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Summary

Like most other eukaryotes, plants do not live alone but in close association with a diverse
microflora. These plant-associated microbes contribute to plant health in many different ways,
ranging from modulation of hormonal pathways to direct antibiosis of plant pathogens. Overthe
last 15 yr, the importance of volatile organic compounds as mediators of mutualistic interactions
between plant-associated bacteria and their hosts has become evident. This review summarizes
current knowledge concerning bacterial volatile-mediated plant protection against abiotic and
biotic stresses. It then discusses the translational potential of such metabolites or of their emitters
for sustainable crop protection, the possible ways to harness this potential, and the major
challenges still preventing us from doing so. Finally, the review concludes with highlighting the
most pressing scientific gaps that need to be filled in order to enable a better understanding of:
the molecular mechanisms underlying the biosynthesis of bacterial volatiles; the complex
regulation of bacterial volatile emission in natural communities; the perception of bacterial
volatiles by plants; and the modes of actions of bacterial volatiles on their host.
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with other organisms using the plant as food source, such as

I. Introduction . . : . .
herbivores or disease-causing agents, which can be of viral,

1. Plants' responses to stresses

During their entire life span, plants face many different types of
‘stresses’; that is, external conditions preventing them from
reaching optimal growth. Some of these stresses are of abiotic
nature, such as poor nutrient availability or heavy metal toxicity,
drought or flooding, and exposure to cold or high temperature. By
contrast, stresses of biotic nature involve the interaction of plants

bacterial, fungal, or oomycete origin. To withstand these different
stresses, plants have developed sophisticated mechanisms, which
mainly reside in the production of a diverse set of chemical defences
encompassing highly bioactive secondary metabolites. Some of
these compounds have direct toxicity to the attacker, whereas others
recruit its natural enemies or warn neighbouring plants to mount
their own defences (Hare, 2011; Clavijo McCormick et al., 2012;
Erb, 2018). The vast richness of the plant secondary metabolome,
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which still is a prolific source of bioactive molecules of relevance for
plant and human health, might lead one to think that plants do not
depend on other organisms for their own defence. However, we
have recently learned that plants, like other organisms, are densely
colonized by diverse microbes (Vorholt, 2012; Miiller ez al., 2016;
Banerjee ez al., 2018), which might also contribute to their host’s
defence (Innerebner ez al., 2011; Ritpitakphong ez al., 2016).

2. Microbial metabolites of relevance to plant health

Microbes in general, and bacteria in particular, are well known for
their biochemical versatility; using a wide array of inorganic and
organic compounds to fuel their metabolism, they are also prolific
producers of secondary metabolites of diverse biological activities.
Many of these metabolites have antimicrobial properties and are
used as antibiotic and antifungal drugs (Brader ez /., 2014; Ait
Barka et al, 2016; Caulier er al, 2019). This wealth of
antimicrobial compounds encoded in genomes of both bacteria
and fungi is not surprising considering that these mostly
heterotrophic microbial life forms have competed for the same
resources for millions of years before the appearance of the first
terrestrial plants. Traditionally, the study of microbial metabolism
and the search for bioactive molecules have focused on soluble
compounds. However, mounting evidence suggests that microbes,
and especially bacteria, emit diverse volatile compounds with
significant biological activities on a wide range of target organisms,
including plants and their pathogens (Groenhagen et al., 2013;
Piechulla ezal., 2017). Although plant-associated fungi and protists
also emit volatile organic compounds (Hung ez al., 2015; Chen
etal., 20165 Li ez al., 2016), the present review focuses on bacterial
volatiles and highlights the diverse means by which these
compounds contribute to maintaining and protecting plant health.

3. Structure and function of the bacterial smell

Volatile compounds are usually defined as small (<300 Da)
molecules of low boiling point and high vapour pressure, and
containing a lipophilic moiety (Schulz & Dickschat, 2007). More
generally, these physical and chemical features influence the
volatility of molecules, which should be seen as a continuous rather
than dichotomous property, some molecules showing very high,
and other very low volatility. However, all volatile molecules share
the ability to move via the gaseous phase, a feature that can be of
great relevance in environments such as the heterogeneous soil
matrix that constitutes an important source of bacterial inoculum
for the plant microbiome (Zarraonaindia ez al., 2015; Grady ez al.,
2019). There, volatile signals can accumulate and spread via the air-
filled soil pores, enabling exchanges between roots and microbes at
a longer distance than the sole emission of diffusible compounds
would allow. Beyond volatility, the chemical structures of bacterial
volatiles are very diverse, ranging from small aliphatic (e.g.
dimethyl disulphide, which is produced by many bacteria) or
aromatic molecules (e.g. indole, the major smell of Escherichia coli)
to large ketones, alkanes, or alkenes (e.g. the 1-undecene typical of
certain Pseudomonas). Terpenes (e.g. geosmin, the typical smell of
soil, produced by Actinobacteria), which have been abundantly

studied as plant secondary metabolites (Chen er al, 2011;
Riedlmeier ez al., 2017), are a further important class of bacterial
volatiles. For detailed information on the chemical diversity of
bacterial volatiles, we refer the reader to recent and excellent reviews
on the topic (Schulz & Dickschat, 2007; Citron er al., 2012;
Effmert ez al., 2012; Penuelas ez al., 2014).

The ‘smell” or ‘volatilome’ of a given bacterial strain is usually
constituted of a wide diversity of volatile compounds, whose
composition and relative abundance change with growth phase or
growth conditions (Kai ez al,, 2010; Blom ez al., 2011a). Recent
work indicates that the emission of particular volatiles can be
induced by the presence of interacting partners (Schmidt ez al,
2017), suggesting complex regulation of the synthesis and/or
emission of these metabolites rather than unspecific release of
‘metabolic waste products’. In general, closely related strains emit
more similar volatilomes than phylogenetically more distant strains
do (Ryu er al,, 2003; Kai er al., 2007; Groenhagen ez al., 2013).
Most volatiles are commonly produced by different and unrelated
bacteria (Schulz & Dickschat, 2007; Garbeva et /., 2014b), but
others are more specific, and the use of volatiles as markers of
bacterial presence is a particularly interesting outcome of this field
of research; for example, for clinical diagnostic purposes or for the
detection of pathogens (Tait e al., 2014).

4. Bacterial volatiles as modulators of plant health

In terms of biological functions, bacterial volatiles have been
reported to affect many different types of target organisms, be it
bacteria themselves, other microbes (such as fungi or protists),
plants, or animals. Regarding the effect of bacterial volatiles on
plants, only a few exceptions of phytotoxic volatiles have been
reported, whereas most bacterial volatiles have a shown positive
impact on plant health. This positive impact originated either (1)
from a promoting effect on the plant, leading to better growth or to
induced defences against abiotic or biotic stresses, or (2) from an
inhibitory effect on the pests and pathogens responsible for the
health threat. These two main modes of action are presented in the
two following sections. Thereafter, these findings, which largely
originate from laboratory studies in controlled conditions, are
discussed in terms of their relevance for crop protection under
glasshouse and field conditions. The review closes with a conclud-
ing section on the main opportunities and challenges this relatively
new field of research is likely to generate in the coming years.

Il. Direct effects of bacterial volatiles on plant health

1. Offensive smells: some bacterial volatiles lead to plant
death

Following the first report of plant growth promotion by bacterial
volatiles (Ryu er al., 2003), researchers aimed at understanding
whether this volatile-mediated plant growth modulation was a
general phenomenon. Using simple split plate experimental setups,
they therefore started to expose the model plant Arabidopsis
thaliana to volatiles emitted by rhizosphere bacteria belonging to
different taxonomic groups. Although strong growth promotion —
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which turned out to be partly due to CO, emission (Kai &
Piechulla, 2009) — was confirmed in many cases, these early studies
also reported drastic growth inhibition, phytotoxic effects, and even
plant killing within a few days (Vespermann et /., 2007; Blom
et al., 2011a). The volatiles responsible were identified mainly as
inorganic compounds; for example, hydrogen cyanide (HCN;
Blom et al., 2011b) or ammonia (Weise et al., 2013). Later work
demonstrated that some organic volatiles were phytotoxic as well,
especially when applied in high (micromolar to millimolar)
concentrations. One such example is dimethyl disulphide (Kai
etal.,2010), a compound otherwise shown to increase plant growth
in sulphur (S)-limited conditions (Meldau ez a/., 2013) and tested
as a soil fumigant against soil-borne diseases and pests (Pecchia
et al., 2017; Gémez-Tenorio et al, 2018). The volatile 2-
phenylethanol commonly found in bacterial blends (Schulz &
Dickschat, 2007) also inhibited the growth of A. thaliana (Wenke
etal.,2012) and that of Medicago sativa (Ulloa-Benitez ez al., 2016)
when applied ata concentration of ¢. 0.2 mM. However, we deem it
unlikely that these high concentrations are in any relation to the
actual quantities emitted in nature. Indeed, when testing the same
or similar compounds in a more realistic nanomolar range,
dimethyl disulphide was shown to significantly promote plant
growth, whereas 2-phenylethanol did not significantly affect the
growth of A. thaliana (Groenhagen er al., 2013). These examples
highlight the importance of performing dose—response assays when
testing biological effects of pure volatiles. Ideally, concentrations
should be adjusted to those occurring in nature, but as long as these
are unknown, including a wide range of concentrations starting in
the nanomolar range or even lower would enhance the relevance of
the effects observed under laboratory conditions.

Taken together, the aforementioned studies suggest strong
phytotoxicity for the inorganic bacterial volatiles ammonia and
HCN, leading to the potential use of such producers of biocidal
volatiles in biological control of weeds, as tested in earlier studies
(Flores-Vargas & O’Hara, 2006; Zeller e al., 2007). However, it
appears that only few organic volatiles emitted by bacteria might
have phytotoxic activity (Tyagi ¢t a/., 2018), and most of the data
accumulated so far advocates for beneficial effects of bacterial
volatile organic compounds, which have been shown to contribute
to alleviation of both abiotic and biotic stresses, as discussed in the
next section.

2. Friendly scents: helping plants to cope with stress

Impact of bacterial volatiles on abiotic stress tolerance Abiotic
stresses are of multiple kinds and encompass, among others,
nutrient deficiency, drought, and salinity stress. Early work
focusing on the model strain Bacillus amyloliquefaciens GB03 has
demonstrated that the growth promotion triggered by this strain’s
volatiles were partly due to higher iron (Fe) uptake, which was
mediated by rhizosphere acidification and upregulation of the plant
Fe acquisition machinery (Zhang ez al., 2009). These findings were
later corroborated by similar observations of increased acidification
and Fe acquisition in Medicago exposed to volatiles emitted by its
symbiont Sinorhizobium meliloti (del Carmen Orozco-Mosqueda
et al., 2013). Likewise, later work focusing on another Bacillus

strains revealed that bacterial volatiles themselves could serve as
nutrient sources, as elegantly demonstrated by plants taking up
bacterial dimethyl disulphide synthetized from labelled sulphate in
asplit Petri dish setup (Meldau ez al., 2013). Salinity stress, an ever-
increasing world-wide problem, is caused by both water shortage
and toxic level accumulation of ions such as sodium (Na) or
chloride (Isayenkov & Maathuis, 2019). Using the same Bacillus
GB03 model strain, Zhang and colleagues demonstrated the
salinity stress-alleviating potential of bacterial volatiles, which led
to tissue-specific expression modulation of an Na exporter in
A. thaliana. This ultimately resulted in significantly higher toler-
ance and 50% reduction in Na content of Arabidopsis exposed to
the volatiles of Bacillus GB03 compared with nonexposed plants
(Zhang et al., 2008). The volatile compound responsible for such
increased salt tolerance was not identified in this study. By contrast,
2,3-butanediol emitted by Pseudomonas chlororaphis  OG6
(Gammaproteobacteria) was shown to confer drought stress
tolerance to Arabidopsis (Cho ez al, 2008). This drought stress
tolerance, which was not provided by bacterial mutants impaired in
butanediol fermentation, depended on the salicylic acid (SA)
pathway, as well as on nitric oxide and hydrogen peroxide synthesis
(Cho etal.,2008,2013). Beyond A. thaliana, Vaishnav etal. (2015)
investigated the effect of the volatiles from another Pseudomonas
strain — Pseudomonas simiae AU — on the salinity stress tolerance of
soybean (Glycine max) plants. They also observed lower plant Na
levels, coupled with increased proline contents, although the
volatile compounds responsible were not identified. Lastly, a fourth
example of drought stress tolerance by bacterial volatiles involved
the broad host endophyte and plant-growth-promoting rhizobac-
terium (PGPR) Paraburkholderia phytofirmans PsJN (Betapro-
teobacteria; Ledger e al., 2016). This strain was previously known
to confer tolerance to a range of abiotic stresses, including salt,
drought, high and low temperatures, and heavy metal contamina-
tion (Esmaeel ez al., 2018). When investigating putative determi-
nants of such conferred tolerance using a targeted mutagenesis
approach, the authors found that none of the ‘usual suspects’
(including 1-aminocyclopropane-1-carboxylate deaminase activ-
ity) accounted significantly for the observed effects. By contrast,
even ashort and early exposure of Arabidopsis to the volatile blends
emitted by Paraburkholderia PsJN mimicked the long-term
growth-promoting and stress-alleviating effects observed with the
strain’s inoculation on the roots. Further analysis revealed that the
mixture of three volatiles produced by this strain (2-undecanone, 7-
hexanol, and 3-methylbutanol) conferred similar growth promo-
tion and stress tolerance as the strain itself, thereby identifying these
volatile compounds as the major determinants in this strain’s ability
to confer abiotic stress tolerance to its host plant (Ledger ez al,
2016).

In summary, these results highlight the ability of phylogenet-
ically diverse bacteria to emit different volatile compounds, which
trigger similar increased tolerance to abiotic stress (for further
examples of such volatile-induced abiotic stress tolerance, please see
Liu & Zhang 2015). Compared with plants, bacteria withstand
much higher deviations from their optimal environmental condi-
tions and are therefore likely to be better equipped than their host to
tolerate such abiotic stresses. Since most plant-associated bacteria



//doc.rero.ch

tp

e

L

are dependent on their host for photosynthesized carbon (C)-
containing nutrients, the ability to increase their host’s tolerance to
adverse conditions might have been a selective advantage in the
course of evolution, for the establishment of long-lasting and
resilient plant—bacteria interactions. However, on the plant side,
the mechanisms through which bacterial volatiles trigger the
observed physiological changes (e.g. proline accumulation or lower
Na uptake) ultimately leading to abiotic stress tolerance remain
largely mysterious. In particular, since plants can also sense their
environment and respond to stressful conditions on their own, why
would this response be facilitated by exposure to a bacterial volatile?
Since no molecular mechanism has been described yet, we can only
speculate at this point that plants might perceive bacterial volatiles
as a warning of potential danger (e.g. infection by pathogenic
bacteria) and mount a general tolerance response to many types of
stresses that would also encompass abiotic stresses such as drought
and salinity. The aforementioned lack of specificity (bacteria of
diverse phylogenetic origin emitting different volatiles trigger
similar effects in plants) seems to corroborate this ‘general danger
response’ hypothesis. One could also imagine that exposure to
biotic cues such as bacterial volatiles potentiate the plant sensitivity
to other, biotic or abiotic stress factors, ultimately leading to a faster
and stronger response, as observed for the so-called ‘priming’ of
plant resistance against pathogens by beneficial Pseudomonas
(Pieterse et al., 2014).

Impact of bacterial volatiles on biotic stress tolerance When
facing biotic stresses such as pest or pathogen attacks, plants defend
themselves via two main resistance pathways, the SA-mediated
systemic acquired resistance (SAR), and the jasmonic acid/
ethylene-mediated induced systemic resistance (ISR) (Pieterse
et al., 2011; Tsuda & Somssich, 2015). Whereas SAR is mainly
induced by pathogenic microbes, plants have been shown to express
ISR when their roots are colonized by beneficial Pseudomonas
secreting specific metabolites (e.g. siderophores) or harbouring
molecular determinants such as flagellin or the O antigen of the
outer membrane lipopolysaccharides (Meziane ez al., 2005). In
addition to these nonvolatile molecules, 2R 3 R-butanediol was
shown to be involved in induction of systemic resistance against
Erwinia carotovora by both Bacillus GBO3 and P. chlororaphis O6
(Ryu ezal., 2004; Han ez al., 2006). This induction of defences was
enantiomer specific, with 25,3S-butanediol being ineffective in
inducing resistance (Han ez /., 20006). This specificity was recently
confirmed in a field study where 2R3 R-butanediol was shown to
induce resistance in pepper plants exposed to viral infection,
whereas the S-form was inefficient in both inducing defence-related
genes and protecting the plants under field conditions (Kong ez al.,
2018).

Beyond butanediol, two other bacterial volatile compounds have
been shown to elicit plant defences against pathogens. The first is
the long-chained (C13) alkane tridecane identified in the blends of
a Paenibacillus polymyxa strain (Lee ez al., 2012). When applied as
pure compounds, tridecane induced upregulation of defence-
related genes and led to significantly reduced disease symptoms
caused by Pseudomonas syringae on A. thaliana. However, this
necessitated very high concentrations (millimolar range), which

stood in no relation to the compound’s relative abundance in the
complex blend of the bacterium, suggesting that other volatiles in
addition to tridecane might have contributed to resistance
induction by P. polymyxa (Lee et al., 2012). The second compound
is indole, which regulates a wide breadth of processes in bacteria
(Lee & Lee, 2010) and is an important signal in bacteria—plant
interactions (Bailly ez 4/, 2014). Although bacteria-emitted indole
has not yet been shown to induce resistance, plant-emitted indole
acts as a rapid priming signal from herbivore-attacked maize (Zea
mays) plants to warn neighbouring plants and enable them to
prepare their own defences (Erb ez al., 2015). This suggests that
plants might also recognize bacteria-emitted indole as a warning
signal.

In addition to the aforementioned studies, many other reports
exist of health-promoting effects of complex bacterial blends.
However, in most cases, they did not monitor the expression of
defence genes nor use specific mutantlines impaired in the different
induced resistance pathways, which makes it difficult to disentangle
plant-mediated protection through ISR or SAR from direct
inhibition of the pathogens, which is a very widely observed
biological activity of bacterial volatiles, as detailed in the next
section. One attempt to evaluate the relative proportion of direct
pathogen inhibition vs induction of plant defences used an
approach where plants were first exposed to the bacterial volatiles,
which were then removed before infection, in order to avoid direct
exposure of the pathogen to the bacterial volatiles. The authors
concluded that most of the observed protection was due to induced
defences, not to pathogen inhibition (Sharifi & Ryu, 2016). This
relative importance of plant resistance induction vs direct pathogen
inhibition is likely strain and compound dependent, although some
volatile compounds were shown to display both types of effect:
reduction of pathogen virulence and upregulation of plant genes

involved in the SA-mediated defence pathway (Tahir ez al., 2017).

lll. Indirect effects of bacterial volatiles on plant
health: affecting the plant’'s enemies

1. Earthy scents: the role of bacterial volatiles in soil
suppressiveness and fungistasis

Since the last decade, an increasing number of studies have revealed
evidence for the production of pathogen-suppressing and
fungistatic microbial volatiles in soils (Garbeva er al, 2011;
Effmert et al, 2012; Hol et al., 2015; Piechulla ez al, 2017).
Fungistasis is defined by a restricted ability of the fungal propagules
to germinate and grow. The involvement of volatiles in soil
fungistasis was first revealed in 2004, when Chuankun ez al. (2004)
showed germination inhibition of fungal spores exposed to volatiles
emitted from natural soils. Furthermore, this study revealed
significant correlation between direct and volatile-mediated
fungistasis, suggesting a prominent role of volatile compounds in
the overall fungistasis. Accordingly, the authors identified volatiles
commonly produced by different fungistatic soils, such as
trimethylamine, dimethyl disulphide, benzaldehyde, or N,N-
dimethyloctylamine, which inhibited fungal growth when applied
as pure compounds (Chuankun ez al., 2004; Piechulla ez al., 2017).
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Many volatiles produced by soil or rhizosphere bacteria have
negative effects on the growth of a broad spectrum of fungal and
oomycete pathogens (Weisskopf, 2013; Piechulla ez 4/, 2017).
This suggests that these compounds might contribute to the
‘disease suppressiveness’ of soils (low disease incidence occurring
despite the presence of a virulent pathogen), although this property
has been traditionally linked to nonvolatile bacterial metabolites
such as 2,4-diacetylphloroglucinol (Weller ez al., 2002). Indeed, a
recent study revealed that changes in soil bacterial community
composition caused by anaerobic disinfestation coincided with a
loss of emission of Pythium suppressing volatiles and with an
increase of hyacinth root infection by the same pathogen (van
Agtmaal ez al., 2015).

The emission of volatiles is influenced by various abiotic factors,
including nutrient availability, temperature, pH, or soil moisture
(Insam & Seewald, 2010), but the soil properties and management
practices that specifically influence volatile-mediated pathogen
suppression are still largely unknown. To investigate this question,
van Agtmaal ez a/l. (2018) analysed the effect of volatiles emitted
from a broad range of agricultural soils on the growth of different
plant pathogens. They observed that volatile-mediated suppression
of Rbizoctonia solani correlated positively with organic matter
content, microbial biomass, and proportion of litter saprotrophs in
the microbial community, whereas it correlated negatively with
pH, microbial diversity (Shannon index), and the proportion of
Acidobacteria in the community. By contrast to this negative
correlation with Acidobacteria, Carrion and co-workers observed
that members of the Burkholderiaceae family were more abundant
and more active in suppressive soils than in conducive soils. They
further identified Paraburkholderia graminis and its emission of S
volatiles as important actors of this soil suppressiveness (Carridn
etal.,2018). These findings corroborate the results of many i vitro
experiments that identified S-containing volatile compounds such
as dimethyl disulphide and dimethyl trisulphide as powerful
antifungal and anti-oomycete agents (Scholler ez 4/, 2002; Kai
et al., 2009; De Vrieze et al., 2015).

In addition to the Pseudomonaceae and Burkholderiaceae,
which have been clearly associated with disease suppressiveness,
Actinobacteria are likely to be involved as well. This phylum is
highly abundant in soils and known to harbour prolific volatile
producers (Scholler ez al., 2002; Groenhagen ez al., 2014; Cordovez
et al., 2015; Ait Barka ez al., 2016). Recently, Cordovez and co-
workers revealed that antifungal volatiles were produced by
Streptomyces isolated from the rhizosphere of sugar beet grown in
Rbizoctonia-suppressive soil and that these volatiles could signif-
icantly inhibit hyphal growth of R. solani (Cordovez ez al., 2015).
Early studies had already demonstrated the antifungal potential of
Strepromyces volatiles (Hora & Baker, 1972; Herrington ez 4l.,
1987), and a few compounds have been identified that mediate
such antifungal action, such as methyl vinyl ketone (butenone)
inhibiting spore germination of Cladosporium cladosporioides
(Herrington er al, 1987) or dimethyl disulphide inhibiting
mycelial growth of Fusarium moniliforme (Wang et al., 2013).
Similarly, anisole, produced by Streptomyces albulus, was recently
shown to inhibit the growth of Sclerotinia sclerotiorum and
Fusarium oxysporum (Wu et al., 2015).

Although most antifungal activity tests are performed with single
strains in laboratory studies, bacterial emitters of volatiles in soils
are part of complex microbial communities. Community compo-
sition, diversity, and interactions can significantly influence the
production of pathogen-supressing volatiles. Indeed, a synthetic
community approach revealed that both microbial interactions and
shifts in community composition had strong effects on volatile
emission in soil microcosms (Schulz-Bohm et /., 2015). Interest-
ingly, the presence of a slow-growing, low-abundance Paenibacillus
strain significantly affected the growth and volatile emission by
other abundant members of the community. In particular, one
specific volatile compound (i.e. 2,5-bis(1-methylethy)-pyrazine)
that significantly inhibited the plant pathogens R.solani and
Fusarium culmorum (Tyc et al., 2017) was only found in the
presence of this Paenibacillus strain (Schulz-Bohm et al., 2015).
This finding is in line with the observation that the loss of soil
bacterial diversity can lead to a decline in the production of
antifungal volatiles. By performing dilution-to-extinction experi-
ments for seven different soils, Hol and co-workers observed that
communities with high bacterial species richness produced volatiles
that strongly reduced the hyphal growth of the pathogen
F. oxysporum. For most soils, the loss of bacterial species resulted
in loss of antifungal volatile production, and several known
antifungal compounds, such as 2-methylfuran, 2-furaldehyde, and
benzothiazole were only produced in the more diverse bacterial
communities (Hol ez al., 2015). The importance of the microbial
interactions aspect should be kept in mind when analysing emission
of disease-inhibiting volatiles in controlled conditions (which have
so far been restricted mostly to single strains), and the experimental
setups should in future be adjusted to allow such naturally
occurring interspecific interactions to take place.

In addition to regulation of bacterial volatile emission by
interspecific interactions, single strains also regulate their volatile
emission, and a few reports exist that identified the molecular actors
of such regulation. The first regulatory mechanism identified in the
context of bacterial volatile emission was ‘quorum sensing’, a
population-density-based regulation known to control the pro-
duction of a wide range of processes in bacteria, including virulence
factors and production of secondary metabolites (Lazdunski et 4/,
2004). Quorum sensing was shown to affect global volatile
emission in Serratia plymuthica(Miiller ez al., 2009) and to regulate
the emission of the small volatile 2-acetophenone implicated in
Pseudomonas aeruginosalung persistence (Kesarwani ezal., 2011). A
second major regulator of secondary metabolite production in
Pseudomonas is the two-component system GacA/GacS (Haas &
Défago, 2005). Recently, Ossowicki and co-workers revealed that
volatiles emitted by the tomato rhizosphere isolate Pseudomonas
donghuensis P482 inhibited the growth of several plant pathogens,
including R. solani, F. culmorum, Verticillium dablia, and Pythium
ultimum. Interestingly, a GacA-deficient mutant of P. donghuensis
P482 entirely lost this inhibition ability (Ossowicki ezal.,2017). In
addition to HCN, whose production is known to be regulated by
the GacA/GacS regulatory system, metabolomic analysis revealed
clear differences in volatile profiles between the wild-type and the
GacA mutant, with five compounds (dimethyl disulphide, $
methyl thioacetate, methyl thiocyanate, dimethyl trisulphide, and
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1-undecane) detected only in the headspace of the wild-type.
Hence, the emission of volatile compounds with strong antifungal
and anti-oomycete activity could be dependent on the GacS/GacA
two-component regulatory system for some plant-associated
bacteria, as are other determinants of antifungal activity.

In summary, many studies have reported powerful antifungal
and anti-oomycete activities of bacterial volatiles, and recent work
has unveiled the importance of global metabolic regulators as well
as of interspecific interactions as determinants of such pathogen-
inhibiting volatiles. However, the exact modes of action of these
molecules on the target organisms remain largely elusive. Few
studies have investigated this question, and disruption of cell
membrane integrity and perturbation of redox balance are two
commonly observed consequences of bacterial volatile exposure
(Giorgio et al., 2015). Recently, the terpene caryolan-1-ol,
commonly produced by Streptomyces spp., was reported to affect
the endomembrane system of Botrytis cinerea by disrupting
sphingolipid synthesis and vesicle trafficking (Cho e# al., 2017).
More research efforts are needed to gain basic understanding on the
molecular mechanisms underlying the observed effects of bacterial
volatiles on the various plant pathogens.

2. Fratricide smells: bacterial volatiles against bacterial plant
pathogens

If bacterial volatile emission has evolved as a way to repel
competitors, one might also expect some of these compounds to
have antibacterial activities. Indeed, some bacterial volatiles have
been shown to affect other bacteria, although the literature about
volatile-mediated bacteria—bacteria interactions is still scarce. One
of the first examples of broad-range antibacterial volatiles are the
sesquiterpenes albaflavenone and pentalenolactone produced by
Streptomyces coelicolor and  Streptomyces avermitilis, respectively
(Tetzlaff ez al., 2006; Zhao et al., 2008). Two plant-associated
bacteria, Pseudomonas fluorescens and S. plymuthica, were later
reported to emit volatiles that strongly suppressed the growth of

whed Agrobacterium tumefaciens and Agrobacterium vitis (Dandurishvili
£ etal.,2011). The authors further identified dimethyl disulphide as

one of the possible responsible compounds for the bacteriostatic
effect. Of the few studies available that reported efficient control
of bacterial phytopathogens by bacterial volatiles, two recent ones
investigated the ubiquitous, broad-host pathogen Ralstonia
solanacearum. Raza et al. (2016) examined the effect of volatiles
emitted by a P. fluorescens strain on the growth and virulence traits
of this pathogen using tomato as a model. The volatiles showed
dose-dependent bacteriostatic effects on R. solanacearum in both
agar medium and infested soil. Furthermore, these volatiles could
repress the expression of virulence traits involved in host
colonization, such as motility, root colonization, and biofilm
formation and thereby efficiently control tomato wilt (Raza ez al.,
2016).

The same R. solanacearum was also affected by volatiles emitted
by several Bacillusstrains, which led to inhibition of wilt on tobacco
(Tahir et al., 2017). This inhibition was attributed to few volatiles
including benzaldehyde, 1,2-benzisothiazol-3(2H)-one and 1,3-
butadiene. In addition to triggering expression of defence genes in

the plant, these volatiles also directly affected the bacterial pathogen
by inhibiting its motility and chemotaxis. In addition, microscopy
studies revealed severe morphological and ultrastructural changes
in volatile-exposed Ralstonia cells. These phenotypic changes were
linked to altered expression levels of PhcA (a global virulence
regulator), and of genes related to the type Il and type IV secretion
systems, to extracellular polysaccharides and to chemotaxis-related
genes, which are all virulence factors (Tahir ez al., 2017). Finally,
the soil isolate Bacillus subtilis FA26 emitted volatiles that inhibited
Clavibacter michigansis ssp. sepedonicus, which causes extensive
damage in potato and tomato production. This protective effect
was assigned to benzaldehyde, nonanal, benzothiazole, and
acetophenone (Rajer ez al., 2017).

Except for the few aforementioned studies, little is known on the
antibacterial potential of bacterial volatiles. By contrast, one early
observation was that volatiles triggered increased resistance to
antibiotics in target bacteria (Lee ez al., 2010; Bernier ez al., 2011;
Groenhagen ez al., 2013). Since many bacterial volatiles are shared
across diverse taxa, bacteria might have developed tolerance to their
own metabolic products and therefore be less affected by these
compounds than are more distantly related organisms such as fungi
or oomycetes.

IV. Harnessing the power of bacterial volatiles to
improve plant health

1. Challenges in the application of pure volatiles

Two main application techniques can be envisaged for bacterial
volatile compounds: a drenching/spraying application (as used for
nonvolatile plant protection products) or an application by air
diffusion (e.g. as used for mating-disruption pheromones in
grapevine and other perennial crops). One challenge in applying
bacterial volatiles through soil drenching or leaf spraying is their
lipophilic nature, and hence their poor water solubility. Indeed, the
few studies that have dealt with larger scale experiments to verify the
suitability of volatile application for crop protection have focused
on at least partially water-soluble compounds such as dimethyl
disulphide (recently commercialized for soil fumigation against
nematodes and soil-borne pathogens), 2-pentanol, or 2-butanone.
The latter two compounds efficiently increased the resistance of
cucumber plants against both P. syringae and the aphid Myzus
persicae in open field experiments (Song & Ryu, 2013). Likewise,
2,3-butanediol treatment in field-grown cucumbers led to induc-
tion of plant resistance against viruses, ultimately resulting in
reduced incidence of naturally occurring viruses (Kong er al.,
2018). Importantly, these two studies bring the proof of concept
that the power of action of bacterial volatiles is not restricted to the
Petri dish environment, although volatile compounds might
require more sophisticated formulation than their nonvolatile
counterparts to accommodate their lipophilic nature. For instance,
slow release of volatiles could rely on encapsulation into a specific
matrix, as used for aroma in the food industry (Mascheroni ez 4/,
2013).

Although the latter field experiments involved drench applica-
tion of volatiles dissolved in water, a recent study investigated the
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crop protection efficiency of continuously released volatiles, using
either a filter paper soaked with 2,3-butanediol or a live culture of
its producer B. subtilis GB0O3. This continuous exposure to an
atmosphere enriched in protective volatiles led in both cases to
reduced leaf spot symptoms in cucumber (Song et al., 2019).
Although upscaling this miniature system to industrial glasshouse
conditions might prove challenging, this study shows that atmo-
sphere enrichment in specific volatiles can result in significant plant
protection, and modifications of glasshouse atmosphere might
enable harnessing of the protecting effect of poorly soluble volatiles.
Moreover, bacterial volatiles might also be introduced into the
ventilation systems of crop storage facilities and thereby contribute
to post-harvest disease control. In any case, formulation efforts will
be needed to adjust the carrier to the respective physical and
chemical properties of each bioactive volatile, to ensure its
continuous release, to prevent its premature evaporation, and to
protect it from degradation.

A general feature of the effects of diverse volatile-emitting
bacteria is that the strong biological activity observed upon
exposure to the complex volatile blend of any given strain is rarely
mimicked when applying single, pure volatile molecules. This
might be due to the synergetic activity of different components of
the volatile mixture, but also to the dynamic changes in the
composition of the volatilomes occurring during the different
growth phases of the bacterial population. Indeed, even with
formulations that would enable continuous or even dynamic release
of volatiles, we would still be far away from mimicking the
biological variations occurring in the relative concentration of the
different volatiles and in the total amount of volatiles emitted over
the different growth phases (Kai ez al., 2010). Whether differences
in relative abundance of specific compounds rather than absolute
concentration of single molecules are responsible for the observed
biological activity of volatiles remains to be investigated. Similarly,
perception of increasing and/or decreasing concentrations of the
same molecule might be necessary to trigger effects in plants
exposed to volatiles. These aspects cannot be studied using the
simplified experimental setup used in most studies; namely, divided
Petri dishes in which the volatiles are released almost instanta-
neously into the atmosphere of the dish.

Finally, one major requirement of any plant-protection product
—volatile or nonvolatile — is its ability to affect specifically its target
without harming other, so-called ‘nontarget’ organisms. Hence,
volatiles interfering with developmental stages or processes that are
specific to the target pathogen should be preferred to those acting
on widespread pathways, such as the respiratory chain (e.g. HCN).
This highlights the need for more fundamental studies investigat-
ing the mode of action of efficient volatiles. Studies comparing the
response of different target organisms to the same volatile blend
revealed substantial differences in sensitivity (Vespermann et al.,
2007; Groenhagen et al, 2013; Hunziker ez al, 2015). This
suggests that, in principle, volatiles could specifically affect plant
pathogens without exerting broad inhibitory effect on nontarget
organisms. However, several studies provided evidence thata single
class or even a single volatile could have differing or even opposing
effects on different organisms (van Dam ¢t al., 2016). One such
example is the intensively studied 2,3-butanediol. In addition to

triggering growth promotion and resistance in plants, this
compound also acts as a virulence factor for many phytopathogenic
bacteria belonging to the Enterobacteriaceac family, such as
Dickeya, Pectobacterium, or Erwinia (reviewed in Audrain ez al.,
2015). One first step in the analysis of the selectivity of putative
disease-inhibiting volatiles is to test their innocuousness to plants
themselves. Whereas the inorganic volatiles ammonia and HCN
are phytotoxic, many other volatiles, such as acetophenone or
different S-containing volatiles, which significantly reduced the
growth of pathogenic fungi, did not negatively affect plants
(Groenhagen ez al., 2013). However, whether these volatiles would
also be harmless to more closely related organisms, such as
mycorrhizal or saprophytic fungi, is largely unknown and warrants
further research.

2. Challenges in the application of volatile-emitting strains

Many of the aforementioned limitations to the use of single
volatiles could be overcome by applying the strains emitting the
volatiles rather than the pure compounds. The synergetic effects of
the volatile mixture, the natural variations in the composition, and
the relative abundance of the different components of the blends, as
well as the dynamic changes in overall concentrations of bacterial
volatiles, would be preserved with an approach based on strain
rather than pure volatile application. However, other challenges
arise with such inoculation strategies. The first prerequisite for a
strain inoculated either in the rhizosphere or the phyllosphere is to
establish in sufficient population densities in these highly compet-
itive environments. Once a strain is established, the main difficulty
lies in ensuring that the plant health-protecting volatiles will indeed
be emitted 77 situ.

Very few studies have addressed the capacity of bacteria to emit
disease-inhibiting volatiles in experimental setups that come closer
to natural conditions. Most of these studies have focused on the soil
and rhizosphere. The ability of bacteria to emit antifungal volatiles
when inoculated into soil or sand supplemented with artificial root
exudates in very low concentrations brought the proof of concept
that bacterial volatile emission is not restricted to the very artificial,
nutrient-rich media commonly used in laboratories (Garbeva ez al.,
2014a; Schulz-Bohm et al,, 2015). Likewise, significant growth
promotion was observed in Arabidopsis exposed to volatiles
emitted by bacteria that grew on a very nutrient-poor medium
mimicking bulk soil conditions (Angle ez al., 1991; Blom et al.,
2011a). These few reports indicate that the soil could offer
favourable chemical and physical conditions for the emission of
bioactive volatiles by introduced bacteria. Moreover, such volatile
emission might be stronger in the rhizosphere, where abundant
organic Csupply is expected to boost bacterial metabolism. Beyond
this general metabolic boost, plant roots are likely to play an
essential role in shaping the rhizosphere microbial volatile
landscape. By altering their root exudate composition, they might
modulate the relative abundance of specific precursors of volatile
biosynthetic pathways, thereby leading to altered volatile emission
by root-associated bacteria. For example, increased tryptophan
exudation could lead to higher indole emission, or increased
methionine exudation could lead to higher emission of S-
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Fig. 1 Beneficial effects of bacterial volatiles on plant health. Bacterial volatiles conferring tolerance to abiotic stress are depicted on the right side of the plant,
whereas those conferring tolerance to biotic stress are depicted on the left side of the plant. (a) Tolerance to drought and salinity mediated by 2,3-butanediol
(2,3 BD) has been linked to both decrease of internal sodium levels and increase of proline accumulation. (b) Alleviation of nutrient deficiency mediated by
complex volatile blends was shown to originate from acidification leading to increased uptake of iron. Furthermore, dimethyl disulphide (DMDS) can serve as
source of sulphur. (c) Soil suppressiveness is also mediated by bacterial volatiles. The complexity and diversity of soil bacterial communities is an important
determinant of the emission of disease-suppressive volatiles such as 2-methylfuran (2-MF), 2-furaldehyde (2-FA), benzaldehyde (BA), benzothiazole (BTA),
trimethylamine (TMA), N,N-dimethyloctylamine (DMOA), and sulphur-containing volatiles (S-VOCs). (d) Induced systemic resistance can be triggered by
bacterial volatiles such as 2,3 BD, indole (IND), BA, 1,2-benzisothiazol-3(2H)-one (1,2 BTA) and 1,3-butanediene (1,3 BD). In addition to inducing resistance in
the plants, (e) bacterial volatiles such as S-VOCs, 1-undecene (1-UND), or the terpene caryolan-1-ol (CAR) exhibit direct inhibitory effects on fungal and
oomycete pathogens, whereas (f) other volatiles, such as nonanal (NON), acetophenone (ACE), or the sesquiterpenes albaflavenone (ALB) and
pentalenolactone (PEN), show direct inhibitory effects on bacterial pathogens.
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containing volatiles such as dimethyl disulphide. As already
mentioned, the ability of phyllosphere-colonizing bacteria to emit
disease-protecting volatiles 7 sizu remains to be demonstrated. One
study brought indirect proof of such ability: Dandurishvili ez a/.
(2011) reported increased dimethyl disulphide emission by tomato
plants inoculated with an S. plymuthica strain whereas dimethyl
disulphide was not detected in noninoculated plants. However,
dimethyl disulphide can also be produced by plants, and such
experimental setups do not allow the distinguishing of volatiles
emitted by the plants from those emitted by the bacteria
(Dandurishvili ez al., 2011).

Most of our knowledge on the emission of volatiles by plant-
associated bacteria originates from laboratory studies on single
strains. However, when considering that inoculated strains will
integrate into complex rhizosphere and phyllosphere communities,
the fact that interspecific interactions can strongly influence volatile
emission should be kept in mind (Tyc ez al.,, 2015). A recent study
even demonstrated that volatile precursors released by a Gram-
positive and a Gram-negative bacterium reacted chemically in the
shared headspace of both strains to yield a new volatile (Kai ez 4/,
2018). This fascinating discovery highlights an added layer of
complexity originating from purely chemical reactions leading to
the occurrence of new compounds, in addition to the biological
complexity of microbial interactions. This suggests that the changes
in the volatile blend triggered by addition of volatile-emitting
strains to the diverse soil, rhizosphere, or phyllosphere communi-
ties will be very difficult to predict. Moreover, since numerous
volatiles are shared by many species even across significant
phylogenetic distance, some redundancy in the ability to emit
such volatiles is expected. Therefore, one promising approach
could be to try to steer volatile emission by targeted addition of
specific organic substrates acting as precursors of the desired
volatiles. Along these lines, two studies demonstrated that incor-
poration to the soil of Al/ium and Brassica residues led to increased
emission of S-containing volatiles, which resulted in increased
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Box 1 Outstanding questions.

How do plants perceive bacterial volatiles?

Can plants distinguish between volatiles emitted by pathogenic and
beneficial microorganisms?

What are the modes of action underlying the health-protecting
effects of bacterial volatiles?

What are the regulatory pathways and genes involved in bacterial
volatile biosynthesis and emission?

Under which ecologically relevant conditions do bacteria produce
plant health-protecting volatiles?

Which are the key bacterial volatiles that are crucial for plant health,
and by which bacteria are they emitted?

What is the spatial scale of volatile-mediated plant-microbe interac-
tions?

Whatis the best way of applying volatiles or volatile-emitting strains?
How can we steer/stimulate plant microbiota to emit beneficial
volatiles?

disease-suppressing activities against soil-borne fungal pathogens

(Wang et al., 2009; Arnault ez al., 2013).

V. Conclusions and perspectives

As summarized in this review, bacterial volatiles can help plants
cope with abiotic and biotic stresses, through induced systemic
resistance or inhibition of different developmental stages of
muldple fungal, oomycete, and bacterial pathogens (Fig. 1). So
far, most studies have focused on model plants, such as A. thaliana,
and a couple of microbial volatiles, such as 2,3-butanediol or
dimethyl disulphide, have received most attention, despite the high
chemical diversity of bacterial volatile blends. A few pioneer studies
have demonstrated plant health-protecting effects of bacterial
volatiles in glasshouse and field conditions, and they raise hope that
bacterial volatiles might be a suitable source of new plant protection
products of lesser toxicity for the environment and human health.
However, many fundamental questions underlying both the
bacterial and the plant sides of the volatile-mediated interaction
remain unanswered. We conclude this review by highlighting what
we consider the most pressing fundamental questions that need to
be investigated in order to advance our basic knowledge of volatile-
mediated interactions between plants and their associated bacteria
(Box 1).

On the bacterial side, we still know very little about the genetic
basis of volatile emission. Except for a few exceptions, we do not yet
know how bacterial volatiles are synthesized and whether they pass
the membrane(s) via specific transporters or through diffusion.
Whether bacterial volatiles are simply waste products of primary
metabolism or whether they are specifically induced by environ-
mental cues has been a longstanding matter of debate, but recent
evidence of the induction of bacterial sodorifen emission upon
exposure to fungal volatiles brought the proof of concept that
volatile emission can be induced (Schmidt et 4/, 2017). Further
research efforts are needed to unravel the molecular determinants of
bacterial volatile emission. One important question in this context
is to what extent plants can influence volatile emission by their
associated bacterial microbiota, to promote emission of health-
protecting volatiles and reduce emission of deleterious volatiles.

On the plant side, we do not yet know how plants perceive
volatiles. Are bacterial volatiles sensed in a similar way to plant
volatiles (Koeduka ez al., 2018), or do plants perceive volatiles as
microbial elicitors? Few studies have investigated whether bacterial
volatiles act as microbe-associated molecular patterns and trigger
similar responses to canonical elicitors such as flagellin. Such a
response has not yet been observed, although the term microbial
volatile-associated molecular pattern has been proposed, and some
overlap between the plant response to bacterial volatiles and to
abiotic stress has been observed (Wenke ez 4/, 2012). By contrast,
exposure to some volatiles seems to reduce the responsiveness of
plants to such typical elicitors (Blom ez al, 2011a). Beyond
perception and first reaction to bacterial volatiles, what are the
modes of action on both the plants and their enemies ultimately
leading to plant health protection? In addition to the modulation of
Fe and Na uptake, what are the molecular mechanisms underlying
abioticstress tolerance conferred by bacterial volatiles? What are the
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pathways leading to volatile-mediated induced resistance against
pathogens? Which are the molecular targets in the pathogens
themselves that lead to the observed inhibition of mycelial growth,
sporulation of fungal and oomycete pathogens, or reduced
expression of virulence factors in bacterial pathogens?

In conclusion, the ability of volatile compounds emitted by
bacteria to protect plant health against abiotic and biotic stresses is
undisputed. However, we need extensive research efforts to advance
our basic understanding of the mechanisms underlying these
protective effects and to move away from the artificial laboratory to
experimental conditions that come closer to the natural plant
environment. In addition to the scientific excitement of under-
standing the volatile-mediated interaction between plants and their
associated microbiota, such added knowledge is also needed for
better prediction of field efficacy and for smart integration of new
protection mechanisms into increasingly sustainable agricultural
practices.
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