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The genus Lysobacter includes several bacterial species which show potential for
being used in biological control of plant diseases. It was shown recently that several
Lysobacter type strains produce volatile organic compounds (VOCs) which controlled
the growth of Phytophthora infestans in vitro when the bacteria were grown on a protein
rich medium. In the present study, Lysobacter capsici AZ78 (AZ78) has been tested for
its potential to produce VOCs that may contribute to the bioactivity against soilborne
plant pathogens. To this end, split Petri dish assays of bacterial cultures have been
combined with GC-MS measurements with the aim to reveal the identity of the VOCs
which inhibit the growth of Pythium ultimum Rhizoctonia solani, and Sclerotinia minor.
While AZ78 completely suppressed the growth of P. ultimum and S. minor, the growth
of R. solani was still reduced significantly. The GC-MS analysis revealed 22 VOCs to
be produced by AZ78, the majority of which were (putatively) identified as mono- and
dialkylated methoxypyrazines. Based on additional cultivation and GC-MS experiments,
2,5-dimethylpyrazine, 2-ethyl-3-methoxypyrazine and 2-isopropyl-3-methoxypyrazine
were selected as presumable bioactive compounds. Further bioassays employing
indirect exposure to standard solutions (1–10 mg per Petri dish) of the synthetic
compounds via the gas phase, revealed that each of these pyrazines was able to
suppress the growth of the pathogens under investigation. The results of this study
highlight the possible future implementation of pyrazine derivatives in the control of
soilborne plant diseases and further support the biocontrol potential of L. capsici AZ78.
Keywords: Lysobacter capsici AZ78, VOC, GC-MS, pyrazine, biological control, soilborne plant pathogens

INTRODUCTION
The recent years, the scientific community is increasingly questioning the use of synthetic chemical
pesticides in plant disease management, as their impact on human health and the environment
are coming to surface (Alavanja et al., 2004; Köhler and Triebskorn, 2013). As a result, regulations
become stricter and some synthetic chemical pesticides have been already banned, as in the case
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other modes of actions such as lytic enzymes and by the ability
to prey upon phytopathogenic microorganisms (Nakayama et al.,
1999; Folman et al., 2004; Tomada et al., 2017).
The involvement of the release of bioactive VOCs in the
ability of Lysobacter spp. to control soilborne phytopathogenic
microorganisms did not receive particular attention so far.
However, it was reported that VOCs produced by Lysobacter and
other bacterial species were positively correlated to the natural
ability of certain soils to suppress the growth of phytopathogenic
fungi (Zou et al., 2007). Looking specifically at the antagonism
against Phytophthora infestans, four Lysobacter spp., including
L. capsici type strain, were shown to release VOCs with toxic
activity against the pathogen (Lazazzara et al., 2017).
Based on this body of knowledge, in this study we aimed
at exploring the involvement of VOCs released by AZ78 in the
inhibition of three soilborne plant pathogens, namely P. ultimum,
R. solani, and S. minor and identifying candidate VOCs for the
development of novel biopesticides in the future.

of methyl bromide (2011/120/EU). This pesticide was constantly
used in soil fumigation for the control of the soilborne
phytopathogenic microorganisms Pythium ultimum, Rhizoctonia
solani and Sclerotinia minor, responsible for a plethora of
commercially significant plant diseases (Ah-Fong et al., 2017;
Verwaaijen et al., 2017; Crutcher et al., 2018). Considering their
life cycle, it is undeniable that soil fumigation is an effective
way for managing soilborne phytopathogenic microorganisms.
However, as the use of several conventional chemical fumigants
has been banned, alternative compounds are needed to be used in
soil fumigation.
Recently, microbial volatile organic compounds (VOCs) have
come into the limelight as potential candidates to substitute the
outlawed chemical fumigants (De Boer et al., 2019). Indeed, their
physiochemical characteristics such as low boiling point, high
vapor pressure and low molecular weight (<300 Da) (Piechulla
et al., 2017), their activity in both gas and liquid phases and ability
to re-evaporate after diffusing through water-filled pores, allow
microbial VOCs to move easily through the soil pores network
(Effmert et al., 2012). Another aspect is that microbial VOCs
exhibit various biological properties beneficial for plant health,
like enhancing plant growth, inducing resistance against abiotic
and biotic stress and inhibiting spore germination and mycelial
growth of plant pathogens (Bitas et al., 2013). All these properties
and characteristics point to the exploitation of microbial VOCs
in soil fumigation belowground.
A growing number of studies that bring attention to the
practical application of bacterial VOCs in agriculture have
emerged. Bacteria residing in agricultural soils release VOCs
belonging to the classes of terpenes, pyrazines, sulfur compounds
and other nitrogen containing metabolites that have been
described to show antifungal activities (Tyc et al., 2017). VOCs
such as dimethyl disulfide and 2,3-butanediol emitted from
Bacillus sp. and Enterobacter sp. have for example been applied
as soil treatments in open field and greenhouse experiments, that
protected tobacco (Nicotiana benthamiana D.) and maize (Zea
mays L.) plants against several pathogenic fungi (Botrytis cinerea,
Colletotrichum heterostrophus, and Setosphaeria turcica) (Chung
et al., 2016). In particular, dimethyl disulfide, that has been widely
studied for its positive effects on plant health (Groenhagen et al.,
2013; Popova et al., 2014; Giorgio et al., 2015), has already been
commercialized as a soil pre-fumigant against diseases caused
by nematodes and soilborne plant pathogens (Paladin, Arkema,
Colombes, France).
The genus Lysobacter (Christensen and Cook, 1978) consists
of bacteria isolated from various environments like freshwater,
agricultural soils and plant rhizosphere (Reichenbach, 2006;
Puopolo et al., 2018). Notably, the occurrence of bacterial
strains belonging to the species L. antibioticus, L. capsici, and
L. gummosus in clay agricultural soils, was related to the disease
suppressiveness against R. solani (Postma et al., 2008, 2010).
Several Lysobacter sp. have been employed as biocontrol agents,
including L. capsici AZ78 (AZ78), which was isolated from the
rhizosphere of tobacco and has been shown to produce a variety
of soluble secondary metabolites with detrimental effects on
several plant pathogens (Puopolo et al., 2014, 2016). Lysobacter
spp. may control phytopathogenic microorganisms using several
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MATERIALS AND METHODS
Microorganisms, Growth Media, and
Conditions
AZ78 was stored in 40% glycerol stocks at −80◦ C and routinely
grown on Luria-Bertani Agar (LBA, Sigma-Aldrich, St. Louis,
MO, United States; Oxoid, Basingstoke, United Kingdom) in
90 mm Petri dishes (Sarstedt, Nümbrecht, Germany or VWR
International, Leuven, Belgium) for 72 h at 27◦ C. In all the
experiments, AZ78 cell suspensions were prepared after 72 h
growth at 27◦ C and by scraping the AZ78 colonies from the LBA
surfaces using sterile 10 µL loops. Loopful of AZ78 cells were then
thoroughly suspended in 10 mL of sterile NaCl solution (0.85%,
w/v) and the absorbance was adjusted to an optical density of 0.1
at 600 nm (AOD600 ) corresponding to 1 × 108 cells/mL (Puopolo
et al., 2016), using a spectrophotometer (UV-2450, Shimadzu,
Kyoto, Japan). The soilborne plant pathogenic microorganisms
P. ultimum, R. solani, and S. minor, from the in-house culture
collection of Fondazione Edmund Mach, were regularly grown
on potato dextrose agar (PDA, Oxoid) at 25◦ C in the dark.

Inhibition Assay of Lysobacter capsici
AZ78 VOCs Against Soilborne Plant
Pathogens
Split Petri dishes (Sarstedt, diameter 92 mm), with ventilation
cams and two physically separated compartments were used.
5 mL of PDA medium were poured in one compartment and
Nutrient Agar (NA, Oxoid) in the other. After solidification
of the media, 50 µL of AZ78 cell suspension were spread on
NA using sterile spatulas. Subsequently, Petri dishes were sealed
with Parafilm (Bemis, Neenah, United States) and incubated for
72 h at 25◦ C. Petri dishes containing uninoculated NA medium
were used as control. In all the experiments, a plug (5 mm
in diameter) was cut from the border of 7 days old fungal or
oomycete colony using a sterile cork borer. Subsequently, the
mycelium plugs were placed on PDA-containing side and the
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Petri dishes were incubated at 25◦ C in the dark. After 96 h postinoculation (hpi), the mycelial growth of the tested pathogens was
determined by measuring the mycelium colony diameter (mm)
parallel to the separating barrier of the two compartments. It is
worth noting that the 96 hpi time point of the measurements
corresponded to a total AZ78 incubation time of 168 h, as AZ78
was incubated for 72 h prior to pathogens inoculation. Thus,
168 h was subsequently chosen as one of the sampling time points
for the analysis of AZ78 VOCs profile described below. Four
replicates (Petri dishes) were analyzed for each treatment and the
experiment was carried out twice.

Gas Chromatography-Mass Spectrometry Analysis of
Lysobacter capsici AZ78
All analyses were performed with an Agilent 6890N gas
chromatograph (GC, Agilent Technologies, CA, United States)
coupled with an Agilent 5975B quadrupole mass selective
detector (MSD, Agilent). The GC-MS was additionally equipped
with a multi-purpose autosampler (MPS 2XL, Gerstel, Mülheim
an der Ruhr, Germany), a dynamic headspace system (DHS,
Gerstel), a thermal desorption unit (TDU, Gerstel) and a cooled
injection system (CIS, Gerstel) unit. After initial optimization of
the parameters for extraction of VOCs, transfer of the analytes
to the TDU, desorption and cold injection, the following settings
were chosen for the DHS: samples were pre-incubated at 27◦ C
for 15 min and simultaneously agitated at 1000 rpm. VOCs were
then collected dynamically (N2 purge flow 100 or 50 mL/min to
a final volume of 500 mL) onto a 2 cm TENAX trap (Buchem,
Apeldoorn, Netherlands) at 30◦ C. Subsequently, the loaded trap
was dried at 27◦ C in a N2 gas stream (100 or 50 mL/min to a
final volume of 800 mL) and transferred to the TDU. Thermal
desorption of the analytes into the CIS (−150◦ C) was achieved
by heating from 30 to 230◦ C at a rate of 60◦ C/min (hold time
5 min). A liner-in-liner setup was operated with a transfer
temperature of 250◦ C in splitless mode. The temperature was
increased from −150◦ C to 250◦ C at a rate of 2◦ C/s (hold time
6 min). Chromatographic separation was carried out on a nonpolar HP-5MS (5% phenyl- 95% methylsiloxane) column (30
m × 0.25 mm × 0.25 µm). The oven program was set to 35◦ C
for 2 min, then the temperature was raised to 200◦ C at 5◦ C/min
(hold time 1 min) and increased from 200 to 250◦ C at 20◦ C/min
(hold time 5 min). The carrier gas was He at a constant flow
rate of 1 mL/min. The temperature of the transfer line was set
to 270◦ C, the ion source to 230◦ C and quadrupole to 150◦ C.
Electron ionization was achieved at 70 eV and a scan range of
m/z 15–500 was used.
Data analysis was carried out using the open-source software
MetaboliteDetector (Hiller et al., 2009), version-3.1.1 . The
following parameter settings were used: peak threshold 5, peak
height 5, bins/scan 10 and deconvolution width (scan) 5. For
identification and annotation of the detected compounds, a
similarity score was calculated by the MetaboliteDetector, which
combines both retention index RI as well as the similarity
of the compound mass spectra. For the similarity score, the
threshold was set to ≥ 0.8 with a 1RI < 5. While identification
was based on the comparison with an in-house library of
authentic standards measured under the same chromatographic
conditions, compound annotation relied on comparison with
entries listed in the NIST 14 library (National Institute of
Standards and Technology, United States)2 . When no spectral
information was found in the NIST library, the information from
literature (Gallois and Grimont, 1985; Dickschat et al., 2005)
was used for the annotation of the respective compound. The
RI was automatically calculated by the software by comparing
the experimental retention time in relation to those of a series
of n-alkanes (C8–C25) analyzed in the same measurement

Headspace Gas Chromatography-Mass
Spectrometry Analysis of Volatile
Organic Compounds Produced by
Lysobacter capsici AZ78
Sample Preparation of Living Cultures for Gas
Chromatography-Mass Spectrometry
Headspace (HS) vials (20 mL, La-Pha-Pack, Langerwehe,
Germany) were filled with 5 mL of NA and were placed in a
slanted position under a laminar flow overnight. The vials were
left open to avoid water condensation. The slanted position was
chosen for creating more surface area for the bacteria to grow on.
Subsequently, a 50 µL aliquot of bacterial suspension (1 × 108
cells/mL) was added to the HS vials, the bacteria were spread
on the surface of the medium with the help of a sterile loop
and the vials were left to dry under a laminar flow for 1 h at
room temperature. The HS vials were then sealed with sterile
metal caps containing 1.3 mm-silicone/PTFE septa (La-PhaPack) and incubated at 28◦ C for 120 h or 168 h before GC-MS
measurement. Empty HS vials and HS vials filled with NA in
absence of AZ78 were used as control. Six to seven replicates (HS
vials) were analyzed for each treatment in a randomized block
design and the experiment was carried out twice.

Preparation of Potato Dextrose Agar Samples for Gas
Chromatography-Mass Spectrometry
To test whether during cultivation on NA, AZ78 VOCs are
absorbed into the PDA medium, split Petri dishes (Sarstedt,
diameter 92 mm) containing 5 mL NA and 5 mL PDA
medium respectively, were used. Bacteria were inoculated in the
compartment with NA (50 µL of a 1 × 108 cells/mL suspension),
the Petri dishes were sealed with Parafilm (Bemis) and incubated
at 27◦ C for 168 h. The cultivation period of 168 h was used
since pilot studies using headspace vials revealed the richest
volatile profile of AZ78. PDA and NA, the latter with AZ78
cultures, were then cut into pieces under the laminar flow
with the help of a sterile spatula. The pieces of each medium
were placed into separate sterile HS vials, which were sealed
with sterile metal caps having 1.3 mm silicone/PTFE septa and
the VOC profiles were measured by GC-MS according to the
parameters specified below. Empty HS vials and HS vials with
uninoculated NA and PDA pieces respectively, were used as
controls. Four or five replicates (HS vials) were analyzed for each
treatment in a randomized block design and the experiment was
carried out twice.
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Four or five replicates (Petri dishes) were analyzed per
treatment and the experiment was carried out twice.

sequence. The data were curated by manual inspection and
the detected compounds were assigned identification levels
according to the criteria described by Blazenovic et al. (2018)
where confidence level (C.L.) 1: RI and MS spectrum matched
to authentic reference standard, C.L. 2: RI and MS spectrum
matched to literature and NIST 14 library respectively, C.L. 3:
possible structure (class), the most likely structure is given based
on comparison with literature spectra.

Statistical Analysis
All experiments were performed twice and six to seven replicates
were used in the case of GC-MS measurements of HS vials,
while four to five replicates were used for GC-MS measurements
of Petri dishes and in the microbiological assays using Petri
dishes. For VOC assignment in AZ78 and PDA samples, we
only considered compounds that were detected at peak area
levels > 10 × that of control samples. Initially, growth diameters
of pathogens, resulting from the inhibition assays with synthetic
VOCs, were evaluated separately for each experiment for normal
distribution (Shapiro-Wilk test, p > 0.05) and homogeneity
of variance (Levene’s tests, p > 0.05). As both assumptions
were met, the data were analyzed using statistical parametric
tests. Non-significant differences were found between the two
experiments (p > 0.05) after two-way analysis of variance
(ANOVA) and thus data from the two experimental repetitions
were pooled. Subsequently, one-way ANOVA was applied and
Tukey’s HSD test (p ≤ 0.05) was used as a post hoc test to
detect significant differences among treatments. In the case of
inhibition assays using AZ78, the non-parametric Mann Whitney
Test (p ≤ 0.05) was applied to estimate differences in the
pairwise comparisons between treatments and control samples.
The statistical analysis was performed using the IBM SPSS
software v. 26 (NY, United States).

Comparative Assessment of Growth of
Lysobacter capsici AZ78 Cultures After
Profiling of Volatile Organic Compounds
In order to ensure uniform bacterial growth in the various
replicates of AZ78-inoculated HS vials, the OD600 value of each
replicate was monitored after GC-MS analysis. Briefly, the HS
vial was flooded with 5 mL of sterile NaCl solution (0.85%, w/v)
and bacterial cells were scraped from the medium surface by
vortexing. The cell concentration of the resulting cell suspension
was assessed by recording the OD600 of a 1 mL-aliquot using a
spectrophotometer (Shimadzu) and a micro cuvette with 1 cm
path length (1 × 1 cm).

Inhibition Assay Against Soilborne Plant
Pathogens Using Synthetic VOCs
Three out of 22 detected VOCs, namely 2,5-dimethylpyrazine
(4), 2-ethyl-3-methoxypyrazine (9) and 2-isopropyl-3methoxypyrazine (10), were selected and used as synthetic
compounds (Merck, Sigma-Aldrich, Darmstadt, Germany)
for inhibition tests, according to their presence in AZ78inoculated HS vials and PDA medium from split Petri dishes
with AZ78-inoculated NA medium. Split Petri dishes with two
compartments were used as follows: filter paper (90 mm, VWR)
was cut in half and placed in one side of the Petri dish, while 5 mL
of PDA medium was poured in the other side. The compounds
were dissolved in ethanol (Sigma-Aldrich) at concentrations
of 500, 375, 250, 125, and 50 g/L assuming the complete VOC
dissolution and 20 µL aliquots were added to the filter paper
of each Petri dish resulting in dosages of 10.0, 7.5, 5.0, 2.5, and
1.0 mg/Petri assuming the complete VOC evaporation from the
filter paper, respectively. Split Petri dishes having filter paper
treated with 20 µL ethanol were used as control. The Petri dishes
were sealed with Parafilm and incubated at 25◦ C for 72 h to
allow VOCs to evaporate into the gas phase of the Petri dish
and to absorb into the PDA medium. Subsequently, each plant
pathogen (5 mm plug) was inoculated on the PDA compartment
(one pathogen per Petri dish) and dishes were sealed with
Parafilm and incubated at 25◦ C. After 48 h incubation, the
mycelium colony diameter was measured as reported above and
the mycelial growth inhibition was calculated according to the
following formula:

RESULTS
Inhibitory Effect of Lysobacter capsici
AZ78 VOCs on Soilborne Plant
Pathogens
At 96 hpi, all three soilborne plant pathogens covered the total
surface of the PDA growth medium when grown in absence of
L. capsici AZ78 in split Petri dishes. In contrast, the presence
of AZ78 grown on NA caused a drastic inhibition of the
mycelial growth of the plant pathogenic microorganisms tested.
Particularly, P. ultimum and S. minor mycelium development was
totally inhibited as no growth was observed (Figure 1), while
Rhizoctonia solani growth was significantly inhibited by AZ78
VOCs, compared to the control (Figure 1).

The VOC Profile of Lysobacter capsici
AZ78 and Presumably Bioactive
Constituents

The dynamic headspace-thermodesorption-GC-MS (DHS-TDGC-MS) analysis resulted in 22 VOCs that were consistently
found in AZ78 samples 120 or 168 h after incubation in HS
vials with NA medium (Table 1). Pyrazines clearly dominated
the bacterial profiles at both time points, with structures of
Mycelial growth inhibition (%) =
monoalkyl-methoxypyrazines and dialkyl-methoxypyrazines to
be the most abundant. In total, five monoalkyl-methoxypyrazines
(6, 9, 10, 13, and 14) were identified (C.L. 1) having methyl-,
diameter in untreated control − diameter in treated dishes
× 100 ethyl-, isopropyl-, sec- butyl-, and isobutyl- substitutions,
diameter in untreated control
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FIGURE 1 | Effect of Lysobacter capsici AZ78 volatile organic compounds (VOCs) on the radial growth of soilborne plant pathogens. The colony diameter was
measured 96 h after incubation of plant pathogen in split Petri dishes with AZ78 growing on NA medium in the physically separated compartment. Presented values
are means ± standard error pooled from two experiments of four replicates each. Bar with asterisk differs significantly from control according to Mann–Whitney test
(p ≤ 0.05). Control: Petri dishes not inoculated with AZ78.

compounds (4, 5, 8, 10, 12, 14, 16, 17, 20, and 21) were produced
in similar amounts in both time points.
To investigate which VOCs potentially contributed to the
inhibitory activity of AZ78 against the soilborne plant pathogens,
we further measured the volatile profiles of AZ78-inoculated
NA medium and PDA medium of the same split Petri dish. At
168 h time point, nine compounds (2, 3, 4, 6, 7, 9, 10, 16, and
18) were detected above AZ78-inoculated NA medium of the
split Petri dish, all of which were also previously detected in
the volatile profile of AZ78-inoculated NA medium of the HS
vials. Except for 2-ethyl hexanol (7), all these compounds were
also detected in the headspace of PDA medium of the same
split Petri dish where AZ78 was inoculated on NA. Most of the
compounds that were found above the PDA medium belonged
to the pyrazines. Interestingly, compounds like (1), (5), (12), and
(13) that were constantly detected in high amounts throughout
the measurements of AZ78 in HS vials (120 h or 168 h), were
not detected in either AZ78 or PDA samples from Petri dishes.
The compounds (4), (9), and (10) were most consistent, being
detected in at least half of the measured replicates. As these three
pyrazines (4, 9, and 10) were also constituents of the AZ78 profile
measured in HS vials (see also Supplementary Table S2), they
were selected to further test their inhibitory activity against the
soilborne plant pathogenic microorganisms.

respectively. With respect to dialkylated pyrazines, four methylderivatives of the respective ethyl-, isopropyl-, sec-butyl- and
isobutyl-methoxypyrazines (11, 12, 16, and 18) were annotated
(C.L. 3 and 2). Two more pyrazines, having a diisopropylmethoxy structure (20 and 21) were annotated (C.L. 3), as well.
One dialkylpyrazine was detected and identified (C.L. 1) as 2,5dimethylpyrazine (4). Moreover, four more metabolites were
assigned to the compound class of pyrazines (15, 17, 19, and
22) and were annotated (C.L. 3) as dimethyl- derivatives of the
ethyl-, isopropyl-, and sec-butyl-methoxypyrazines structures,
respectively. The mass spectra of the pyrazines (11), (15), (17),
(19), and (22) could not be matched to any spectra registered in
NIST library or reported in literature. They shared ion fragments
though, with the rest monoalkyl- and dialkyl-methoxypyrazines
found in the VOC blend of AZ78. Thus, the classification of
these compounds as pyrazines is based on the analysis of their
experimental GC-MS spectra (Supplementary Table S1). In
addition to the numerous pyrazines, the two alcohols 3-methyl1-butanol (1) and 2-ethyl-1-hexanol (7) were identified (C.L. 1),
as well. Furthermore, two esters were detected, of which methyl
2-methylbutanoate (3) structure was confirmed by authentic
reference compound (C.L. 1), while methyl-2-ehtylhexanoate (8)
structure was annotated (C.L. 2). The 2-methyl-3-(methylthio)furan (5), and pyrrole (2), were identified (C.L. 1) as further
constituents of the VOC mixture produced by AZ78.
Comparing the two time points, the VOC profiles exhibited
differences in both relative abundances (expressed as peak
area) as well as type of metabolites. At 120 h, the most
abundant compound was 3-methyl-1-butanol (1), while 2-ethyl3-methoxypyrazine (9) was detected in the highest amount 168 h
after incubation, with (1) being the second most abundant
compound at 168 h. The two pyrazine derivatives 11 and 15 were
solely detected at 168 h of incubation. In general, most of the

Frontiers in Microbiology | www.frontiersin.org

Inhibitory Effect of Synthetic VOCs of
Lysobacter capsici AZ78 on the Growth
of Soilborne Plant Pathogens
2,5-Dimethylpyrazine (4), 2-ethyl-3-methoxypyrazine (9), and
2-isopropyl-3-methoxypyrazine (10), were tested as synthetic
compounds in assays against soilborne plant pathogens. All three
VOCs were effective against P. ultimum, R. solani, and S. minor
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TABLE 1 | The volatile profile of Lysobacter capsici AZ78.
log10 (peak area)
120h*

Nr

CAS

Compound namea

CLb

RIc

Sim scored

168h*

HS vial

Split Petri dish

AZ78e

AZ78f

PDAg

1

123-51-3

3-methyl-1-butanol

1

752

0.90

22/27

n.d.

n.d.

2

109-97-7

pyrrole

1

765

0.92

25/27

1/9

2/10

3

868-57-5

methyl 2-methylbutanoate

1

779

0.98

26/27

1/9

1/10

4

123-32-0

2,5-dimethylpyrazine

1

913

0.80

24/27

9/9

5/10

5

63012-97-5

2-methyl-3-(methylthio)-furan

1

949

0.98

26/27

n.d.

n.d.

6

2847-30-5

2-methyl-3-methoxypyrazine

1

971

0.95

15/27

3/9

1/10

7

104-76-7

2-ethyl-1-hexanol

1

1029

0.94

26/27

4/9

n.d.

8

816-19-3

methyl 2-ethylhexanoate

2

1044

0.97

15/27

n.d.

n.d.

9

25680-58-4

2-ethyl-3-methoxypyrazine

1

1052

0.89

21/27

9/9

10/10

10

25773-40-4

2-isopropyl-3-methoxypyrazine

1

1094

0.99

26/27

4/9

5/10

11

_

ethyl-methyl-methoxypyrazine derivative**

3

1139

0.96

7/13

n.d.

n.d.

12

_

isopropyl-methoxy-methylpyrazine derivative

3

1159

0.98

27/27

n.d.

n.d.

13

24168-70-5

2-sec-butyl-3-methoxypyrazine

1

1172

0.88

27/27

n.d.

n.d.

14

24683-00-9

2-isobutyl-3-methoxypyrazine

1

1181

0.98

15/27

n.d.

n.d.

15

_

ethyl-dimethyl-methoxypyrazine derivative**

3

1211

0.99

7/13

n.d.

n.d.

16

_

3-sec-butyl-2-methoxy-5(6)-methylpyrazine

3

1231

1.00

26/27

3/9

2/10

17

_

isopropyl-dimethyl-methoxypyrazine derivative 1

3

1239

1.00

20/27

n.d.

n.d.

18

_

3-isobutyl-2-methoxy-6-methylpyrazine

2

1243

0.94

15/27

1/9

2/10

19

_

isopropyl-dimethyl-methoxypyrazine derivative 2

3

1253

0.92

20/27

n.d.

n.d.

20

_

diisopropyl-methoxypyrazine derivative 1

3

1263

0.98

14/27

n.d.

n.d.

21

_

diisopropyl-methoxypyrazine derivative 2

3

1305

0.99

22/27

n.d.

n.d.

22

_

sec-butyl-dimethyl-methoxypyrazine derivative

3

1326

0.92

16/27

n.d.

n.d.

Compounds listed were at least with 10 x more abundance in samples compare to control. ∗ Heatmap of log10 (average peak area) of compounds at 120 h and 168 h
measurements of AZ78-inoculated HS vials with NA medium. ∗∗ Compounds only detected at 168 h measurements of AZ78-inoculated HS vials with NA medium.
a Compounds identified or annotated using Metabolite Detector Software (Hiller et al., 2009), by comparing both spectrum and RI to those of an in-house library
compound entry. b Confidence levels of compound annotation assigned according to Blazenovic et al. (2018): 1 = confident 2D structure by comparison of spectrum and
RI to standard compounds analyzed under the same chromatographic conditions, 2 = probable structure by comparison of spectrum and RI to those of NIST library
or literature, 3 = possible structure or compound class by comparison of spectrum to those of known compounds in literature. c Average retention index of six to seven
replicates of AZ78-inoculated HS vials with NA medium from 120 h and 168 h measurements, as calculated from the experimental retention time of each VOC in relation
to those of a series of n-alkanes (C8–C25) analyzed under the same chromatographic conditions. d Average similarity score of six to seven replicates of AZ78-inoculated
HS vials with NA medium from 120 h and 168 h measurements as calculated by Metabolite Detector software for each VOC by comparing both RI and spectrum to those
of an in-house library compound entry. e,f,g Number of sample replicates the VOC was detected in, to the total replicate number measured in e AZ78-inoculated HS vials
with NA medium, f AZ78-inoculated NA medium from split Petri dishes and g PDA medium samples from split Petri dishes with AZ78-inoculated NA medium in a separate
compartment. n.d = Not detected. in bold = Compounds selected to be used in bioassays against soilborne plant pathogens.

at concentrations ranging from 1.0 to 10.0 mg/Petri at 48 hpi
(Figures 2A–C). In terms of selectivity and minimum dosage,
2-ethyl-3-methoxypyrazine (9) was the most active of the tested
compounds, inhibiting R. solani by 53.3 ± 3.4% at 7.5 mg/Petri
dosage, S. minor by 51.1 ± 5.6% at 5.0 mg/Petri and P. ultimum
by 52.0 ± 2.6% at 10.0 mg/Petri (Table 2 and Figure 2B). The
second most active compound was 2,5-dimethylpyrazine (4) that
inhibited the growth of P. ultimum and R. solani by more than
50% at 10 mg/Petri and S. minor at 7.5 mg/Petri dosage (Table 2
and Figure 2A). Moreover, 2-isopropyl-3-methoxypyrazine (10)
was the most efficient VOC in limiting the growth of S. minor,
as a dosage as low as 2.5 mg/Petri attenuated the growth of
the pathogen by 69.4 ± 2.6% (Table 2 and Figure 2C). On
the other hand, P. ultimum growth was inhibited by less than
50% by 2-isopropyl-3-methoxypyrazine (10). Additionally, this
compound was also the least effective VOC against R. solani since

Frontiers in Microbiology | www.frontiersin.org

this pathogen was only inhibited by around 10% (Table 2 and
Figure 2C).

DISCUSSION
AZ78 has been shown to share all the physiological traits useful to
survive in plant rhizosphere and successfully compete with plant
pathogens through the production of non-volatile secondary
metabolites (Puopolo et al., 2016; Brescia et al., 2020). Recently,
Lazazzara et al. (2017) showed that type strains of Lysobacter
spp. could produce VOCs, like pyrazines and pyrrole, that further
contribute to the bioactivity of these strains against Ph. infestans.
Based on these results, we investigated the ability of AZ78 to
produce VOCs, hypothesizing that these compounds may inhibit
the growth of soilborne plant pathogens in vitro.
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and bacteria. For instance, they are known semiochemicals of
ladybird beetle (Harmonia axyridis) and their occurrence in
insects can be related to bacterial metabolism (Schmidtberg et al.,
2019). Their biosynthesis in bacteria is proposed to originate
from condensation of amino acids like valine or isoleucine
with glycine (Cheng et al., 1991; Bungert et al., 2001) and
their production has been already described in Chondromyces
crocatus, Halomonas venusta, and P. perolens (Cheng et al.,
1991; Bungert et al., 2001; Schulz et al., 2004). AZ78 additionally
produced several dialkyl-methoxypyrazines (12, 16, 18, 20,
and 21) that are rarely reported in bacteria (Chatonnet et al.,
2010). 3-Isobutyl-2-methoxy-6-methylpyrazine was for the
first time reported as a natural product of Serratia odorifera
VOC blend by Gallois and Grimont (1985), while 2-isobutyl3-methoxy-5-methylpyrazine was formerly described for
the myxobacterium C. crocatus (Dickschat et al., 2005). The
compound (18) found in AZ78 VOCs mixture was annotated
as 3-isobutyl-2-methoxy-6-methylpyrazine. All other dialkylmethoxypyrazines detected in the VOC profile of AZ78 were
annotated based on the similarity of their mass spectra and
RI values with the respective data reported in the two above
studies. From the dialkylpyrazine group, 2,5-dimethylpyrazine
(4) was confirmed by authentic standards. This metabolite
is widespread in nature and is produced by a vast number
of bacteria (Schulz and Dickschat, 2007). Although it is also
reported to be present in the media used for cultivation or
formed during heating or autoclaving of growth media (Schulz
and Dickschat, 2007), in our experiments it was either not
detected in the medium, or at levels less than 1/10 compared to
the bacterial samples.
A relevant number of in vitro studies dedicated to the
analysis of bacterial VOCs and their bioactivity, concentrate on
the compounds emitted directly from the bacterial culture
under investigation. We decided to go a step further
and focused our attention on the VOCs accumulated on
the growth medium which had been exposed to VOC
mixtures produced by bacteria without direct contact to
the bacterial culture itself. To achieve this, we analyzed the
VOCs present above PDA medium, which was physically
separated from the growing AZ78 cells, hypothesizing
that these VOCs are more likely to contribute to AZ78
inhibitory activity.
Several compounds detected in the VOC profile of AZ78
were identified in the physically separated PDA medium
of the same Petri dish. 2,5-Dimethylpyrazine (4), 2-ethyl-3methoxypyrazine (9), and 2-isopropyl-3-methoxypyrazine (10)
were the compounds more consistently detected in PDA medium.
We were able to determine the amounts of (4, 9, 10) by
preparing standards of each VOC and measuring in parallel
with the samples by GC-MS. Comparison of peak areas between
standards and pyrazines in samples revealed that concentration
levels corresponded to amounts of a few ng per sample of AZ78
cultures and PDA medium (Supplementary Table S2). Based
on these results, it is conceivable that AZ78 emits these VOCs
and that they accumulate on the surface of PDA medium where
they might get in physical contact with the cells of the plant
pathogens tested.

TABLE 2 | Minimum concentration of single synthetic Lysobacter capsici AZ78
VOCs for the inhibition of soilborne plant pathogens growth.
AZ78 VOC

% inhibition

Minimum dosage (mg/Petri)
P. ultimum R. solani

2,5-dimethylpyrazine

2-ethyl-3-methoxypyrazine

2-isopropyl-3-methoxypyrazine

S.minor

>10
>30

1.0
5.0

1.0
7.5

1.0
5.0

>50

10.0

10.0

7.5

>80

–

–

–

>10

1.0

1.0

1.0

>30

5.0

5.0

2.5

>50

10.0

7.5

5.0

>80

–

–

7.5

>10

1.0

7.5

1.0

>30

7.5

–

2.5

>50

–

–

2.5

>80

–

–

7.5

The respective chemical structure of each VOC is shown.

In agreement with our initial assumption, the growth of the
three pathogens investigated was totally (P. ultimum, S. minor)
or largely (R. solani) inhibited by AZ78 VOCs that can diffuse
in the headspace of the split Petri dish. The DHS-TD-GC-MS
analysis revealed that AZ78 is able to emit a relevant number of
VOCs that may have a toxic effect against the plant pathogens
tested, as for example the alcohols 3-methyl-butanol (1) and
2-ethyl-1-hexanol (7). Indeed, (1) has been found in bacteria,
yeast and endophytic fungi and inhibited the growth of various
phytopathogenic fungi and oomycetes (Strobel et al., 2001; SyedAb-Rahman et al., 2019). Similarly, (7) was found in the volatile
profile of several Pseudomonas spp. and when tested as synthetic
compound, completely inhibited mycelial growth and sclerotia
germination of S. sclerotiorum (Fernando et al., 2005).
The compound class of pyrazines dominated the AZ78 VOC
profile in both 120 and 168 h old cultures. Pyrazine derivatives
exhibit several activities of pharmacological interest including
antibacterial, antifungal, antidiabetic, anticancer, antiviral, and
analgesic activity (Dolezal and Zitko, 2015) and microorganisms,
including bacteria and fungi, represent a major source for
biosynthesis of pyrazines (Rajini et al., 2011). Various mono- and
dialkylpyrazines produced by soil bacteria significantly inhibited
the growth of a wide variety of phytopathogenic fungi and
oomycetes in vitro (Haidar et al., 2016; Mülner et al., 2019).
Regarding their mode of action, studies testing the activity of
2,5-diisopropylpyrazine against Escherichia coli, showed that the
compound caused DNA damage at high concentrations, while at
lower levels, cell-wall damage was observed. Similar mechanisms
could apply for phytopathogenic fungi, as the growth of Fusarium
culmorum and R. solani strains was also strongly attenuated by
this pyrazine (Janssens et al., 2019).
Regarding the type of pyrazines produced by AZ78,
the methoxypyrazines with various mono- and dialkylated
derivatives was the dominant group of VOCs. The monoalkylmethoxypyrazines (6, 9, 10, 13, and 14) identified in the profile,
are widely distributed metabolites of plants, insects, fungi
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FIGURE 2 | Inhibition of soilborne plant pathogens growth by single synthetic Lysobacter capsici AZ78 VOCs. The inhibition effect of five concentrations
(1–10 mg/Petri dish) of each synthetic VOC: (A) 2,5-dimethylpyrazine, (B) 2-ethyl-3-methoxypyrazine, and (C) 2-isopropyl-3-methoxypyrazine, was assessed 48 h
after simultaneous incubation with the soilborne plant pathogens. The percentage of inhibition was calculated by comparing the radial growth of treated pathogens
to the radial growth of pathogens from untreated Petri dishes used as control. Presented values for each treatment are means ± standard error pooled from two
experiments each having six or seven replicates. Dotted line indicates the 50% inhibition level. For each soilborne plant pathogen, bars with different letters were
found to be significantly different according to Tukey’s HSD test (p ≤ 0.05).
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(Rychen et al., 2017), we feel that our results may support
the possible development of selected pyrazines as active
ingredients of novel biofumigants against soilborne plant
pathogenic microorganisms. Our results suggest that additional
compounds and/or factors are involved in the growth inhibition
observed in the split Petri dish assays, most probably associated
with compounds that cannot easily be measured by the
presented DHS-TD-GC-MS approach. Future studies on the
inhibitory mechanisms involved and on additional volatiles
contributing to AZ78 activity will help to draw a more complete
picture of AZ78 volatile-mediated inhibition of soilborne plant
pathogenic microorganisms.

As (4, 9, 10) were the most predominant VOCs found,
they were evaluated for their inhibitory activity against P.
ultimum, R. solani, and S. minor. Interestingly, these VOCs
inhibited the mycelial growth of each of the plant pathogenic
microorganisms at different concentrations. Overall, S. minor was
the most sensitive pathogen, as it was the only one inhibited
by more than 80% after application of 7.5 mg/Petri of both 2ethyl-3-methoxypyrazine (9) or 2-isopropyl-3-methoxypyrazine
(10) and by more than 50% with 7.5 mg/Petri of 2,5dimethylpyrazine (4). As these pathogens belong to different
phyla, it may well be that morphological and biochemical
differences are responsible for the different response to the
pyrazine tested.
Regarding the tested VOCs, 2-isopropyl-3-methoxypyrazine
(10) showed the lowest activity against R. solani (about 10%
inhibition) whereas 2-ethyl-3-methoxypyrazine (9) was the
most active compound, inhibiting the growth of all three
pathogens by at least 30% at 2.5–5.0 mg/Petri. This VOC
was detected in high amounts at both time points of AZ78
VOC measurements and was the most abundant constituent
of the profile at 168 h. To the best of our knowledge, this
is the first evidence on the antimicrobial properties of this
pyrazine. 2,5-Dimethylpyrazine (4), attenuated (> 30%) the
growth of all plant pathogens at the dosage of 7.5 mg/Petri.
This VOC may be produced by various soil bacteria and
has been shown to inhibit the growth of several diverse
plant pathogens (Haidar et al., 2016; Agisha et al., 2019).
The broad distribution and activity indicate a possible role of
this compound under environmental conditions. Accordingly,
Chuankun et al. (2004) found that 2,5-dimethylpyrazine was
specifically found in fungistatic soils, or soils that naturally inhibit
fungal propagules growth. Thus, it is conceivable that this VOC
possesses characteristics that might be exploited for the control of
soilborne plant pathogenic microorganisms.
It is worth noting that the inhibition levels observed
in bioassays with the synthetic compounds ranged below
those exhibited by the VOC bouquet emitted by AZ78,
as already reported in other studies (Groenhagen et al.,
2013). Thus, we cannot exclude the possible synergistic effect
of the various constituents of AZ78 VOC blend on the
inhibition of the soilborne plant pathogens and additionally
consider the deviations of the in vitro conditions from
those observed in nature that may lead to differences in
VOC production rates. Moreover, it should also be noted
that due to the chosen GC-MS approach some volatiles
with very low boiling points such as the inorganic NH3
or HCN may have been missed during our analysis and
therefore could not be considered in the interpretation of
activity profiles.
Overall, the present study sheds light on the AZ78 ability
to inhibit in vitro the growth of soilborne plant pathogenic
microorganisms through the emission of a VOC blend,
where pyrazines are the most represented class of VOCs. As
alkylated pyrazines have been applied in the food industry
as disinfectants (Kusstatscher et al., 2017; Schöck et al.,
2018) and, additionally, pyrazine derivatives are recognized
as safe for human/animal consumption and the environment

Frontiers in Microbiology | www.frontiersin.org

DATA AVAILABILITY STATEMENT
All datasets presented in this study are included in the
article/Supplementary Material.

AUTHOR CONTRIBUTIONS
AV, VL, MP, GP, and RS conceived the study. AV and VL
performed the experiments and analyzed the data. GP, AN,
and RS coordinated the experiments and helped to draft the
manuscript. AV drafted the manuscript. CB wrote R scripts and
analyzed the data. AP contributed to the chemical analysis and
authentic reference standard measurements. All authors have
read and approved the manuscript before submission.

FUNDING
This project has received funding from the European Union’s
Horizon 2020 Research and Innovation Program under the
Marie Skłodowska-Curie grant agreement no. 722642 (project
INTERFUTURE). The authors also acknowledge financial
support by the Provincial Government of Lower Austria (projects
NoBiTUM, OMICS 4.0).

ACKNOWLEDGMENTS
We greatly thank the colleagues of the Institute of Biotechnology
in Plant Production, IFA-Tulln for their support and providing
access to the facilities needed for preparation of bacterial cultures.
Additionally, we thank the colleagues from Bi-PA nv (Biological
Products for Agriculture) for their support and providing access
to the facilities needed for the microbiological assays using
soilborne plant pathogens.

SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online
at:
https://www.frontiersin.org/articles/10.3389/fmicb.2020.
01748/full#supplementary-material

9

August 2020 | Volume 11 | Article 1748

Vlassi et al.

Lysobacter VOCs to Control Plant Pathogens

REFERENCES

Gallois, A., and Grimont, P. (1985). Pyrazines responsible for the potatolike odor
produced by some Serratia and Cedecea strains. Appl. Environ. Microbiol. 50,
1048–1051. doi: 10.1128/aem.50.4.1048-1051.1985
Giorgio, A., De Stradis, A., Lo Cantore, P., and Iacobellis, N. (2015). Biocide effects
of volatile organic compounds produced by potential biocontrol rhizobacteria
on Sclerotinia sclerotiorum. Front. Microbiol. 6:1056. doi: 10.3389/fmicb.2015.
01056
Groenhagen, U., Baumgartner, R., Bailly, A., Gardiner, A., Eberl, L., Schulz, S., et al.
(2013). Production of bioactive volatiles by different Burkholderia ambifaria
strains. J. Chem. Ecol. 39, 892–906. doi: 10.1007/s10886-013-0315-y
Haidar, R., Roudet, J., Bonnard, O., Dufour, M. C., Corio-Costet, M. F., Fert, M.,
et al. (2016). Screening and modes of action of antagonistic bacteria to control
the fungal pathogen Phaeomoniella chlamydospora involved in grapevine trunk
diseases. Microbiol. Res. 192, 172–184. doi: 10.1016/j.micres.2016.07.003
Hiller, K., Hangebrauk, J., Jäger, C., Spura, J., Schreiber, K., and Schomburg,
D. (2009). MetaboliteDetector: comprehensive analysis tool for targeted and
nontargeted GC/MS based metabolome analysis. Anal. Chem. 8, 3429–3439.
doi: 10.1021/ac802689c
Janssens, T. K. S., Tyc, O., Besselink, H., de Boer, W., and Garbeva, P.
(2019). Biological activities associated with the volatile compound 2,5-bis(1methylethyl)-pyrazine. FEMS Microbiol. Lett. 366:fnz023. doi: 10.1093/femsle/
fnz023
Köhler, H. R., and Triebskorn, R. (2013). Wildlife ecotoxicology of pesticides: can
we track effects to the population level and beyond? Science 341, 759–765.
doi: 10.1126/science.1237591
Kusstatscher, P., Cernava, T., Liebminger, S., and Berg, G. (2017). Replacing
conventional decontamination of hatching eggs with a natural defense strategy
based on antimicrobial, volatile pyrazines. Sci. Rep. 7, 1–8. doi: 10.1038/s41598017-13579-13577
Lazazzara, V., Perazzolli, M., Pertot, I., Biasioli, F., Puopolo, G., and Cappellin, L.
(2017). Growth media affect the volatilome and antimicrobial activity against
Phytophthora infestans in four Lysobacter type strains. Microbiol. Res. 201,
52–62. doi: 10.1016/j.micres.2017.04.015
Mülner, P., Bergna, A., Wagner, P., Sarajliæ, D., Gstöttenmayr, B., Dietel, K., et al.
(2019). Microbiota associated with sclerotia of soilborne fungal pathogens – A
novel source of biocontrol agents producing bioactive volatiles. Phytobiomes J.
3, 125–136. doi: 10.1094/pbiomes-11-18-0051-r
Nakayama, T., Homma, Y., Hashidoko, Y., Mizutani, J., and Tahara, S. (1999).
Possible role of xanthobaccins produced by Stenotrophomonas sp. strain SBK88 in suppression of sugar beet damping-off disease. Appl. Environ. Microbiol.
65, 4334–4339. doi: 10.1128/aem.65.10.4334-4339.1999
Piechulla, B., Lemfack, M. C., and Kai, M. (2017). Effects of discrete bioactive
microbial volatiles on plants and fungi. Plant Cell Environ. 40, 2042–2067.
doi: 10.1111/pce.13011
Popova, A. A., Koksharova, O. A., Lipasova, V. A., Zaitseva, J. V., KatkovaZhukotskaya, O. A., and Eremina, S. I. (2014). Inhibitory and toxic effects
of volatiles emitted by strains of Pseudomonas and Serratia on growth and
survival of selected microorganisms, Caenorhabditis elegans, and Drosophila
melanogaster. Biomed. Res. Int. 2014, 1–11. doi: 10.1155/2014/125704
Postma, J., Nijhuis, E. H., and Yassin, A. F. (2010). Genotypic and
phenotypic variation among Lysobacter capsici strains isolated from
Rhizoctonia suppressive soils. Syst. Appl. Microbiol. 33, 232–235.
doi: 10.1016/j.syapm.2010.03.002
Postma, J., Schilder, M. T., Bloem, J., and van Leeuwen-Haagsma, W. K. (2008).
Soil suppressiveness and functional diversity of the soil microflora in organic
farming systems. Soil Biol. Biochem. 40, 2394–2406. doi: 10.1016/j.soilbio.2008.
05.023
Puopolo, G., Cimmino, A., Palmieri, M. C., Giovannini, O., Evidente, A., and
Pertot, I. (2014). Lysobacter capsici AZ78 produces cyclo(L-Pro- L-Tyr), a 2,5diketopiperazine with toxic activity against sporangia of Phytophthora infestans
and Plasmopara viticola. J. Appl. Microbiol. 117, 1168–1180. doi: 10.1111/jam.
12611
Puopolo, G., Tomada, S., and Pertot, I. (2018). The impact of the omics era
on the knowledge and use of Lysobacter species to control phytopathogenic
microorganisms. J. Appl. Microbiol. 124, 15–27. doi: 10.1111/jam.13607
Puopolo, G., Tomada, S., Sonego, P., Moretto, M., Engelen, K., Perazzolli, M., et al.
(2016). The Lysobacter capsici AZ78 genome has a gene pool enabling it to

Agisha, V. N., Kumarb, A., Eapen, S. J., Sheoranb, N., and Suseelabhai, R.
(2019). Broad-spectrum antimicrobial activity of volatile organic compounds
from endophytic Pseudomonas putida BP25 against diverse plant pathogens.
Biocontrol Sci. Techn. 29, 1069–1089. doi: 10.1080/09583157.2019.1657067
Ah-Fong, A., Shrivastava, J., and Judelson, H. (2017). Lifestyle, gene gain and
loss, and transcriptional remodeling cause divergence in the transcriptomes of
Phytophthora infestans and Pythium ultimum during potato tuber colonization.
BMC Genomics 18:764. doi: 10.1186/s12864-017-4151-2
Alavanja, M., Hoppin, J., and Kamel, F. (2004). Health effects of chronic pesticide
exposure: cancer and neurotoxicity. Annu. Rev. Public Health 25, 155–197.
doi: 10.1146/annurev.publhealth.25.101802.123020
Bitas, V., Kim, S., Bennett, W., and Kang, S. (2013). Sniffing on microbes: diverse
roles of microbial volatile organic compounds in plant health. Mol. Plant
Microbe Interact. 26, 835–843. doi: 10.1094/MPMI-10-12-0249-CR
Blazenovic, I., Kind, T., Ji, J., and Fiehn, O. (2018). Software tools and approaches
for compound identification of LC-MS/MS data in metabolomics. Metabololites
8:31. doi: 10.3390/metabo8020031
Brescia, F., Marchetti-Deschmann, M., Musetti, R., Perazzolli, M., Pertot, I.,
and Puopolo, G. (2020). The rhizosphere signature on the cell motility,
biofilm formation and secondary metabolite production of a plant-associated
Lysobacter strain. Microbiol. Res. 234:126424. doi: 10.1016/j.micres.2020.
126424
Bungert, M., Jahns, T., and Becker, H. (2001). 2-Methoxy-3-(1’methylpropyl)pyrazine, pea odour, from the marine bacterium Halomonas
venusta. Flavour Fragr. J. 16, 329–333. doi: 10.1002/ffj.1004
Chatonnet, P., Fleury, A., and Boutou, S. (2010). Origin and incidence of 2methoxy-3,5-dimethylpyrazine, a compound with a “fungal” and “corky”
aroma found in cork stoppers and oak chips in contact with wines. J. Agric.
Food Chem. 58, 12481–12490. doi: 10.1021/jf102874f
Cheng, T.-B., Reineccius, G., Bjorklund, J., and Leete, E. (1991). Biosynthesis of
2-Methoxy-3-isopropylpyrazine in Pseudomonas perolens. J. Agric. Food Chem.
39, 1009–1012. doi: 10.1021/jf00005a042
Christensen, P., and Cook, F. D. (1978). Lysobacter, a new genus of nonfruiting,
gliding bacteria with a high base ratio. Int. J. Syst. Evol. Micr. 28, 367–393.
doi: 10.1099/00207713-28-3-367
Chuankun, X., Minghe, M., Leming, Z., and Keqin, Z. (2004). Soil volatile
fungistasis and volatile fungistatic compounds. Soil Biol. Biochem. 36, 1997–
2004. doi: 10.1016/j.soilbio.2004.07.020
Chung, J. H., Song, G. C., and Ryu, C. M. (2016). Sweet scents from good bacteria:
case studies on bacterial volatile compounds for plant growth and immunity.
Plant Mol. Biol. 90, 677–687. doi: 10.1007/s11103-015-0344-8
Crutcher, F., Henry-Gregory, M., Wilkinson, H., Duke, S., Wheeler, T., and
Kenerley, C. (2018). Characterization of Sclerotinia minor populations in Texas
peanut fields. Plant Pathol. 67, 839–847. doi: 10.1111/ppa.12792
De Boer, W., Li, X., Meisner, A., and Garbeva, P. (2019). Pathogen suppression by
microbial volatile organic compounds in soils. FEMS Microb. Ecol. 95:fiz105.
doi: 10.1093/femsec/fiz105
Dickschat, J., Reichenbach, H., Wagner-Döbler, I., and Schulz, S. (2005). Novel
pyrazines from the Myxobacterium Chondromyces crocatus and marine bacteria
Eur. J. Org. Chem. 19, 4141–4153. doi: 10.1002/ejoc.200500280
Dolezal, M., and Zitko, J. (2015). Pyrazine derivatives: a patent review (June
2012-present). Expert Opin. Ther. Pat. 25, 33–47. doi: 10.1517/13543776.2014.
982533
Effmert, U., Kalderas, J., Warnke, R., and Piechulla, B. (2012). Volatile mediated
interactions between bacteria and fungi in the soil. J. Chem. Ecol. 38, 665–703.
doi: 10.1007/s10886-012-0135-5
Fernando, W. G., Ramarathnam, R., Krishnamoorthy, A. S., and Savchukm, S. C.
(2005). Identi?cation and use of potential bacterial organic antifungal volatiles
in biocontrol. Soil Biol. Biochem. 37, 955–964. doi: 10.1016/j.soilbio.2004.10.
021
Folman, L. B., De Klein, M. J. E. M., Postma, J., and Van Veen, J. A. (2004).
Production of antifungal compounds by Lysobacter enzymogenes isolate 3.1T8
under different conditions in relation to its efficacy as a biocontrol agent of
Pythium aphanidermatum in cucumber. Biol. Control 31, 145–154. doi: 10.1016/
j.biocontrol.2004.03.008

Frontiers in Microbiology | www.frontiersin.org

10

August 2020 | Volume 11 | Article 1748

Vlassi et al.

Lysobacter VOCs to Control Plant Pathogens

interact successfully with phytopathogenic microorganisms and environmental
factors. Front. Microbiol. 7:96. doi: 10.3389/fmicb.2016.00096
Rajini, K. S., Aparna, P., Sasikala, Ch, and Ramana, C. H. V. (2011). Microbial
metabolism of pyrazines. Crit. Rev. Microbiol. 37, 99–112. doi: 10.3109/
1040841X.2010.512267
Reichenbach, H. (2006). “The genus Lysobacter,” in The Prokaryotes, eds M.
Dworkin, S. Falkow, E. Rosenberg, K.-H. Schleifer, and E. Stackebrandt,
(New York, NY: Springer), 939–957. doi: 10.1007/0-387-30746-x_37
Rychen, G., Aquilina, G., Azimonti, G., Bampidis, V., de Lourdes Bastos, M., Bories,
G., et al. (2017). Safety and efficacy of pyrazine derivatives including saturated
ones belonging to chemical group 24 when used as flavourings for all animal
species. EFSA J. 15:4671. doi: 10.2903/j.efsa.2017.4671
Schmidtberg, H., Shukla, S. P., Halitschke, R., Vogel, H., and Vilcinskas, A. (2019).
Symbiont-mediated chemical defence in the invasive ladybird Harmonia
axyridis. Ecol. Evol. 9, 1715–1729. doi: 10.1002/ece3.48
Schöck, M., Liebminger, S., Berg, G., and Cernava, T. (2018). First evaluation
of alkylpyrazine application as a novel method to decrease microbial
contaminations in processed meat products. AMB Express 8:54.
Schulz, S., and Dickschat, J. S. (2007). Bacterial volatiles: the smell of small
organisms. Nat. Prod. Rep. 24, 814–842. doi: 10.1039/B507392H
Schulz, S., Fuhlendorff, J., and Reichenbach, H. (2004). Identification and synthesis
of volatiles released by the myxobacterium Chondromyces crocatus. Tetrahedron
60, 3863–3872. doi: 10.1016/j.tet.2004.03.005
Strobel, G. A., Dirksie, E., Sears, J., and Markworth, C. (2001). Volatile
antimicrobials from Muscodor albus, a novel endophytic fungus. Microbiology
147, 2943–2950. doi: 10.1099/00221287-147-11-2943
Syed-Ab-Rahman, S. F., Carvalhais, L., Chuaa, E., Chung, F. Y., Moyle, P.M.,
Eltanahy, E. G., et al. (2019). Soil bacterial diffusible and volatile organic
compounds inhibit Phytophthora capsici and promote plant growth. Sci. Tot.
Env. 692, 267–280. doi: 10.1016/j.scitotenv.2019.07.061

Frontiers in Microbiology | www.frontiersin.org

Tomada, S., Sonego, P., Moretto, M., Engelen, K., Pertot, I., Perazzolli, M., et al.
(2017). Dual RNA-Seq of Lysobacter capsici AZ78 - Phytophthora infestans
interaction shows the implementation of attack strategies by the bacterium and
unsuccessful oomycete defense responses. Environ. Microbiol. 19, 4113–4125.
doi: 10.1111/1462-2920.13861
Tyc, O., Song, X., Dickschat, S., Vos, M., and Garbeva, P. (2017). The ecological role
of volatile and soluble secondary metabolites produced by soil bacteria. Trends
Microbiol. 25, 280–292. doi: 10.1016/j.tim.2016.12.002
Verwaaijen, B., Wibberg, D., Krober, M., Winkler, A., Zrenner, R., Bednarz, H.,
et al. (2017). The Rhizoctonia solani AG1-IB (isolate7/3/14) transcriptome
during interaction with the host plant lettuce (Lactuca sativa L.). PLoS One
12:e0177278. doi: 10.1371/journal.pone.0177278
Zou, C. S., Mo, M. H., Gu, Y. Q., Zhou, J. P., and Zhang, K. Q. (2007).
Possible contributions of volatile-producing bacteria to soil fungistasis. Soil
Biol. Biochem. 39, 2371–2379. doi: 10.1016/j.soilbio.2007.04.009
Conflict of Interest: AN was employed by Biological Products for Agriculture
(Bi-PA).
The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.
Copyright © 2020 Vlassi, Nesler, Perazzolli, Lazazzara, Büschl, Parich, Puopolo
and Schuhmacher. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

11

August 2020 | Volume 11 | Article 1748

