Chapter 8
Calling in the Dark: The Role of Volatiles
for Communication in the Rhizosphere

Nicole M. van Dam, Alexander Weinhold, and Paolina Garbeva

Abstract Volatile organic compounds play an important role in the communica-
tion between plants and other organisms. The rhizosphere contains a large and
diverse microbial community whose members use similar volatiles for intra- and
interspecific communication. However, the analysis of volatiles produced in the
rhizosphere and their ecological functions have been little explored so far. In this
chapter, we outline what is known about the classes of volatiles that are emitted into
the rhizosphere by roots and soil microbes, and the effect they have on different
interactors in the soil. Additionally, we review current approaches to sample
volatiles in mesocosms and field soils. We conclude that to better understand the
production and functions of volatiles in the rhizosphere, it is of critical importance
to design set-ups that account for the natural complexity of soils. This will help to
apply this knowledge for sustainable agriculture and the identification of novel
agrochemicals.
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8.1 Introduction

The essential role of plant volatiles for communication with other organisms, or in
other words as ‘infochemicals’, has been acknowledged for over 25 years (Dicke
and Sabelis 1988). Nevertheless, their ecological functions have been mainly
studied for aboveground interactions (e.g. Dicke and Baldwin 2010). However, it
is well known that plant roots contain and produce similar classes of volatiles as
aboveground organs. These volatiles are emitted especially in the rhizosphere. The
rhizosphere, defined by Lorenz Hiltnet as the narrow zone surrounding and
influenced by plant roots, is a hot spot for numerous organisms and is considered
one of the most complex ecosystems on Earth. Organisms found in the rhizosphere
include bacteria, fungi, oomycetes, nematodes, protozoa, algae, viruses, archaea,
annelids and arthropods (Bonkowski et al. 2009; Buee et al. 2009; Raaijmakers
et al. 2009).

Most members of the rhizosphere community are part of a complex food web
that utilises the large amount of nutrients released by the plant. Rhizosphere
organisms that have been well studied for their beneficial effects on plant growth
and health include the nitrogen-fixing bacteria, mycorrhizal fungi, plant growth-
promoting rhizobacteria (PGPR), mycoparasitic fungi and protozoa. For example,
80 % of terrestrial plant species actively associate with mycorrhizal fungi that may
help the plant to overcome nutrient limitations in exchange for carbon resources
(van der Heijden et al. 2015). In recent years, primarily driven by efforts towards
sustainable intensification in agriculture, there has been an increased interest in
PGPR. The main benefit of PGPR can be ascribed to direct growth promotion or to
indirect effects via the protection of plants against (a) biotic stresses (Bulgarelli
et al. 2012). Decomposers in particular, ranging from small organisms such as
bacteria, fungi or nematodes to large macrofaunal organisms such as earthworms
and dung beetles, are essential elements of the soil food web. They ensure that dead
plant materials re-enter the soil nutrient cycle, thereby increasing plant growth
(Kulmatiski et al. 2014).

Even though decomposers certainly may have an effect on, or be affected by,
plant volatiles in the rhizosphere, in this chapter, we will focus mainly on the role of
volatiles in communication between plants and rhizosphere organisms interacting
with living roots. This also includes communication with organisms functioning at
higher trophic levels, such as parasitoids or pathogens of root-feeding organisms.
Rhizosphere organisms that are deleterious to plant growth and health include
pathogenic fungi, oomycetes, bacteria, nematodes and insect herbivores (Blossey
and Hunt-Joshi 2003; Bonkowski et al. 2009; Kulmatiski et al. 2014; Mendes
et al. 2013). Despite their small size, soil pathogens can cause substantial agricul-
tural losses and are also involved in large-scale ecosystem processes such as
succession (de Deyn et al. 2003).

For each organism on earth, it is important to obtain information on the quality
of its environment in order to assess opportunities and dangers. Aboveground,
vision and light sensing play an important role for both autotrophic as well as



8 Calling in the Dark: The Role of Volatiles for Communication in the Rhizosphere 177

heterotrophic organisms (Doring 2014; Kegge et al. 2015). However, belowground,
this option is lacking due to the absence of sunlight, which makes chemical
communication the more likely way for interaction partners to localise and recog-
nise each other (van Dam 2009). For example, to establish their intimate relation-
ship, host plants and mycorrhizal fungi exchange elaborate chemical
communication involving non-volatile strigolactones produced by plant roots and
lipochitooligosaccharides produced by arbuscular mycorrhizal fungi (reviewed in
van der Heijden et al. 2015). Similarly, rhizosphere bacteria communicate with
each other using, e.g. N-acyl homoserine lactones (AHL) in a process called
‘quorum sensing’ to assess if there is enough critical mass to colonise a plant or
to form a biofilm (Bakker et al. 2013). This type of communication between
collaborating partners can be tapped into by others. For example, parasitic plants
use strigolactones to locate their host plant and optimise their timing of germination
(Cardoso et al. 2011). Plants that perceive the increase in AHL in their rhizosphere
may interfere with this bacterial communication by producing AHL mimics
(Teplitski et al. 2000).

Since the early years of the twenty-first century, it has become increasingly clear
that plant-produced volatile organic compounds such as terpenoids are also actively
involved in rhizosphere communication (Rasmann et al. 2005; van Tol et al. 2001).
Initially, these findings were met with scepticism; non-polar volatiles such as
terpenoids were not considered to have the optimal chemical properties for travel-
ling in a humid and dense medium such as the soil. This scepticism was experi-
mentally refuted by the fact that the sesquiterpene (E)-f-caryophyllene, which is
emitted by maize roots, diffuses best in the gaseous phase of humid soils (Hiltpold
and Turlings 2008). At the same time, volatiles may be more stable and reliable
cues for communication belowground than in the air, because of the lack of
UV-light and the relatively constant temperature in the soil. Hence volatiles may
be excellent vehicles to communicate between organisms in the rhizosphere.

In this chapter, we first outline which classes of volatiles are produced by the
different organisms in the rhizosphere. Here we will focus on the production of
volatiles by roots and microorganisms. It is very possible that other soil-dwelling
organisms, such as insects and nematodes, also produce volatiles, but evidence to
support this is currently lacking. Second we will outline what is known about the
ecological roles of the different volatiles produced by plants and microbes in
communication between different members of the soil community. Then we will
review the various approaches that are currently used to sample and analyse
rhizosphere and root-emitted volatiles. In our conclusion, we discuss the potential
of certain volatiles to be the ‘lingua franca’ for communication between different
taxa whose members interact in the rhizosphere. Moreover, we will discuss how the
distinct roles of specific volatiles can be assessed experimentally and how we can
explore their effect in belowground interactions.
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8.2 Production of Volatiles in the Rhizosphere

8.2.1 Microbes in the Rhizosphere

Plant scientists frequently perceive plants as relatively independent organisms that
rely on soil mineral nutrients, water and sunlight, while the role of microbes in plant
life is restricted to that of pathogenic microbes or a few well-characterised symbi-
onts, such as nitrogen-fixing bacteria. However, plants are colonised by an aston-
ishing number of microorganisms, whose numbers supersede the number of plant
cells. Moreover, the number of microbial genes in the plant rhizosphere by far
outnumbers that of plant genes (Mendes et al. 2013). Most studies to date have
mainly focused on the number and diversity of bacterial taxa in the rhizosphere, and
depending on the sequencing techniques used, the reported numbers range from
<100 to more than 55,000 operational taxonomic units (OTUs). Most rhizospheres
are dominated by Proteobacteria, Bacteroides, Acidobacteria, Actinobacteria,
Verrucomicrobia or Firmicutes (Badri et al. 2009; Berendsen et al. 2012; Bulgarelli
et al. 2012; Mendes et al. 2013). Within the group of Proteobacteria, in addition to
well-studied and described Gamma-Proteobacteria (Pseudomonas) and Alpha-
Proteobacteria  (Rhizobia), the  importance of  Beta-Proteobacteria
(Oxalobacteraceae or Burkholderia) is increasingly recognised, due to their high
relative observed abundance in rhizosphere metagenome surveys.

For a long time, it has been assumed that the rhizosphere is mainly dominated by
bacteria, as fungi are mostly known to be involved in the decomposition of
recalcitrant soil organic matter (de Boer et al. 2006). However, recent studies
revealed significant utilisation of root exudates by saprotrophic fungi (Buee
et al. 2009). These can either be fungi that can co-metabolise root exudates while
decomposing recalcitrant organic matter or fungi that are specialised to decompose
simple metabolites such as mono- and disaccharides, the so-called ‘sugar fungi’
(Buee et al. 2009). In addition, pre-infective growth of plant pathogenic soil fungi is
also dependent on the availability of root exudates (Njoroge et al. 2008). Microor-
ganisms living in the rhizosphere interact with plants in many ways and can have
profound effects on plant growth and development by different plant growth-
promoting mechanisms such as nitrogen fixation, phytohormone production, induc-
tion of systemic resistance or inhibition of phytopathogenic fungi (Berendsen
et al. 2012; Lugtenberg et al. 2001; Mendes et al. 2013). Recent studies have
revealed that the production of volatile organic compounds by plant-associated
microorganisms can play a major role in long-distance plant—microbe interactions.

8.2.2 Volatiles Produced by Microbes

Microbial volatile compounds are produced by a wide array of microorganisms
including bacteria and fungi. Most microbial volatiles are considered as
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by-products of primary and secondary metabolism. They are formed mainly by
oxidation of glucose from various intermediates (Korpi et al. 2009). The underlying
biosynthetic pathways are aerobic metabolism, heterotrophic carbon metabolism,
fermentation, amino acid catabolism, terpenoid biosynthesis, fatty acid degradation
and sulphur reduction (Penuelas et al. 2014a). Recently, a microbial volatile
organic compounds database, mVOC (http://bioinformatics.charite.de/mvoc), was
developed where all microbial volatiles reported to date are compiled. This data-
base reveals that bacterial volatiles are dominated by (in descending order) alkenes,
alcohols, ketones, terpenes, benzenoids, pyrazines, acids and esters, whereas fungal
volatile profiles are dominated by alcohols, benzenoids, aldehydes, alkenes, acids,
esters and ketones. Below, we briefly review the biosynthesis of the most prominent
volatile classes produced by microbes, which will later be compared with volatile
production in plants.

Aromatic compounds are generated in bacteria and fungi via the shikimic acid
pathway. 2-Phenylethanol, which is one of the most commonly emitted volatile
aromatic compounds, is synthesised by using L-phenylalanine as a precursor. An
aminotransferase catalyses the transamination to phenylpyruvate, followed by an
oxidative decarboxylation to phenyl-acetaldehyde and an NADH-dependent reduc-
tion to the corresponding alcohol (Hazelwood et al. 2008; Kim et al. 2014).

Many bacterial and fungal volatile blends contain aliphatic hydrocarbons,
mainly alkenes, alcohols and ketones. These compounds are typically derived
from fatty acids, which are synthesised from acetyl-CoA via conversion into
malonyl-CoA (Jenni et al. 2007; Schulz and Dickschat 2007).

Terpenoids represent one of the largest classes of volatiles with over 50,000
known members. Although they are mostly known as plant metabolites, it recently
has become clear that microorganisms are a rich source of terpenes (Dickschat
et al. 2014). An increasing number of terpenes has been reported for several soil-
derived fungi, most of them being sesquiterpenes (Collado et al. 2007; Ebel 2010;
Singh et al. 2011). One of the most well-known microbial volatiles is geosmin, a
sesquiterpenoid responsible for the characteristic earthy odour of moist soil.
Despite their remarkable chemical and functional diversity, the biosynthesis of all
terpenoids starts from just a few acyclic precursors, including prenyldiphosphate,
geranyl diphosphate (GPP, C10), farnesyl diphosphate (FPP, C15) and
geranylgeranyl diphosphate (GGPP, C20) (Dickschat et al. 2014). Terpene
synthases are the primary enzymes responsible for catalysing the formation of
hemiterpenes (C5), monoterpenes (C10), sesquiterpenes (C15) or diterpenes
(C20) from the substrates DMAPP, GPP, FPP or GGPP, respectively (Tholl
2006). The recently increased knowledge about bacterial genomes revealed many
distinct terpene synthase genes widely distributed in bacteria, indicating that
bacteria can be a rich source of terpenes (Cane and Ikeda 2012; Yamada
etal. 2012, 2015). Many soil- and plant-associated bacteria harbour genes encoding
such terpene synthases. However, most of these genes are silent in the parent
microorganisms under laboratory culture conditions and only for few bacterial
strains have the terpene synthases been chemically characterised. Although the
principal processes of terpene biochemistry are well understood, it is difficult to


http://bioinformatics.charite.de/mvoc

180 N.M. van Dam et al.

predict terpene structures from the amino acid sequence of terpene synthases.
To date, studies on bacterial terpenes were done mostly on Streptomyces spp. and
only one terpene cyclase from Proteobacteria has been functionally characterised,
the 2-methylenebornane synthase from Pseudomonas fluorescens Pf0-1 (Chou
et al. 2011).

Recently, it was found that Collimonas strains (belonging to the class of
Beta-Proteobacteria) harbour terpene synthase genes (CPter91_2617 and
CPter291_2730; Song et al., 2015). When compared to other functionally
characterised terpene cyclases, the Collimonas protein sequences showed maxi-
mally 23 % aa-identity to any previously characterised bacterial terpene cyclase.
As the product specificity of mono- and sesquiterpene cyclases cannot be
predicted from their primary biochemical characterisation, CPter91_2617 and
CPter291_2730 genes were expressed in E. coli and tested for cyclization reactions
using FPP, GPP or GGPP as substrates. When produced terpenes were analysed by
gas chromatography—mass spectrometry (GC-MS), both Collimonas enzymes
converted FPP to a mix of sesquiterpenes and sesquiterpene alcohols. The major
peak was putatively identified as germacrene p-4-ol by comparison of the mass
spectrum to a spectral library, as well as several minor sesquiterpene peaks which
included d8-cadinene. When GPP was applied as a substrate, the production of two
monoterpenes identified as p-pinene and f-linalool was observed (Song et al.,
2015). The sesquiterpene products suggest that they are functionally related to
plant and fungal cadinene/cadinol and germacrene p-4-ol synthases (Lauchli
et al. 2014; Yoshikuni et al. 2006).

Volatile sulphur compounds play central roles in global sulphur biogeochem-
ical cycles (Naeem 1998). The structural diversity of these compounds is large,
ranging from relatively small compounds such as methanethiol, dimethyl sulphide
(DMS), dimethyl disulphide (DMDS) and dimethyl trisulphide (DMTS) to more
complex volatiles, such as 2-methyl-4,5-dihydrothiophene (Effmert et al. 2012;
Splivallo et al. 2011). Two main biosynthetic pathways, both relying on L-methi-
onine catabolism, have been described: the one-step conversion of L-methionine to
methanethiol by methionine c-lyase or by other C-S lyases (e.g. cystathionine
c-lyase) and a two-step pathway, initiated by L-methionine transamination to
4-methylthio- 2-oxobutyric acid, which is then converted to 3-(methylthio)propanal
via decarboxylation. Alternatively, L-methionine is reduced to 4-methylthio-2-
hydroxybutyric acid which ultimately results in the formation of methanethiol
(Splivallo et al. 2011). DMS emission requires the gene dddD which was predicted
to add CoA to dimethylsulphoniopropionate (DMSP), a key step preceding subse-
quent cleavage and release of DMS (Todd et al. (2007). DMS is mostly made
via bacterial catabolism of dimethylsulphoniopropionate (DMDP). This so-called
Ddd™ trait is found in several genera belonging to the phylum Proteobacteria (Peng
etal. 2012; Todd et al. 2011, 2012). Microbial sulphur volatile compounds such as
DMS, DMDS and DMTS play important roles in plant-microbe and interspecific
fungal-bacterial and bacterial-bacterial interactions (see below).
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8.2.3 Volatiles Emitted by Plant Roots

Chemical analyses of essential oil extracts show that roots are a rich source of plant
volatiles. For example, vetiver grass (Chrysopogon zizanioides) root extracts,
which are traditionally used in the perfume industry, may contain up to 300 different
volatile compounds (Belhassen et al. 2015). However, whether these volatiles are
emitted in the rhizosphere in vivo and in the same ratios as they are present in the
root is as yet unknown (Penuelas et al. 2014a, but see Jassbi et al. 2010). Thus
instead of listing all possible volatile compounds that have been identified in roots
and root extracts, we mainly focus on volatiles that have been shown to be emitted
by roots into the rhizosphere or the root headspace as measured by non-destructive
sampling techniques.

Small Organic Volatiles Carbon dioxide (CO,) is one of the smallest volatiles
that roots excrete as a result of their own respiration (Ghashghaie and Badeck
2014). In addition, plant roots may emit various alcohols, ketones and esters, such
as methanol, acetone and ethyl acetate (Danner et al. 2015; Steeghs et al. 2004).
These small organic volatiles are considered to be by-products of the plant’s
primary processes. For example, the production of methanol is correlated with the
activity of methylesterases involved in the loosening of cell walls which allows root
growth and the release of root border cells (Driouich et al. 2013). Furthermore,
aldehydes and short-chain fatty acid-derived C6 volatiles, such as hexanal and
hex-2-en-1-ol, have also been detected in the root headspace (Penuelas
et al. 2014a; Steeghs et al. 2004). These compounds are produced from fatty
acids such as linoleic or linolenic acid, which serve as substrates to
13-lipoxygenases (LOX). Plants contain several different LOX enzymes allocated
to different plant organs including the roots, and with different functions in the
response to abiotic and biotic stress signalling (Allmann et al. 2010; Grebner
et al. 2013).

Terpenoids Similar to their biosynthesis by microbes, the synthesis of terpenoids
in plants may take place via the precursors DMAPP, GPP, FPP or GGPP. In plants,
however, terpenoid synthesis can either take place via the mevalonic acid (MVA) or
the methylerythritol 4-phosphate (MEP) pathways. In plant cells, these two path-
ways are compartmentalised; the MEP pathway is localised in the plastids, whereas
the enzymes of the MVA pathway are localised in the cytosol (Gutensohn
et al. 2013). Interestingly, this separation may be a remnant of evolution past
when ancient eukaryotes engulfed cyanobacteria to form a symbiotic complex
that evolved into higher plants (Wiesner et al. 2013). It is known that there is
some cross-talk between the two biosynthetic pathways, but it is still generally
assumed that monoterpenes (C10), diterpenes (C20) and more complex terpenoids,
such as gibberellins and chlorophylls, are mainly produced in the plastid via the
MEP pathway. Sesquiterpenes (C15), sterols and triterpenes (C30) are mainly
produced in the cytosol via the MVA pathway (Gutensohn et al. 2013; Harrison
et al. 2013; Penuelas and Munne-Bosch 2005). Even though this knowledge is
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mainly based on studies analysing the biosynthesis of flower and leaf terpenoids, it
seems that the subcellular localisation of the MEP pathway in root cells is similarly
arranged. Genes involved in root-specific mono- and diterpene synthesis in the
model plant Arabidopsis thaliana were found to have motifs that predestine them
for plastid targeting (Chen et al. 2004; Vaughan et al. 2013). In maize, the root-
specific gene farnesyl diphosphate synthase (fpps1) involved in herbivore-induced
synthesis of the sesquiterpene (E)-p-caryophyllene indeed appeared to be located in
the cytosol (Richter et al. 2015). Emissions of terpenes from the roots can strongly
increase upon damage by insect herbivores. This is not only due to passive release
of terpenoids from the wounds but involves active expression of terpene synthases
(TPS) in the root tissue as well as de novo synthesis of terpenoids (Chen et al. 2004;
Rasmann et al. 2005; Richter et al. 2015).

Sulphur- and Nitrogen-Containing Compounds As well as C-based terpenoids,
plants may produce a range of sulphur- and/or nitrogen-containing volatiles. Some
of these volatiles are produced by special prefabricated two-component systems
consisting of a glycosylated precursor compound and a f-glucosidase. Enzymes
belonging to this class catalyse the hydrolysis of a -glucosidic bond between two
carbon moieties or between a carbohydrate and an aglucone moiety (Morant
et al. 2008). This reaction results in the release of an aglucone, which may be
further converted in bioactive volatiles, especially in the case of cyanogenic
glycosides and glucosinolates (Kissen et al. 2009). In cassava roots, for example,
cyanogenic glycosides stored in the vacuole react with f-glucosidases upon tissue
rupture. This leads to the production of an unstable aglucone, which spontaneously
degrades into the highly toxic volatile HCN. Cyanogenesis is a widespread trait and
has been found to occur in more than 2600 plant species ranging from gymno-
sperms to mono- and dicotyledonous species (Morant et al. 2008).

A similar two-component system yielding sulphur- and nitrogen-containing
volatiles is found in Brassicaceae. Members of this plant family contain sulphur-
containing defence compounds, called glucosinolates. Upon tissue rupture, the
glucosinolates in the vacuoles come into contact with myrosinase, a glucosidase
that is stored in specialised cells (Bones and Rossiter 2006). As a consequence,
sulphur- and/or nitrogen-containing volatiles, such as isothiocyanates (ITCs) and
nitriles, are formed. These sulphur- and nitrogen-containing volatiles may serve
different functions, among others as defences against insect herbivores, nematodes
and (soil) pathogens (Brown and Morra 1997; Caboni et al. 2012; Hopkins
et al. 2009). Overall, more than 130 structurally different glucosinolates have
been identified to date (Agerbirk and Olsen 2012), and their chemical structure,
together with the presence or absence of nitrile-specifier enzymes and the pH at the
site of the reaction, greatly determines the types of volatiles that are formed
(Halkier and Gershenzon 2006). Interestingly, overall root glucosinolate concen-
trations are higher than those in shoots, and specific glucosinolates, such as
2-phenylethyl glucosinolate or 1-methoxy-indol-3-ylmethyl glucosinolate
(neoglucobrassicin), are more prominent in belowground organs (van Dam
et al. 2009). This suggests a specific role for the volatile products that are formed
in the rhizosphere. Indeed, 2-phenylethyl ITC was shown to confer resistance to
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root-feeding nematodes and soilborne pathogens (Potter et al. 1998; Sarwar
et al. 1998).

In addition to ITCs, roots of Brassica species may produce a range of other
sulphur-containing volatile compounds such as methanethiol, DMS, DMDS and
DMTS (Crespo et al. 2012). Depending on the species, their emissions may increase
upon root herbivory or mechanical wounding (van Dam et al. 2012). In plants, these
sulphides may either result from thiol methyltransferases involved in the catabolism
of glucosinolate conversion products, possibly to avoid autotoxicity (Attieh
et al. 2000), or a combination of cysteine-sulphoxide lyases involved in the final
degradation steps of the nonprotein amino acid S-methyl-L-cysteine (Chin and
Lindsay 1994). Both ITC and sulphides from Brassica roots are found to be emitted
constitutively at low levels, probably due to some spontaneous or chemically driven
degradation of the precursor glucosinolate or to the continuous turnover of root tips
(Bones and Rossiter 2006).

Another class of well-studied sulphur-containing rhizosphere volatiles produced
by plant roots are thiophenes. These compounds are produced in the roots of
Asteraceae, especially species of the genus Tagetes (Marigolds) (Croes
et al. 1989; Jacobs et al. 1994). Thiophenes are well known for their nematicidal,
antimicrobial and insecticidal effects, though soil microbial communities as a
whole do not seem to be affected by marigold cultures (Caboni et al. 2012; Leger
and Riga 2009). In situ analyses using passive sampling approaches combined with
GC-MS analyses have shown that thiophenes are constitutively emitted into the
rhizosphere by Tagetes roots (Mohney et al. 2009; Tang et al. 1987). Tagetes roots
contain specialised structures, such as secretory channels in the root endodermis,
which would allow a constant emission of thiophenes into the rhizosphere
(Sacchetti et al. 2001).

Volatile Phytohormones Several volatile signalling hormones are emitted by roots.
Ethylene is by far the most studied volatile plant hormone. 1-Aminocyclopropane—
carboxylic acid (ACC) is the direct precursor of ethylene and is synthesised from
methionine. The enzyme ACC oxidase catalyses the final step in the synthesis of
ethylene (Gepstein and Kieber 2010). It serves as a signalling hormone involved in
biotic and abiotic stress responses, including shade avoidance, leaf senescence and
the formation of root hairs (Gepstein and Kieber 2010; Pierik et al. 2006). Maize root
systems constitutively emit ethylene, which is reduced when the plants are infested
either aboveground or belowground by herbivores (Robert et al. 2012). Abiotic
stresses, such as waterlogging, may enhance ethylene emissions by roots. For exam-
ple, ethylene accumulates in Solanum dulcamara plants subjected to water logging,
leading to the formation of aerenchymous adventitious roots that facilitate gas
exchange underwater (Dawood et al. 2014).

Methyl salicylate (MeSA) is the volatile methylated form of the phytohormone
salicylic acid (SA), which is produced via the shikimic acid pathway. The enzyme
S-adenosyl-L-methionine:salicylic acid carboxyl methyltransferase (SAMT) con-
verts SA into volatile MeSA (Dudareva et al. 2004). In aboveground plant organs,
MeSA is involved in responses to biotrophic pathogens and piercing—sucking
herbivores (De Vos et al. 2005). Aboveground MeSA is often induced by herbivore
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feeding and consequently is used by natural enemies as a cue to localise their host
(De Boer et al. 2004; Kpoviessi et al. 2011). There is only indirect evidence that
MeSA may play a similar role belowground. Roots of poplar trees, for example,
contain a methyltransferase with high homology to SAMT that is able to convert
SA into MeSA (Zhao et al. 2009). In leaves, the expression of this
methyltransferase was strongly induced by wounding, SA and methyl jasmonate
(MeJA) application; however, this was not tested for expression in roots (Zhao
et al. 2009). In hairy root cultures of Atropa belladonna, SAMT activity was
increased when the cultures were induced with SA (Fukami et al. 2002).

Taken together, these results suggest that methyltransferase gene activity and the
production of MeSA by roots may indeed play a role in rhizosphere communication
(Fukami et al. 2002; Loreto and Schnitzler 2010; Zhao et al. 2009). However, direct
evidence that MeSA is emitted in the rhizosphere is lacking. Similarly, reports on
the emission of MeJA in the headspace are scarce. Artemisia tridentata roots were
found not to emit MeJA, even though it is one of the most prominent volatiles
produced by the shoots (Jassbi et al. 2010). According to a recent review, the
necessary enzymes are not found in roots, despite the presence of the LOX pathway
and the fact that roots respond well to MeJA treatments (Penuelas et al. 2014a).

8.3 The Ecological Role of Volatiles in the Rhizosphere

Volatiles play a versatile role in communication between the various members of
the soil community. The interactions they are involved in and the volatiles that have
been identified as critical actors are summarised in Fig. 8.1 and discussed in the
following sections.

8.3.1 Microbial Volatiles and Their Effect on Fungi
and Oomycetes

Although the importance of volatiles as major fungistatic compounds has long been
recognised (Hora and Baker 1970, 1972), this topic has received more extensive
research attention in recent years. Surveys of soil bacteria have reported that
30-60 % of soil isolates can produce fungus-inhibiting volatiles (Wheatley 2002;
Zou et al. 2007), and that these organisms span a wide phylogenetic spectrum,
including members of the Alcaligenaceae, Bacillales, Burkholderia, Collimonas,
Micrococcaceae, Pseudomonas, Rhizobiaceae, Serratia, Xanthomonadaceae and
many others (Blom et al. 2011a; Effmert et al. 2012; Kai et al. 2007; Zou
et al. 2007). Compared to the plant response to bacterial volatiles, which has almost
exclusively been restricted to Arabidopsis, assays investigating the response of
fungi to bacterial volatiles have tested a broad range of phytopathogenic fungi and
oomycetes (Effmert et al. 2012; Garbeva et al. 2014b; Kai et al. 2007). Germination
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of fungal spores and hyphal growth can be strongly inhibited by bacterial volatiles.
Furthermore exposure to bacterial volatiles has been reported to change fungal
morphology, enzyme activity and gene expression (Garbeva et al. 2014b; Kai
et al. 2008; Vespermann et al. 2007). Most work on microbial volatiles to date is
done in vitro under nutrient-rich conditions (Kai et al. 2010; Weise et al. 2012) and
may not be representative for the conditions that prevail in the natural environment.
Recently Garbeva et al. (2014b) revealed that volatile production by Collimonas
sp. in sand containing artificial root exudates differs from that on 1/10 TSBA agar
plates. More than 45 % of the volatiles released by Collimonas on 1/10 TSBA were
sulphur-containing volatiles, whereas the majority of volatiles released from the
root exudate containing sand were ketones, aromatic volatiles and esters (Garbeva
et al. 2014b).

Studies have tested many compounds individually over very different concentra-
tion ranges and with varying application modes. Some volatiles repeatedly showed
inhibitory effects, including hydrogen cyanide (HCN), DMDS, DMTS,
benzothiazole, benzaldehyde, benzonitrile and 2-undecanone (Fig. 8.1; Effmert
etal. 2012; Garbeva et al. 2014b; Weisskopf et al. 2011). Hydrogen cyanide produced
by some Pseudomonas species (such as P. fluorescens CHAQO) was confirmed to be
directly involved in the biocontrol of Thielaviopis-induced root rot of tobacco
(Voisard et al. 1989). Application of DMDS produced by Bacillus cereus strains
significantly protected tobacco plants against Botrytis cinerea and maize against
Cochliobolus heterostrophus (Huang et al. 2012). Fungal volatiles can also have
inhibitory effects on other fungi. For example, the endophytic fungi Muscodor albus
and Oxyporus latemarginatus strongly inhibited growth of several plant pathogenic
fungi including Botrytis cinerea and Rhizoctonia solani (Strobel et al. 2001).

Several independent studies have observed high variation in fungal sensitivity to
bacterial volatiles (Effmert et al. 2012; Garbeva et al. 2014b; Kai et al. 2007, 2008;
Weisskopf et al. 2011). For example, testing a range of saprotrophic and plant
pathogenic fungi, it was revealed that Rhizoctonia solani, Fusarium culmorum and
Pythium ultimum were the most sensitive, while the saprotrophic fungi Chaetomium
sp., Mucor hiemalis and Trichoderma harzianum were the most resistant (Garbeva
et al. 2014b). This confirms previous reports on difference in fungistasis sensitivity
between pathogenic and saprotrophic fungi (Garbeva et al. 2011).

8.3.2 Microbial Volatiles Produced as a Result
of Interactions with Other Microbes

Recently, several independent studies have reported that the production of
specialised metabolites by soil bacteria is the direct result of interactions with
other microorganisms in their immediate vicinity (Traxler et al. 2013; Tyc
et al. 2014). This explains the fact that the genomes of soil and rhizosphere bacteria
contain numerous cryptic gene clusters encoding genes involved in the production
of secondary metabolites that are not expressed during growth under typical
laboratory conditions.
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Some volatiles appear to be emitted as result of microbial interactions. Recently,
Minerdi et al. (2008) observed that antagonistic interactions between two Fusarium
oxysporum strains were related to volatile production. Interestingly, the inhibiting
volatiles were only produced when the antagonistic strain was associated with a
consortium of bacterial species. The origin of the volatiles, i.e. bacterial or fungal,
remained unclear, but the need for the bacterial-fungal association was evident
(Minerdi et al. 2008). Furthermore, the composition of volatiles produced by a
mixture of bacterial species can differ from those produced by each bacterial
monoculture (Garbeva et al. 2014a). Recently Hol et al. (2015) revealed that less
abundant (so-called ‘rare’) bacterial species play an important role in antifungal
volatile production. The loss of rare soil bacteria affected the production of
antifungal volatiles, an important factor in the natural control of soilborne patho-
genic fungi (Hol et al. 2015). Furthermore, small shifts in soil microbial community
composition can lead to significant shifts in volatile compositions (Schulz-Bohm
et al. 2015). Microbial volatiles play important roles in the rhizosphere as
infochemicals affecting the behaviour, populations and gene expression of
responding organisms. For example, bacterial volatiles play an important regula-
tory role in mycorrhizal network establishment (Bonfante and Anca 2009) and
volatiles from mycorrhiza helper bacteria (MHB) can promote the growth of
ectomycorrhizal fungi (Schrey et al. 2005).

To obtain insight into the importance of interspecific volatile interactions
between soil bacteria, Garbeva et al. (2014a) performed several microcosm exper-
iments mimicking the natural nutritional heterogeneity in soil in which the model
bacteria P. fluorescens grown on nutrient-limited agar was exposed to volatiles
produced by four phylogenetically different soil bacteria growing in sand
containing artificial root exudates. The main research questions addressed were:
(1) Do rhizobacteria protect their ‘territory’ from potential rhizosphere invaders by
producing volatiles that suppress bacteria outside the rhizosphere? (2) Can bacteria
outside the rhizosphere profit from the volatiles produced by rhizosphere-inhabiting
bacteria? Their results revealed that bacterial volatiles stimulated rather than
inhibited the growth of P. fluorescens. A genome-wide microarray-based analysis
revealed that exposure to bacterial volatiles had clear effects on gene expression in
P. fluorescens and that the change in gene expression differed among the different
volatile-producing bacterial species. Besides other transcriptional changes, such as
those assigned to energy production and conversion, bacterial volatiles appeared to
induce a chemotactic motility response in P. fluorescens but also an oxidative stress
response. A more detailed study revealed that some of the volatile-producing
bacteria triggered antimicrobial secondary metabolite production in P. fluorescens
(Garbeva et al. 2014b). The volatile-triggered antibiotic production in
P. fluorescens pointed to a strategy to combine movement (chemotaxis and motility
genes) with increasing competitive strength (antibiotics) to invade into the nutrient-
providing rhizosphere zone.

Volatiles may also be involved in tritrophic interactions involving bacteria, fungi
and nematodes as shown by the work of Son et al. (2009). Paenibacillus polymyxa
and P. lentimorbus exhibited strong antifungal activities, interfering with interactions
between the nematode Meloidogyne incognita and the fungus Fusarium oxysporum
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which significantly reduced nematode infestation of tomato plants (Son et al. 2009).
Recently it was reported that bacterial volatiles may interfere with the quorum
sensing of other phylogenetically different bacteria due to suppression of the tran-
scription of AHL synthase genes (Chernin et al. 2011). DMDS was identified as one
such quorum sensing inhibiting compound (Fig. 8.1; Chernin et al. 2011). The same
compound was reported to stimulate bacterial growth, whereas it completely inhibits
fungal growth (Garbeva et al. 2014a, b; Kai et al. 2007).

8.3.3 Effect of Microbial Volatiles on Plants

Over the last decade, evidence has accumulated that plants respond strongly to
volatiles produced by microorganisms. Most of the research carried out so far has
investigated the impact of bacterial volatiles on the model plant A. thaliana. This
has revealed that, without physical contact, bacteria are able to drastically alter the
plant’s root system development and biomass production, ranging from plant death
to a sixfold increase in biomass compared with nonexposed plants. Significant
growth promotion of A. thaliana after exposure to complex blends of volatiles
emitted by a range of PGPR was reported by Ryu et al. (2003). Using
two-compartment Petri dishes where only volatiles can be exchanged between the
plant and bacteria, the authors obtained a fourfold growth promotion with two
Bacillus strains. The growth promotion effect was ascribed to 2,3-butanediol and
acetone, based on the application of pure compounds and based on lack of plant
growth promotion after exposure to the volatiles emitted by a strain mutated in the
butanediol fermentation pathway (Fig. 8.1; Ryu et al. 2003).

The opposite effect of bacterial volatiles on A. thaliana was reported by
Vespermann et al. (2007), where plants exposed to volatiles emitted by Serratia
strains were killed within a very short time. The effect was alleviated by addition of
charcoal, demonstrating that the killing effects were indeed caused by the emitted
bacterial volatiles (Vespermann et al. 2007). More recently Blom and coworkers
assessed 42 bacterial strains originating from the soil and rhizosphere for emission
of plant growth-modulating volatiles (Blom et al. 2011a, b). All strains were found
to emit plant growth-modulating volatiles but with contrasting effects that strongly
depended on the growth conditions. Dose-dependent plant growth-promoting
effects were observed for several compounds including indole, 1-hexanole and
pentadecane. For example, indole was active when applied in very low amounts
and toxic when plants were exposed to higher amounts (e.g. 10 pg), while
pentadecane was active when applied in high amounts (1 mg).

To understand plant physiological changes caused by exposure to bacterial
volatiles, Zhang et al. (2007) applied a microarray approach to analyse genes
expressed upon exposure to volatiles emitted by Bacillus subtilis GB03. The
transcriptomic analysis revealed differential expression in about 600 genes, with
auxin-related genes being particularly affected. Auxin synthesis appeared to be
specifically increased in the aerial parts of the plants, but the auxins were actively
transported as evidenced by a shift in auxin distribution from the shoots to the roots
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in response to volatile exposure (Zhang et al. 2007). Genes upregulated by exposure
to volatiles emitted by Bacillus subtilis GB0O3 included ethylene biosynthesis and
ethylene response genes, which were further confirmed at the proteome level by
Kwon et al. (2010). Plant iron uptake can be increased by exposure to bacterial
volatiles. This is linked to the acidifying potential of the produced volatiles, leading
to better solubilisation and uptake of iron (Zhang et al. 2009).

One of the few identified volatile compounds showing growth promotion in
A. thaliana is indole (Fig. 8.1; Blom et al. 2011a, b). Indole, a hetero-aromatic
compound derived from L-tryptophan is emitted by a range of bacteria including
PGPR Pseudomonas and Burkholderia (Audrain et al. 2015; Blom et al. 2011a, b;
Zamioudis et al. 2013). Indole-producing bacteria were shown to significantly increase
lateral root formation and this effect was lost when plants were exposed to indole-
deficient bacterial mutants (Bailly et al. 2014). Another common volatile emitted by
microorganisms is DMDS (Blom et al. 2011a; Garbeva et al. 2014b; Groenhagen
et al. 2014). DMDS is reported to significantly promote plant growth and increase the
number of lateral roots and root hairs even at very low concentrations (Meldau
et al. 2013). The mechanism of plant growth promotion by DMDS was related to
direct increase of sulphur supply. Furthermore, DMDS supplementation significantly
reduced the expression of sulphur-assimilation genes as well as methionine biosyn-
thesis and recycling in tobacco plants (Meldau et al. 2013). In contrast to indole and
DMDS, some microbial volatiles like hydrogen cyanide and ammonia were deter-
mined to be deleterious (Blom et al. 2011a; Kai et al. 2010; Wenke et al. 2010).

The effect of microbial volatiles may be strongly dependent on the ontogenetic
stage of the plant. When A. thaliana seeds were exposed to volatiles emitted by
fungal isolate Trichoderma atroviride for 14 days, reduction in plant size, formation
of necrotic lesions and loss of chlorophyll was observed (Lee et al. 2015). However,
when A. thaliana seedlings were exposed to volatiles produced by the same fungus
under the same conditions, they exhibited significant increases in growth and
chlorophyll production. Similarly, volatile mixtures emitted from the biocontrol
fungus Trichoderma viride enhanced growth of A. thaliana (Hung et al. 2013) and
volatiles emitted by Cladosporium cladosporioides enhanced growth of tobacco
plants (Paul and Park 2013). Overall, the plant’s response to growth-promoting
volatiles seems to be mediated by auxin, in part due to better iron acquisition and
photosynthesis. Furthermore, increased resistance to pathogens can be conferred by
exposure to bacterial volatiles, through induction of ISR (induced systemic resis-
tance), and the growth of phytopathogenic fungi can be reduced by exposure to
microbial volatiles (see Sect. 8.3.1). Most bacteria activate ISR in plants via a
SA-independent pathway involving JA and ethylene signalling. Volatiles produced
by Bacillus amyloliquefaciens triggered ISR through an ethylene-independent
signalling pathway, whereas volatiles produced by Bacillus subtilis appear to do
this via an ethylene-dependent pathway, albeit independent of the SA or JA
signalling pathways (Ryu et al. 2004).

In general, studying volatile-mediated interactions between plants and microor-
ganisms is challenging because of the variation in volatile emission dependent on
the physiological state of the producing microorganism and environmental condi-
tions. Additionally, the methods used to study volatile-mediated plant—microbe
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interactions can lead to different responses in plants and contrasting results, as
recently indicated by Lee et al. (2015). Furthermore, plant-associated microorgan-
isms can affect the blend of volatiles released by plants. For example, tomato plants
inoculated with the fungal endophyte Acremonium strictum emitted diverse ter-
penes and sesquiterpenes in significantly lower amounts than endophyte-free plants
(Jallow et al. 2008). Additionally, endophytic fungi that live within plants can
produce many metabolites including volatiles that benefit the host plant. For
example Phoma spp. isolated from creosote bush produce volatiles that help the
shrub to survive harsh desert habitats (Strobel et al. 2011). In a recent study,
Penuelas et al. (2014b) revealed that phyllosphere microbiota can significantly
influence plant terpene emissions. Removing floral microbiota of Sambucus nigra
L. affected both the quality and quantity floral terpene emission (Penuelas
et al. 2014b). Similar studies on the effect of the rhizosphere microbiome as a
whole on root volatile production are missing.

8.3.4 Effect of Plant Volatiles on Bacteria

Volatiles produced by plant roots may exert short (um)- and long (mm)-distance
effects on microbes in the rhizosphere. As mentioned above, only a few studies
have shown that volatiles produced by roots are also emitted in the rhizosphere
(Cecchini et al. 2010; Del Giudice et al. 2008; Kpoviessi et al. 2011; Steeghs
et al. 2004; Yeo et al. 2013). Based on in vitro assays, the bioactivities of
root-specific volatile terpenoids and phenolic compounds have been associated
primarily with growth-inhibiting effects (Wenke et al. 2010). Terpenes and other
root-derived VOCs most likely serve multiple roles as C-sources, defence metab-
olites and chemoattractants. Degradation of plant monoterpenes such as geraniol by
soil microbial activity has been demonstrated (Owen et al. 2007), and rhizobacteria
such as Pseudomonas fluorescens and Alcaligenes xylosoxidans have been shown
to metabolise o-pinene as their sole carbon source (Kleinheinz et al. 1999).
Del Giudice et al. (2008) also reported that bacteria associated with the roots of
vetiver grass (V. zizanioides) use sesquiterpenes as a carbon source. Many bacterial
species use quorum sensing to coordinate gene expression according to the density
of their local population. Some plant volatiles may interfere with bacterial quorum
sensing (QS) and this can be in both directions. For example, plant volatiles like
(+)-enantiomers of carvone, limonene and borneol stimulated bacterial QS, while
compounds like a-terpineol and cis-3-nonen-1-ol completely inhibited bacterial
QS (Ahmad et al. 2015).

8.3.5 Plant Volatiles in Belowground Plant—Herbivore
Interactions

As for aboveground produced volatiles, root volatiles may serve as cues for
herbivores to locate their host plant. Belowground herbivores may use CO,
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gradients in the soil to locate roots (Johnson and Nielsen 2012); however, there is
some debate on the reliability of such a generic cue. It does not allow herbivores
to discriminate between hosts and (toxic) non-hosts, and many other nontarget
organisms in the soil produce CO, (Erb et al. 2013). Therefore more specific plant
volatiles may be better cues for herbivores searching for a suitable host plant. At the
same time, these more specific plant volatiles may serve as direct or indirect
defences. In particular, volatile products resulting from glucosinolate or cyanogenic
glycoside conversion, i.e. cyanides and isothiocyanates, may serve as direct plant
defences. They have been found to be toxic or noxious to a wide range of
belowground herbivores and pathogens (Hopkins et al. 2009; Kissen et al. 2009;
Potter et al. 1998), though specialist herbivores possessing mechanisms to over-
come the toxicity of these compounds may use them to locate their host plant. For
example, larvae of cabbage white butterflies (Pieris spp.) possess specific enzymes
to interfere with the formation of ITC which renders the plant less toxic (Wittstock
et al. 2003). The adults indeed use ITCs typically produced by cabbages and
mustards to locate host plants for oviposition (Hopkins et al. 2009). Similarly,
root-feeding herbivores specialised on Brassica species, such as the larvae of the
cabbage root fly (Delia spp.), use ITC to orient towards their food plant in the soil
(Fig. 8.1; Kostal 1992). These larvae do not have their own detoxification mecha-
nism but rely on gut microbes to detoxify 2-phenylethyl ITC which is produced
upon larval damage (Crespo et al. 2012; Welte et al. 2015).

Plant volatiles are more often studied in their role as indirect plant defences,
i.e. to attract natural enemies or predators of herbivores. The evolutionary-
ecological framework of indirect defences against arthropod herbivores and the
role of plant volatiles therein have been elucidated for aboveground tritrophic
interactions since the late 1980s (Dicke and Sabelis 1988; Vet et al. 1991). In one
of the first studies showing that indirect defences via volatile emissions function
belowground as well, van Tol et al. (2001) reported that entomopathogenic nema-
todes (EPNs) were attracted to the roots of Thuja occidentalis damaged by larvae
when given a choice in a Y-tube olfactometer filled with sand. At the time, no
specific volatiles were identified. A few years later, it was found in various other
plant species that roots damaged by herbivores emit specific mono- and sesquiter-
penes (Ali et al. 2010; Rasmann et al. 2005; Steeghs et al. 2004). For example, when
damaged by the corn rootworm Diabrotica virgifera virgifera, maize roots emit the
sesquiterpene (E)-f-caryophyllene which attracts EPN that infest and kill the root-
feeding larvae (Fig. 8.1; Rasmann et al. 2005). Interestingly, commercial cultivars
from the USA have lost the ability to produce this compound, suggesting that the
ability to attract natural enemies to the rhizosphere can be selected for (Degenhardt
et al. 2009). Restoring the ability to produce (E)-p-caryophyllene in one of these
varieties, however, also increased its susceptibility to a fungal disease (Fantaye
et al. 2015), underscoring the multifaceted function of each volatile compound.
Similarly, citrus roots infested by root-feeding herbivores recruit EPN via the
emission of several mono- and sesquiterpenes detected in the rhizosphere (Ali
et al. 2010). Interestingly, the response of other organisms in the rhizosphere did
not always follow this pattern; bacterivorous nematodes that feed on the cadavers of
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EPN infested larvae displayed similar behaviours as EPN, whereas
nematopathogenic fungi did not seem to respond to these cues (Ali et al. 2013).

Another well-studied plant-herbivore system is the interaction of milkweeds
(Asclepias spp.) with their specialist root herbivores. Apart from the production of
latex containing toxic cardenolides, the roots of these plants also produce various
volatiles upon induction by root feeders (Rasmann et al. 2011). These volatiles
attract EPN that reduce the impact of the herbivores on plant performance, showing
that these rhizosphere volatiles serve as true sensu stricto defences (Karban and
Baldwin 1997). In addition, there have been several studies showing that above-
ground predators or parasitoids of root herbivores are attracted to infested plants via
root-emitted volatiles. For example, ground-dwelling Aleochara beetles predating
on eggs and larvae of D. radicum are attracted by DMDS, a volatile organic
compound specifically emitted at high levels by root fly-infested Brassica roots
(Fig. 8.1; Crespo et al. 2012; Ferry et al. 2007; van Dam et al. 2012). Such volatile
cues emitted by herbivore-infested roots could potentially be used by other ground-
dwelling or belowground predators such as ants, predatory mites, spiders and even
mammals such as moles and rodents (Johnson and Rasmann 2015; van Dam 2009).
However, experimental data to support this hypothesis are still lacking.

8.3.6 Plant—Plant Communication

Plants are able to respond to their neighbours in order to avoid competition for light
and nutrients. Aboveground, this process is often associated with light perception
and involves the emission and perception of ethylene (Kegge et al. 2015; Pierik
et al. 2000). In the rhizosphere, root exudates and compounds therein play an
important role. One well-studied mechanism for plant-plant communication in
the rhizosphere is allelopathy. Allelopathy is a chemical-ecological process in
which the secretions or emissions of one plant reduce growth or even kill another
plant (Inderjit et al. 2011). Several plant volatiles, including mono- and sesquiter-
penes, thiophenes and ITC, have been shown to possess allelopathic properties
(Fig. 8.1). In fact, several Brassica species are commonly used for biofumigation
purposes as the ITCs that are formed upon ploughing reduces weed germination
(Vaughn and Boydston 1997). Moreover, it has been shown that sagebrush plants
emit various volatiles from the roots that may have an allelopathic effect. MeJA
was not among them, even though it has a strong inhibitory effect on the germina-
tion of other species (Jassbi et al. 2010). Interestingly, the zone of influence of the
allelopathic compounds may be increased by mycorrhizal associations. In an
experimental set-up using Tagetes tenuifolia plants in a mesocosm, it was shown
that common mycorrhizal networks connecting plants may enhance thiophene
accumulation away from the rhizosphere of the plant (Barto et al. 2011). In contrast
to most studies assessing allelopathic effects of root volatiles, Barto et al. (2011)
used a ‘phytometer’ approach to show in vivo that competing plants suffer biomass
reductions when growing in soils with higher thiophene accumulations.
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Another interesting aspect related to plant—plant communication is the plasticity
in root placement. Plants growing next to each other may adapt their root allocation
patterns according to their neighbour’s identity and even the level of relatedness
(Depuydt 2014; Semchenko et al. 2014). It has been experimentally assessed that
root exudates can affect the placement of roots away from competitors or kin
(Schmid et al. 2013; Semchenko et al. 2014). In recent reviews, most compounds
that are listed as being important in such root allocation processes are water soluble
and non-volatile (Biedrzycki and Bais 2010; Depuydt 2014). However, based on
what is known about the role of volatiles in aboveground plant—plant communica-
tion and self-recognition (Heil and Land 2014; Karban et al. 2014a, b), a call for
more research on the role of plant volatiles in belowground plant—plant interactions
seems reasonable (Biedrzycki and Bais 2010).

8.4 How to Measure Volatiles in the Soil?

Studying the volatiles emitted in the rhizosphere is a challenging task for several
reasons. Compared to the aerial headspace of plants, the soil is a dense and
heterogeneous matrix, so sampling of rhizosphere volatiles requires more prepara-
tion. The first point to consider is the composition of the substrate. For example, the
adsorption capacity and smaller grain size of clay will influence the distribution and
diffusion of volatile compounds (Barnett and Johnson 2013). In addition, the
capacity of the soil to bind water will influence the result of soil volatile trapping
experiments, as soil humidity affects the diffusion and distribution of volatiles in
the rhizosphere (Hiltpold and Turlings 2008). In a later phase, water in the traps
may interfere with chemical analysis by gas chromatography. Those factors may be
partially controlled in a greenhouse experiment but not in more realistic field
experiments.

Moreover, the properties of the biological system as a whole are of importance
for the sampling strategy. In a single species experiment, volatiles emerging from
the plant roots and those emerging from the soil can be easily separated by
including ‘soil blank’ samples. When it comes to identifying the volatile profiles
of roots growing in a plant community, it gets more difficult. The first question
would be how to separate the volatiles of different plant species, especially when
the roots are intertwined. Another challenge is to collect plant volatiles in vivo.
There are several approaches described in the literature, e.g. dynamic and static
headspace sampling of roots in mesocosms, but most of these can only be
performed under laboratory conditions. As for every experiment dealing with living
organisms, the biggest challenge might be to do the analysis in a non-invasive
manner. This is particularly difficult since most of the existing volatile trapping
methods rely on inserting sampling devices in the soil next to the root, thereby
possibly damaging the root tissues. In the next sections, we discuss different
sampling approaches that have been used to sample root or rhizosphere volatiles
and evaluate their suitability for root samplings based on published experiments
(see also Table 8.1).
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Table 8.1 Overview of non-invasive techniques for sampling root volatiles with their benefits and
drawbacks as reported in experimental papers (last column)

Sampling
technique

Advantages

Disadvantages

References

Solid-phase micro-
extraction (SPME)

» Wide range of
sorbent mate-
rials

* Sample
enrichment

« Easy to use

« Quantification
difficult

« No resampling
« No long-term
storage

« Fragile fibres

Gfeller et al. (2013), Rasmann
et al. (2011), Rasmann

et al. (2005), Rasmann and
Turlings (2008), Robert

et al. (2012), Yang et al. (2013)

Direct thermal
desorption (TD)

» Wide range of
sorbent mate-
rials

» Multiple anal-
ysis possible
(with recollec-
tion)

« High through-
put

» Long-term
storage

« Tubes costly

* Pumps needed
in the field
(dynamic sam-
pling)

« Quantification
difficult

Crespo et al. (2012), Harper
(2000), Stewart-Jones and Poppy
(2006), van Dam et al. (2010)

Conventional traps
(GO

» Wide range of
sorbent mate-
rials

» Multiple anal-
ysis possible

« High through-
put

» Long-term
storage

* Inexpensive

« Exact quantifi-
cation (int.

* Pumps needed
in the field
(dynamic sam-
pling)
 Laborious elu-
tion of traps

« Prone to con-
tamination dur-
ing elution

Ali et al. (2010, 2011, 2012)

standard)
Proton-transfer- * Real-time « Expensive Crespo et al. (2012), Danner
reaction mass measurement equipment et al. (2012, 2015), Rostas

spectrometry
(PTR-MS)

* Dynamic vola-
tile profile

« No identifica-
tion for mole-
cules with same
mass

« No resampling

et al. (2015), Samudrala
et al. (2015), Steeghs

et al. (2004), van Dam
et al. (2012)

Int. internal

8.4.1 Solid-Phase Micro-Extraction (SPME)

Solid-phase micro-extraction (SPME) is widely used for the trapping of above-
ground plant volatiles (Yang et al. 2013). The advantage of SPME is that the
volatiles are enriched on the fibres, which allows the analysis of trace compounds.
A large number of fibres with different adsorptive properties are commercially
available. In principle, SPME fibres are easy to handle and can be easily inserted in
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preformed slots in the rhizosphere. SPME is well suited for determining the spatial
distribution of soilborne volatiles around a plant, e.g. by sampling at defined depths
or distances from the plant. For example, SPME was used to show that
(E)-p-caryophyllene added to sand diffuses over a distance of 10 cm within half
an hour (Rasmann et al. 2005). A drawback is that SPME is more expensive, less
useful for high-throughput analysis and less suitable for exactly quantifying volatile
emissions (Table 8.1). Using SPME, Rasmann et al. (2011) performed a dynamic
headspace sampling of root volatiles of milkweed (Asclepias syriaca) released after
attack by a root-boring beetle Tetraopes tetrophthalmus and studied their attrac-
tiveness to EPN (Rasmann et al. 2011). Prior to trapping the volatiles on SPME
fibres, plants were removed from the soil and the roots were washed with tap water.
The results showed that a mixture of 15 root volatiles was significantly increased
after 4 days of root herbivory. In this study, SPME was performed only on ground
root material to analyse the total pool of root volatiles and showed that inducibility
of volatiles is negatively correlated to the constitutive levels (Rasmann et al. 2011).
SPME was also used to analyse root volatiles of maize, cotton and cowpea
(Rasmann and Turlings 2008; Robert et al. 2012). In these studies, however, roots
were harvested and ground before analysis.

Weissteiner et al. (2012) used SPME to measure volatiles emitted from oak trees
infested with cockchafer larvae Melolontha hippocastani. In addition to SPME
sampling, they also used dynamic headspace with thermal desorption tubes. The
root volatiles collected by SPME were later used to estimate the concentration for
choice assays (Weissteiner et al. 2012). Gfeller et al. (2013) studied the emission of
volatiles from barley roots and their effect on wireworms. In contrast to previous
studies, roots were left intact even though they were separated from the shoots.
Thus, 29 root volatiles could be identified and the authors were able to show that
detection was dependent on the cultivation medium (Gfeller et al. 2013). Taken
together, these studies illustrate that SPME can be a powerful tool to sample
rhizosphere volatiles, especially for trace analysis. The ease of use also makes
SPME suitable for field sampling; however, to our knowledge, no study has been
published that applies SPME in field experiments.

8.4.2 Direct Thermal Desorption

In general, direct thermal desorption (TD) is a robust technique to collect plant
volatiles. In contrast to SPME, the volatile compounds are adsorbed on trapping
material packed in a glass or metal tube. Like the SPME fibres, the adsorbent
material can have various compositions depending on the target analytes (Harper
2000). One tube can contain different types of trapping materials (mixed bedding),
which increases the range of volatiles that can be trapped (e.g. van Dam et al. 2010).
The advantage is that the volatile sample can be analysed as emitted in the field or
greenhouse without solvent elution. Another advantage of TD is that samples can
be stored over a longer time in capped and cooled tubes. Moreover, recently
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developed TD instruments allow for sample recollection and enable researchers to
perform repeated injections, for instance with different GC columns. Another
difference to SPME is that TD tubes have to be used in a dynamic sampling system.
Plants are enclosed in glass containers or inert plastic bags to which the trap is
attached (Stewart-Jones and Poppy 2006), after which a gas flow is applied by
either pushing or pulling air through the tube. A push—pull system is the best option,
but this may not be feasible in the field. When working with a dynamic sampling
system, the applied flow rates and sampling time are important since they determine
the amount of compounds adsorbed. Because TD sampling is often used for
assessing environmental air quality, national and international agencies have devel-
oped standard methods for sampling procedures. The EPA compendium method
TO-17" and ISO 160177 provide a detailed description of the methodologies used
for TD volatile trapping.

Disadvantages of TD are the relatively high cost of the equipment and the
trapping tubes, even though they can be reused multiple times. TD tubes were
used to identify glucosinolate breakdown products in the headspace of Brassica
nigra roots infested with cabbage root fly larvae (Crespo et al. 2012). In this study,
cooking bags prepared according to Stewart-Jones and Poppy (2006) were used to
enclose the root headspace of a potted plant, and TD tubes with mixed Carbopack-
Tenax bedding were inserted in the bags (Fig. 8.2). TD tubes can also be used with
other sampling materials. In a study on root volatiles of dandelion (Taraxacum
ruderalia), laboratory silicone tubing (PDMS) was used to collect root volatiles in
specially designed mesocosms and inserted in empty TD tubes before desorption
(Eilers et al. 2015). Fifteen volatiles could be extracted from the rhizosphere and
identified by GC-MS. This is one of the few studies where volatiles from the
rhizosphere were trapped in situ. However, this method, like SPME, is a ‘single-
shot’ analysis, where volatiles cannot be resampled.

8.4.3 Volatile Trapping with Subsequent Elution

Dynamic headspace sampling can also be combined with conventional solvent-
elution traps. Similar to TD, volatiles from the rhizosphere are directed through a
glass or metal tube filled with an adsorbent by a push, a pull or a push—pull system.
After trapping, the volatiles are eluted from the trap with a defined amount of
organic solvent and analysed on a GC. The advantage of this approach is that at this
point standard compounds can be added to the solvent, which allows for the
normalisation and exact quantification of the data. Another advantage is that the

"EPA compendium TO-17 (version 1999), see http://www.epa.gov/ttnamtil/files/ambient/airtox/
to-17r.pdf.

21S0O 16017-1:2000, see http://www.iso.org/iso/catalogue_detail.htm?csnumber=29194; for ISO
16017-2:2003, see http://www.iso.org/iso/catalogue_detail.htm?csnumber=29195.
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I

Fig. 8.2 Overview (a) and a detail (b) of a root headspace sampling set-up using direct thermal
desorption tubes (indicated in by the yellow arrow in b). The blue arrows indicate the direction of
the airflow. Labels: VP vacuum pump, F'C flow controllers, AT air tube. The volume of the root
headspace is restricted by mounting a pretreated frying bag around the base of the stem. The tubes
are inserted into the bags via slit. Air is pulled over the trap via vacuum pump (‘pull’ system). For
more details, see Crespo et al. (2012). Photographs: Nicole M. van Dam

liquid sample can be stored and injected multiple times. Disadvantages are that it is
more labour-intensive, less sensitive due to losses during elution and prone to
contaminants and spontaneous conversions in the elution solvent (Table 8.1).
Nevertheless, this technique is widely used as no specific TD equipment is needed.
For example, solvent-eluted traps were used in a push—pull system to study the
emission of citrus root volatiles and their effect on the behaviour of different
nematode species (Ali et al. 2011). The authors used a volatile collection apparatus
to simultaneously trap below- and aboveground volatiles, allowing a direct com-
parison of the relationship of both volatile profiles. In a similar study, four major
terpenes that were only produced by infested roots were identified (Ali et al. 2010).
Finally the same authors conducted a study where they used a soil probe to collect
volatiles from infested roots in the field (Ali et al. 2012), a rare example of root
volatile trapping outside the laboratory.

8.4.4 Non-invasive Time-Resolved Measurements

All of the above mentioned methods lack temporal resolution, which is an impor-
tant factor for the understanding of volatile function in an ecological context.
SPME, TD and conventional solvent-elution traps mirror only the time interval of
the volatile trapping. Dynamic changes in the volatile bouquet within the trapping
interval cannot be resolved. Proton-transfer reaction MS (PTR-MS) overcomes this
constraint and allows the measurement of plant and root volatiles in real time,
which reveals how volatile emissions change over an ecologically relevant
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timescale (Danner et al. 2012; Steeghs et al. 2004). Besides this great advantage,
there are several drawbacks (Table 8.1). After proper calibration and optimisation
of the system has been achieved (Samudrala et al. 2015), PTR-MS can be success-
fully used to analyse particular groups of low molecular weight volatiles. This is
illustrated by studies analysing the volatile emissions of Arabidopsis or Brassica
plants both in vitro and in vivo. PTR-MS was successfully applied to follow the
volatile emission dynamics of an A. thaliana root culture (Steeghs et al. 2004).
Interestingly, when these roots were challenged by a root pathogen or a root-
feeding aphid, emissions of the monoterpene 1,8-cineole increased. PTR-MS was
also used to analyse the root volatiles of weeds, how they are influenced by an
endophytic fungus and the response of root herbivores to the changes in root
volatiles. In this study, roots were removed from the soil before analysis (Rostas
et al. 2015). PTR-MS in situ analyses of volatiles emitted in the root headspace of
various Brassica species subjected to artificial damage or infested with cabbage
root fly larvae revealed that various sulphur-containing compounds show specific
dynamic patterns depending on the larval instar of the root herbivore (Crespo
et al. 2012) or the Brassica species used (van Dam et al. 2012). More recently,
using separate cuvettes for sampling roots and shoots, it was shown with PTR-MS
that shoot feeders can also significantly enhance DMDS emissions into the root
headspace, though not as strongly as local infestation by root-feeding herbivores
(Danner et al. 2015). Taken together, these studies illustrate how PTR-MS can
acquire time-resolved data on intact plants, even though they were not directly
performed in the rhizosphere.

8.5 Discussion

Understanding complex volatile-mediated interactions belowground is a large and
intricate puzzle and any attempt to cover this broad topic will remain incomplete.
From the evidence in the current scientific literature, it is clear that the two main
producers of volatiles belowground are plants and microorganisms. It should,
however, be noted that the current lack of knowledge on the emission of volatiles
by other rhizosphere organisms, such as nematodes or earthworms, does not mean
that they do not produce volatiles that may be relevant for rhizosphere communi-
cation. It rather indicates that these groups are currently understudied with regards
to this aspect.

Without doubt, plants are involved in intimate interactions with microorganism
during their entire life, starting from its infancy as a seed. Investigation of surface-
sterilised seeds revealed that the majority of plant species seeds were colonised by
bacteria (Cankar et al. 2005; Compant et al. 2005; Graner et al. 2003; Mundt and
Hinkle 1976). Molecular methods for detecting seed endophytes (Johnston-Monje
and Raizada 2011) revealed distinct community structure between plants as well as
between different geographic locations. The zone of influence of the germinating
seed has been named the ‘spermosphere’ (Nelson 2004), and the interactions in the
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spermosphere can be important first steps of the association between bacteria and
plant. However, the role of volatiles in spermosphere interactions has not been
studied so far.

As indicated in this chapter, several volatiles such as terpenoids and sulphur
compounds are commonly produced and emitted by both plant roots and microor-
ganisms. Genomic studies reveal that both groups of organisms carry many genes
responsible for the synthesis of such volatiles, possibly with a common evolution-
ary origin. Based on these commonalities, it is possible that terpenoids and volatile
sulphur compounds are a ‘lingua franca’ for inter-kingdom communication
between plants, bacteria and fungi.

However, there are several open questions regarding this hypothesis. First, how
can an organism distinguish the source of such a common signal? Possibly, this can
be achieved by sensing the concentration of the signal similar to what has been
reported for quorum sensing. Additionally, the chemical background of other
volatiles and non-volatile compounds present in the environment may be important.
In aboveground tritrophic interactions, it has indeed been shown that the composi-
tion of the background volatile profile is important for the attractiveness of a single
volatile to an egg parasitoid (Mumm and Hilker 2005). Finally, for most volatiles, it
is as yet unknown exactly how they are perceived by plants. Whereas there is an
extensive body of literature on olfactory receptors in insects and mammals, molec-
ular receptors for the perception of terpenoids, for example, have not yet been
identified in plants, even though the roles of volatiles in plant—plant interactions
were one of the first to be recognised (Heil 2014). The current view is that due to
their lipophilic nature, volatiles such as mono- and sesquiterpenes may interfere
with membrane structures, thereby causing depolarization of the membranes and
triggering Ca”" signalling in plants (Heil 2014; Chap. 12). However, this consti-
tutes a very unspecific mechanism, which raises the question whether such volatiles
per se may serve as reliable infochemicals at all (Dicke and Sabelis 1988). It is thus
not surprising that the search for volatile receptors in plants was recently coined as
one of the ‘hot topics’ in the field (Heil 2014). For microbes, it may be easier to
elucidate how volatiles are perceived, as they are more easily transformed and
screened for mutations in a high-throughput manner. This facilitates the generation
of transformants overexpressing certain volatile production genes, mutants lacking
a response to certain volatiles or the use of genetic markers, such as green fluores-
cent protein (GFP), which may reveal genes that are activated during volatile
communication. In such experiments, it will be of utmost importance to mimic
common natural conditions, especially with regards to the nutrient level. It was
found that the emission of a certain volatile is conditional and may not occur under
the nutrient-rich conditions (Garbeva et al. 2014a, b).

A further major challenge is to correctly identify the origin of any particular
volatile belowground, especially since many volatile compounds are produced only
as a result of interactions. For plant—insect interactions it, has been known for
decades that specific volatiles are only produced by a plant when attacked by an
herbivore (Heil 2014). The same seems to be true for soil-dwelling bacteria and
fungi that respond to each other’s presence by producing (antibiotic) volatiles
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(Garbeva et al. 2014b; Kai et al. 2007). It is one thing to sample and detect such
compounds when both interaction partners are growing as isolates in a Petri dish on
different sides of a divider, but it will be quite another to identify individual
compounds in a fully populated rhizosphere where the organisms of interest may
not be the most abundant and many other organisms may interfere with the
communication. The latter may apply when other bacterial species in the rhizo-
sphere consume or convert the volatile signal before it has reached the receiver. The
same may be true for plant-emitted compounds. Thus, when sampling living soils
for volatiles, the volatile profile that is found is mostly a mix of originally emitted
compounds and catabolic products thereof.

One approach to distinguish the originals might be to first extract roots destruc-
tively or to measure emissions from a sterile plant. However, the medium in which
the plants are grown strongly affects the volatile profiles (Jassbi et al. 2010). In that
sense, labelling organisms with stable isotopes may be a better approach to follow
the fate of volatiles in the rhizosphere. Moreover, the conversion of the original
signal by a third-party organism does not necessarily lead to distorted communi-
cation, as it may provide additional information on potential competitors. Such
studies should preferably be conducted in soil mesocosms where the number of
interactors, the conditions and the substrate can be somewhat controlled. It should
also be considered that prefabricated slits or tubes for inserting sampling devices
into the soil mesocosms would be ideal to prevent root damage.

Currently there is an increased interest in using PGPR and other beneficial
microbes such as Trichoderma and mycorrhizal isolates for sustainable agriculture
(Mendes et al. 2013; Raaijmakers et al. 2009). However, experimental additions of
beneficial microbes to existing soil communities often fail. Apparently, it is difficult
for the microbes that are added to establish in the standing soil communities, which
prevents farmers from reaping the full benefits. A greater understanding of the role
of volatile communication in rhizosphere processes may help to increase the
efficacy of such novel approaches. All in all, it is due time to open the black box
of the soil a bit further and stick our noses in it to ‘sniff out’ the compounds that
mediate the many interactions belowground. This may not only lead to a better
understanding of the role of volatiles for belowground communication but also
increase the potential to find sustainable solutions for agriculture and novel
agrochemicals.
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