2010). Antimicrobial metabolites from the endophytic fungus Pichia guilliermondii isolated from Paris polyphylla var. yunnanensis. Molecules 15, 7961–7970. doi: 10.3390/molecules15117961 

 Zhou, Z., Zhang, C., Zhou, W., Li, W., Chu, L., Yan, J., et al. (2014). Diversity and plant growth-promoting ability of endophytic fungi from the five flower plant species collected from Yunnan, Southwest China. J. Plant Interact. 9, 585–591. doi: 10.1080/17429145.2013.873959


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Tilocca, Cao and Migheli. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Scent of a Killer: Microbial Volatilome and Its Role in the Biological Control of Plant Pathogens



		Introduction



		Volatile Organic Compounds of Microbial Origin



		Bacterial Volatilome as a Tool for the Biocontrol of Plant Pathogens



		Bacterial Volatilome Prevents Pathogen Infection by Conditioning Plant Physiology



		Fungal Volatilome and Its Role in Biological Control



		Yeast Volatilome and Its Effects Against Pathogenic and Mycotoxin-Producing Fungi



		Exploiting Fungus-Plant Cross-Talk to Control Pathogens



		Volatile Organic Compounds Production by Mixed Microbial Consortia









		Practical Application of Microbial Volatile Organic Compounds



		Conclusion



		Author Contributions



		References



















OPS/images/fmicb-11-00041-g001.jpg
SR

23 8utanedial -
ethyihesanol

peenl Smethylbutanal

propiophenene
0

236 trimethyiphencl
23 dimethorybentamide anisldehyde

Organicacidsderiatives

Tl
S
(R

ahumiene.

Ketones

b
2idecanone

[PEPONS

* 2undecanone

3-hydrony-2butanone

)
et el

isobutyl alcohol

j/\/n "

3-methylbutanol

s

Alchools B

\(\/ Ou §
isopentyl alcohol 1-propanol

"o/j'/\/\ Y\ox

2-methyl-propanol
2-ethyl-1-hexanol Y RToES

Benzene derivatives.

T

O

mecresol  2:phenyl

A

1,35,7-cyclooctatetraene|

lethanol

Bcaryophyllene

&methyi2-heptanone

!
% Organic acids derivatives
e "
‘methyl benzoate
ethyl acetate aceticacid
Ketones
o
e \f \'(\/\/\/
s
1-butanol
2-propanone 2-nonanone






OPS/images/fmicb-11-00041-t001.jpg
Antagonist Target Application Main VOCs Reference
Aureobasidium pullians Botrytis cinerea Post-harvest decay toxin 2-Phenylethanol Di Francesco et al. (2015)
Coletotrichum acutatum contamination
Penicilum expansum
Penicilum digitatum
Penicilum italicum
Cyberiinnera jadini Aspergillus carbonarius Post-harvest decay toxin 2-Phenylethanol Farbo et al. (2018)
Lachancea thermotolerans Aspergilus ochraceus contamination Tiocca et al. (2019)
Candida intermedia
Candda friecrichi
‘Saccharomyces cerevisiae Phylosticta citricarpa Post-harvest decay 2-Phenylethanol Fialho et al. (2010)
Wickerhamomyces anomalus  Aspergills flavus Toxin contamination 2-Phenylethanol Hua etal. (2014)
Hanseniaspora warum Aspergilus ochraceus Toxin contamination 2-Phenylethyl acetate Masoud et al. (2005)
Pichia Kuyveri
Wickerhamomyces anomalus
Aureobasidium pullians Botrytis cinerea Pathogen prevention/inhibition  Whole volatiome Parafati et al. (2015)
Metschnikowia pulcherima
‘Saccharomyces cerevisiae
Wickerhamomyces anomalus
Candida sake Botrytis cinerea Post-harvest decay Whole volatiome Arrarte et al. (2017)
Penicilum expansum
Bacillus amyloliquefaciens Fusarium oxysporum Pathogen prevention 2,3,6-Trimethyl-phenol Yuan et al. (2012)
Pentadecane
Tetradecane
Bacillus atrophaeus Botrytis cinerea Pathogen prevention/inhibition  Hexadecane Zhang etal. (2013)
2,3-Dimethoxybenzamide
Oanisaldehyde
Burkholderia ambitaria Rhizoctonia solani Pathogen prevention/inhibition ~ Dimethyldisulfide Groenhagen et al. (2013)
Attemaria altemata 2-Undecanone
dimethyltisufide
4-Octanone
Methyimethanethiosuifonate
Phenyipropanone
Burkholderia tropica Coletotrichum gloeosporioides ~ Pathogen prevention/inhibition ~ Limonene Tenorio-Salgado et al. (2013)
Fusarium cumorum Alpha-pinene
Fusarium oxysporum Ocimene
Athelia rolfsi
Burkholderia gladioll Fusarium oxysporum Pathogen prevention/inhibition  Limonene Eishafie et al. (2012)
Rhizoctonia solani
Achromobacter sp. Fusarium oxysporum Plant growth induction Dimethyldisulide Minerdi et al. (2009, 2011)
Seratia sp. Propanal
2-Ethyl-1-hexanol
Dodecane
Tridecane
Tetradecane
Bacillus spp. Host Resistance induction 3-Hydroxy-2-butanone Ryu et al. (2003)
Plant growth induction 2,3-Butanediol Rudrappa et al. (2010)
Enterobacter aerogenes Exserohium turcicum Pathogen prevention/inhibition  2,3-Butanediol D'Alessando et al. (2014)
Phomopsis sp. Pythium spp. Pathogen prevention/inhibition ~ Sabinene. Zhou etal. (2014)
1-Butanol
i 3-Methylbenzeneethanol
Sclerotinia spp. 1-Propanol
Rhizoctonia spp. 2-Methyl
Fusarkim spp. 2-Propanone
Botrytis spp.
Vertcilium spp.
Coletotrichum spp.
Phacosphaeria nodorum Monilnia fucticola Pathogen prevention/inhibition  3-Methylbutanol Naznin et al. (2012, 2014)
Aceic acid
2-Propyk-1-0l
Ethyl acetate
Wickerhamomyces anomalus  Penicillum roquefort Post-harvest decay Ethylacetate Liuetal. (2014)
Trichoderma viride Arabidopsis thaliana Plant growth induction Isobutyl alcohol Hung et al. 2013)
Isopentyl alcohol
3-Methylbutanal
Talaromyces sp. Colletotrichum higginsianum  Plant growth induction {-Caryophyllene Di Francesco et al. (2015)
Cladlosporium sp. Pseudomonas syringae Resistance induction m-Cresol Di Francesco et al. (2015)
Ampelomyces sp. pathogen Prevention/inhibition ~ Methylbenzoate






OPS/images/cover.jpg
, frontiers
in Microbiology

Scent of a Killer: Microbial Volatilome
and Its Role in the Biological Control
of Plant Pathogens









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Microbiology





