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� Medicago roots emit volatiles as an
early response to microorganisms
(MOs).

� More than 90 compounds were
released from roots as detected by
untargeted GC–MS.

� Principal component analyses clearly
distinguished untreated roots from
treated roots.

� Several volatiles were found to be
emitted specifically in response to
symbiotic or pathogenic MOs.

� Plants discriminate between friend
and foe at very early stages of their
interaction.
g r a p h i c a l a b s t r a c t

Using non-targeted metabolite profiling, we show that Medicago truncatula roots grown in an aeroponic
cultivation system emit specific volatiles in response to two soil-born microorganisms, the symbiont
Rhizophagus irregularis and the pathogen Aphanomyces euteiches.
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Plants are in permanent contact with various microorganisms and are always impacted by them. To bet-
ter understand the first steps of a plant’s recognition of soil-borne microorganisms, the early release of
volatile organic compounds (VOCs) emitted from roots of Medicago truncatula in response to the sym-
biont Rhizophagus irregularis or the pathogenic oomycete Aphanomyces euteicheswas analysed. More than
90 compounds were released from roots as detected by an untargeted gas chromatography-mass spec-
trometry approach. Principal component analyses clearly distinguished untreated roots from roots trea-
ted with either R. irregularis or A. euteiches. Several VOCs were found to be emitted specifically in response
to each of the microorganisms. Limonene was specifically emitted from wild-type roots after contact with
R. irregularis spores but not from roots of the mycorrhiza-deficient mutant does not make infections3. The
application of limonene to mycorrhizal roots, however, did not affect the mycorrhization rate. Inoculation
of roots with A. euteiches zoospores resulted in the specific emission of several sesquiterpenes, such as
nerolidol, viridiflorol and nerolidol-epoxyacetate but application of nerolidol to zoospores of A. euteiches
did not affect their vitality. Therefore, plants discriminate between different microorganisms at early
stages of their interaction and respond differently to the level of root-emitted volatiles.
� 2019 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

As sessile organisms, plants cannot avoid attacks by invaders
via rapid relocation. To cope with microorganisms, plants produce
diverse metabolites, which have a wide range of toxicological char-
acteristics and may act as repellents and deterrents [1]. Therefore,
the so-called secondary metabolites are highly beneficial for plants
since they mediate interactions with other organisms [2]. Even
roots may affect the microbes in the rhizosphere and the soil via
the exudation of secondary compounds, leading to either repelling
herbivores and pathogens or attracting symbionts, such as arbus-
cular mycorrhizal (AM) fungi [2].

Plants are able to produce more than 100,000 chemical prod-
ucts, nearly two percent of which are volatile [3]. Volatile organic
compounds (VOCs) are defined as compounds with vapour pres-
sure leading to vaporization under normal environmental condi-
tions. VOCs are also involved in the plant’s reaction to a wide
range of biotic or abiotic factors [4]. Most reported VOCs are lipo-
philic products with molecular masses below 300 Da and are
mainly assigned to different compound classes, such as various
nitrogen- and sulphur-containing compounds as well as ter-
penoids, fatty acid derivatives, benzenoids and phenylpropanoids
[5]. VOCs emitted by plant shoots and flowers have been exten-
sively studied [3]. However, the VOCs released from root systems
in response to environmental stresses are expected to be as com-
mon as above-ground VOCs [6].

The model plant Medicago truncatula belongs to the family
Fabaceae, which is the third largest higher plant family and con-
sists of more than 700 genera including 20,000 species [7]. As a
legume, M. truncatula is a model plant for research on plant-
microbe interactions since it can establish mutualistic interactions
with nitrogen-fixing rhizobacteria and AM fungi, such as Rhizoph-
agus irregularis, but can also be attacked by pathogens, such as
the oomycete Aphanomyces euteiches. As a mutualistic symbiosis,
the interaction of M. truncatula with AM fungi leads to improved
fitness for both interacting partners [8]. The host plant supplies
the obligate biotrophic fungus with photoassimilates, such as hex-
oses and fatty acids [9]. In return, the AM fungus supports the plant
by mobilizing nutrients, mainly phosphate and nitrogen, and water
from the soil [10]. There are three distinct growth phases of AM
fungi: (i) the asymbiotic phase, where AM fungal spores germinate
in absence of a plant; (ii) the pre-symbiotic phase characterized by
hyphae branching under the influence of plant-derived signals;
and (iii) the symbiotic phase, which starts with the formation of
hyphopodia on epidermal root cells and is followed by the plant-
facilitated penetration of the root by fungal hyphae, the formation
of arbuscules and vesicles, and ends in the formation of secondary
spores [11].

The oomycete A. euteiches is a pathogen of legumes and several
weed species [12]. It causes root rot diseases and is the most lim-
iting factor for pea production in the USA and Europe [13]. The life
cycle of A. euteiches includes asexual and sexual stages [13]. Adja-
cent to a host root, oospores form a germ tube and a terminal
zoosporangium, which releases hundreds of primary zoospores.
These oospores are motile and adhere to the host tissue, where
they develop coenocytic hyphae. These hyphae then penetrate
the root and differentiate into haploid antheridia and oogonia, later
producing diploid oospores [13].

Roots respond to the early contact of microorganisms, as shown
by the common symbiotic signalling pathway (CSSP) for symbiotic
interactions [11] and the recognition of pathogen-associated
molecular patterns (PAMPs) by specific receptors for pathogenic
interactions [14]. However, knowledge of the volatiles emitted by
M. truncatula roots as an early response to contact with a symbiont
or pathogen is lacking. In the present work, an untargeted
approach was applied to monitor the volatiles released by M. trun-
catula roots after treatment with spores of R. irregularis or zoos-
pores of A. euteiches. We expected that M. truncatula roots
specifically release volatiles upon contact with each of the
microorganisms, suggesting a microorganism-specific VOC
response.

Material and methods

Plant material and growth conditions

The M. truncatula cv. Jemalong A17 wild type and the isogenic
mycorrhiza-deficient mutant does not make infections3 (dmi3)
[15] were used for all the experiments. Seeds were scarified using
concentrated anhydrous sulphuric acid for 5 min, followed by
intensive washing steps with distilled water. The seeds were then
placed in sterile petri dishes containing filter paper and 4 mL ster-
ile H2O and incubated at 12 �C for 2 days. For aeroponic cultivation,
seedlings were inserted into wetted rock wool located in holes
within a Styrofoam plate (Fig. 1A). The plate was placed over an
aeroponic cultivation system filled with modified Strullu-Romand
(MSR) medium [16] without vitamins and sucrose. The aeroponic
container provided a plant growth system in which plant roots
grew in the air and were frequently sprayed with MSR medium
pumped through nozzles. Plants were cultivated in a greenhouse
under long-day conditions with a light period of 16 h at 26 �C
and a dark period of 8 h at 20 �C, both with 40% humidity. Three
to four weeks after seedling transfer, the nutrient solution was
exchanged. Plants were grown for 6 weeks until well-grown shoots
and root systems developed (Fig. 1B, C). After collection of volatiles
(see below), roots were harvested and checked for infections by
staining with wheat-germ-agglutinin coupled to AlexaFluor488
(Life Technologies, Darmstadt, Germany) followed by microscopic
analysis according to [17] and revealed no further infection except
the applied microorganisms. To establish mycorrhiza, seedlings
were transferred into expanded clay (Original Lamstedt Ton; Fibo
ExClay, Lamstedt, Germany), inoculated and cultivated as
described previously [18].

Cultivation of R. irregularis and A. euteiches

R. irregularis DAOM197198 was cultivated with Aphanomyces
rhizogenes-transformed carrot roots in a two-compartment petri-
dish system as described previously [19]. After 6–10 months of
growth, spores were collected by dissolving agar pieces in 0.01 M
citrate buffer (pH of 6) at room temperature and with slow shaking
in the dark overnight. Spores were washed twice with water and
used directly for inoculation. For mycorrhization in expanded clay,
R. irregularis was propagated on Allium porrum plants grown in
expanded clay for several months. The substrate containing spores
and hyphae was then used for inoculation as described previously
[20].

A. euteiches strain GBI1 was routinely sub-cultured on 1.7%
(w/v) corn meal agar (CMA) (Sigma-Aldrich, Taufkirchen, Germany)
in the dark at 24 �C. To produce zoospores, 15–20 mycelial
explants from 10 to 15-day-old CMA plates were immersed in a
1:3 mixture of yeast tryptone medium (0.3% w/v yeast extract,
0.5% w/v tryptone) and sterile swamp water in the dark at 24 �C.
After 3 days of growth, mycelial mats were washed several times
with sterile tap water, re-suspended in fresh tap water and incu-
bated overnight for the release of zoospores, which were then
counted in a counting chamber. To determine the vitality of A. eute-
iches zoospores after the application of nerolidol (Sigma-Aldrich,
Taufkirchen, Germany), freshly propagated primary zoospores
were suspended in water containing different concentrations of



Fig. 1. The aeroponic growth system. (A) Container coupled with a pump and equipped with a plate for insertion of plants. (B) M. truncatula shoots in the container after
6 weeks of cultivation. (C) Well-developed root systems after 6 weeks of cultivation. (D) Insertion of absorbing sticks to collect volatiles.
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nerolidol (tenfold dilutions from 0.5 mM to 0.5 nM) and incubated
for 15 min. Incubations without nerolidol (0 nM) served as a con-
trol. The number of vital (mobile) zoospores was then determined
using the counting chamber as described above.
Inoculation of aeroponically grown plants and collection of volatiles

Three different aeroponic containers, each containing 25 plants,
were used. Plants of one container served as a control and
remained untreated, whereas roots of the second and third con-
tainers were treated with R. irregularis spores and A. euteiches zoos-
pores, respectively. One-third of the R. irregularis spores in a
mature hairy root culture plate harvested as described above
(approx. 1500 spores) were used to inoculate one root system. To
inoculate with A. euteiches, approximately 50,000 zoospores were
applied per root system. Before inoculation, Twisters (GERSTEL
TwistersTM, polydimethylsiloxane [PDMS] phase [0.5 mm film
thickness, 1 cm length], Gerstel GmbH & Co. KG, Mühlheim a.d.R.,
Germany) were fixed in each root system to collect volatiles emit-
ted from roots [21] (Fig. 1D). One Twister was used per plant root
system, and three were combined for one biological replicate, lead-
ing to a total of three and four biological replicates per treatment of
wild-type and dmi3 plants, respectively. All inoculations were per-
formed at 8 pm. Twisters were collected for gas chromatography-
mass spectrometry (GC–MS) analysis 12 h after inoculation.
Analysis of volatiles by GC–MS

The analysis of volatiles collected by Twister sorptive extraction
bars was performed with an Agilent 6890 Series gas chro-
matograph (Agilent Technologies, Santa Clara, CA, USA) equipped
with an Agilent 5973 Network mass detector controlled by a GC-
MSD ChemStation (G1701EA). Volatiles were separated on a
BP5MS column (30 m � 250 lm i.d., 0.25 lm; SGE Analytical
Sciences by Trajan Scientific and Medical, Ringwood, Victoria, Aus-
tralia) using the following oven temperature programme: a 40 �C
isotherm for 3 min, an increase of 2 �C/min until 60 �C, holding
for 2 min, an increase of 3 �C/min until 180 �C, and holding for
10 min. Helium was used as a carrier gas at a constant flow rate
of 1.2 mL/min. The gas chromatograph was equipped with a Ger-
stel multiple purpose sampler (MPS) 2 injection system and a Ger-
stel thermal desorption unit (TDU). The cryofocusing was
performed at �100 �C, and the temperature was then increased
by 12 �C/min to 280 �C and held for 3 min. Thermodesorption
was performed using the following temperature programme: a
starting temperature of 25 �C, an increase of 100 �C/min to
260 �C, and holding for 4 min. The scan range was set to
50–300 m/z at 70 eV. The source temperature was set to 230 �C,
and the quadrupole temperature was set to 150 �C.

The raw data from the GC analysis were de-convoluted (GC–MS
Translator, Agilent Technologies, Santa Clara, CA, USA,) and pro-
cessed by Mass Profiler Professional (MPP; Version 12.1, Agilent
Technologies, Santa Clara, CA, USA). Compounds with a minimum
of 70% abundance in all samples of one treatment were subjected
to statistical analysis, which included one-way ANOVA followed
by Tukey’s honestly significant difference (HSD) post hoc test
(P � 0.01; fold change �2). Putative identification of compounds
with significantly different levels was performed by comparing
the mass spectra with the Wiley 6 L and NIST 98 L libraries. The
identity of the following compounds was verified by co-injection
with authentic reference compounds (all with a purity of >98%):
hexanal, nerolidol, limonene (Sigma-Aldrich, Taufenkirchen, Ger-
many), and b-pinene (Lancaster Synthesis, Ward Hill, MA, USA).
For statistical evaluation of differences in the levels of identified/
annotated compounds, a two-factorial ANOVA followed by Tukey’s
HSD post hoc test (P � 0.05) was applied.
Treatment of plants with limonene and determination of
mycorrhization rate by qRT-PCR

Plants inoculated with R. irregularis and grown in expanded clay
as described above were treated with 10 mL 1 nM limonene (purity
of >98%, Sigma-Aldrich, Taufkirchen, Germany) solution twice per
week. Control plants remained untreated. Three weeks post inocu-
lation, roots were harvested and subjected to RNA isolation using
an RNeasy Plant Mini Kit (Qiagen, Hilden, Germany) according to
the manufacturer’s instructions. To determine the mycorrhization
rate, transcript levels of the R. irregularis housekeeping gene
b-tubulin (Rib-TUB) were determined in relation to the plant
housekeeping gene encoding Elongation Factor 1a (MtEF1a) as pre-
viously described [18].
Results and discussion

Secondary metabolites emitted by roots are important and may
influence the associations between plants and different species of
soil-borne microorganisms [3]. Plants might be dependent on the
interaction with such microbes or have to repel them and therefore
secrete specific compounds to communicate with their environ-
ment [22]. However, the secondary metabolites that are exuded



Fig. 2. Principal component analysis (PCA) of volatiles released by roots of M.
truncatula. Roots of 6-week-old plants (wild type and dmi3) were inoculated with
either spores of R. irregularis or zoospores of A. euteiches or left untreated (control)
for 12 h. For PCA, compounds showing at least 70% abundance per treatment were
included. Statistical analysis was performed by one-way ANOVA with P = 0.05 and a
fold change >2.

88 D. Dreher et al. / Journal of Advanced Research 19 (2019) 85–90
or emitted by M. truncatula as a specific reaction to contact with
different types of microbes, such as symbionts or pathogens, are
still unknown. The experiments of this study provide the first
insight into the composition of VOCs emitted byM. truncatula roots
12 h after treatment with spores of the symbiont R. irregularis or
zoospores of the pathogen A. euteiches. To relate the differences
in volatile emission to the specific contact with spores of the AM
fungus, a mycorrhiza-deficient mutant was included in the study.
The mutant dmi3 is deficient in the CSSP due to a defect in a
Ca2+/calmodulin-dependent protein kinase, which functions in
the Nod- or Myc-factor-specific signal transduction pathway
downstream of calcium spiking [15]. Therefore, dmi3 mutant
plants fail to respond to inoculation with AM fungi, and VOCs that
are specifically emitted after contact with spores of the AM fungus
should be missing in the volatile blend emitted by roots of dmi3
plants.

Volatiles emitted from roots of aeroponically grown M. truncat-
ula plants (both genotypes) after inoculation with either R. irregu-
laris or A. euteiches were analysed using GC–MS. Differentially
occurring compounds were those showing a minimum abundance
of 70% per sample group and a two-fold change with a P-value of
0.05 according to one-way ANOVA. Applying these criteria, 93
compounds were detected that showed differential appearance
upon treatment of roots with either R. irregularis or A. euteiches.
A principal component analysis (PCA) of all samples showed that
genotype had only minor effects on the root volatile composition,
in contrast to the treatment (Fig. 2). The PCA revealed that compo-
nent one contributed 41.2% to the sample distribution, whereas
components 2 and 3 contributed 14.8 and 6.26%, respectively.
Among the detected compounds, 10 compounds could be identi-
fied, either by comparison of MS spectra in available library data-
bases or to identical standards.

Relative quantification of the identified compounds by calcula-
tion of peak areas revealed 10 volatiles with significant differences
in at least one of the two treatments of wild-type plants (Fig. 3).
Due to the experimental set-up it was not possible to determine,
however, whether R. irregularis spores and A. euteiches zoospores
also emit compounds that might be measured as compounds
released by treated roots. Although most compounds exhibited
higher emission from roots treated with microorganisms than from
untreated roots, there are also several compounds that decreased
after treatment or were emitted from roots of only one of the plant
genotypes used. Moreover, the relation between root biomass and
spore biomass may also speak against detection of compounds
released by (zoo)spores. All these facts point to the fact that the
measured compounds are released by M. truncatula roots.

The exudation of b-pinene, phenylethanone, 3-hexanone and
octadecanoid acid was strongly induced after both treatments
(Fig. 3). The emission of the monoterpene b-pinene might be a gen-
eral response of plants to the presence of microorganisms since a
potential antimicrobial effect of b-pinene was shown [23]. In addi-
tion, b-pinene might be a direct signal for intra- and inter-plant
communication and activate defense responses within a plant or
between different plants [24]. The emission of dodecanoic acid
was, however, drastically reduced upon treatment with (zoo)
spores of the two microbes (Fig. 3). Moreover, the emission of
dodecanoic acid from non-treated wild-type roots was lower than
that from untreated roots of dmi3. This low level was even lower in
dmi3 roots after contact with pathogenic zoospores. This finding
indicated a strong regulatory role of DMI3 in the emission of dode-
canoic acid in non-inoculated roots. However, when roots were
inoculated with one or the other microbe, its role appears to be
rather weak.

In addition to the compounds that were regulated by contact
with both microorganisms, there were several compounds that
showed increased emission specifically upon treatment with either
R. irregularis (limonene) or A. euteiches (nerolidol, nerolidol-
epoxyacetate, and viridiflorol) (Fig. 3). Interestingly, the monoter-
pene limonene increased after treatment with R. irregularis spores
but did not show increased emission from dmi3 roots after treat-
ment with R. irregularis. This result indicates the DMI3-
dependent regulation of limonene biosynthesis and/or emission.
In contrast, enhanced emission of the primary alcohol ethyl-1-
hexanol was detectable from only dmi3 plants treated with spores
of R. irregularis, suggesting that the CSSP might be involved in the
suppression of ethyl-1-hexanol synthesis. The level of ethyl-1-
hexanol emission after pathogen attack was, however, indepen-
dent of genotype. It is tempting to speculate that ethyl-1-hexanol
exhibits overall antimicrobial activity and that its production is
specifically suppressed by the AM fungus to promote mycorrhizal
interaction.

The mycorrhiza-dependent regulation of limonene biosynthesis
led to the hypothesis that limonene might act as an attractant for
AM fungi. To determine whether limonene affects the mycorrhiza-
tion of M. truncatula, limonene was repeatedly applied to mycor-
rhizal M. truncatula plants. As quantified by Riß-Tub, no
differences in mycorrhizal colonization were detectable (Fig. 4A).
Therefore, treatment of mycorrhizal roots with limonene did not
increase the rate of root colonization, at least under the conditions
used in this study. Whether a different concentration of limonene
could promote mycorrhization remains to be clarified. Moreover,
these findings do not exclude the fact that upon interaction with
an AM fungus, roots synthesize and exude the optimal level of
limonene, and an additional supply does not affect its impact. Nev-
ertheless, a possible effect of limonene via the alteration of fungal
hyphae growth or branching should be analysed in detail after
limonene application to in vitro-grown R. irregularis.

The sesquiterpenes nerolidol and viridiflorol as well as
nerolidol-epoxyacetate accumulated specifically after treatment
of roots with A. euteiches independently of DMI3 (Fig. 3). This find-
ing points to an involvement in the general response of M. truncat-
ula roots to contact with pathogenic microorganisms. To test
whether these sesquiterpenes may have antimicrobial activity,
freshly harvested A. euteiches zoospores were incubated with
nerolidol, and their vitality was determined (Fig. 4B). However,
the numbers of vital zoospores after application of various



Fig. 3. Mean peak area of gas chromatography-mass spectrometry (GC–MS)-
measured volatile compounds. Volatiles were collected for 12 h after the applica-
tion of spores of R. irregularis or zoospores of A. euteiches to roots of M. truncatula
grown in an aeroponic system for six weeks. Annotation was performed using a
library, and the identity of the substances framed in red was verified using standard
compounds. Bars indicate means ± SDs; n = 9–12. Different letters show significant
differences determined by two-factorial ANOVA followed by Tukey’s HSD post hoc
test (P � 0.05).

Fig. 4. Application of limonene and nerolidol to mycorrhizal M. truncatula and A.
euteiches zoospores, respectively. (A). Mycorrhizal M. truncatula plants were treated
with 1 nM limonene twice per week, whereas control plants remained untreated.
After 3 weeks, mycorrhizal colonization was determined by quantification of
transcript levels of Rib-Tub using qRT-PCR. (B). Number of vital A. euteiches
zoospores treated for 15 min with different concentrations of nerolidol. Bars
indicate means ± SDs; n = 9 in A, and n = 3 in B. Student’s t-test revealed no
significant differences among the treatments.
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concentrations of nerolidol did not differ. Nerolidol is known to be
emitted by plants that are under herbivore attack [25], but an
antimicrobial effect has not yet been described and could also
not be shown here regarding zoospores of A. euteiches. However,
the mode of action of nerolidol may be indirect, e.g., nerolidol
might affect zoospore germination or might disrupt quorum sens-
ing, a communication tool that was originally described in bacteria
that coordinates growth processes, such as biofilm formation [26].
Quorum sensing has also been described in fungi, such as Candida
albicans, where filamentation and biofilm formation are controlled
by the sesquiterpene alcohol farnesol [27].
Conclusions

Plants reacted differently to contact with different types of
microorganisms. By analysing the level of volatiles emitted from
roots, different compositions of VOCs were found to be released
in response to either spores of an AM fungus or zoospores of a
pathogen. Several substances were induced by both microorgan-
isms, but few volatiles were found to be specifically emitted in
response to the symbiont or pathogen. This on the one hand gen-
eral and on the other hand specific VOC emission in response to
different organisms could be based on the action of different recep-
tors at the plasma membrane, such as receptors for specific factors
of AM fungi leading to CSSP activation and receptors that recognize
general fungal presence inducing a PAMP-induced defence
response. The resulting crosstalk of the signalling pathways might
help the plant to discriminate between friend (symbiont) and foe
(pathogen) and enforce either the mutualistic interaction or
defence reactions.
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