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Abstract

Many volatile compounds secreted by bacteria play an important role in the interactions of microorganisms, can inhibit the
growth of phytopathogenic bacteria and fungi, can suppress or stimulate plant growth and serve as infochemicals presenting
a new type of interspecies communication. In this work, we investigated the effect of total pools of volatile substances and
individual volatile organic compounds (VOCs) synthesized by the rhizosphere bacteria Pseudomonas chlororaphis 449 and
Serratia plymuthica IC1270, the soil-borne strain P. fluorescens B-4117 and the spoiled meat isolate S. proteamaculans 94 on
Arabidopsis thaliana plants. We showed that total gas mixtures secreted by these strains during their growth on Luria-Bertani
agar inhibited A. thaliana growth. Hydrogen cyanide synthesis was unnecessary for the growth suppression. A decrease in
the inhibition level was observed for the strain P. chlororaphis 449 with a mutation in the gacS gene, while inactivation of
the rpoS gene had no effect. Individual VOCs synthesized by these bacteria (1-indecene, ketones 2-nonanone, 2-heptanone,
2-undecanone, and dimethyl disulfide) inhibited the growth of plants or killed them. Older A. thaliana seedlings were more
resistant to VOCs than younger seedlings. The results indicated that the ability of some volatiles emitted by the rhizosphere
and soil bacteria to inhibit plant growth should be considered when assessing the potential of such bacteria for the biocontrol
of plant diseases.
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Introduction

Bacteria and other microorganisms secrete a large amount of
various volatile substances (VSs), including volatile organic
compounds (VOCs). VOCs are low molecular weight lipo-
philic compounds with a low boiling point and high vapor
pressure. VOCs can readily evaporate and diffuse in gases
and liquids (Kai et al. 2009; Effmert et al. 2012; Audrain
et al. 2015a, b; Schmidt et al. 2015; Tyc et al. 2017; Veselova
et al. 2019). The pool of all VSs synthesized by a bacterium
or another organism is called the “volatilome” (Bailly and
Weisskopf 2017). A database of identified VOCs (mVOC 2.0
database) has been published (http://bioinformatics.charite.
de/mvoc/); it includes more than 2000 compounds secreted
by almost 1000 species of bacteria and fungi (Lemfack et al.
2018). Bacterial VOCs belong to various chemical classes
including alkenes, alcohols, ketones, terpenoids, benzoids,
pyrazines, and sulfur-containing compounds (Lemfack et al.
2014, 2018; Schmidt et al. 2015; Avalos et al. 2018). How-
ever, at present VOCs of only a limited number of species
and strains of bacteria and fungi have been identified. Many
VOCs have not been identified due to the lack of appropri-
ate markers in databases. In addition, the spectrum and the
amounts of VOCs emitted by microorganisms depend on
the conditions of their growth, including medium composi-
tion and pH (Blom et al. 201 1a; Baily and Weisskopf 2012).
VOC:s are involved in a new type of microorganism commu-
nication playing the role of “infochemicals” that can trans-
mit information over long distances (Effmert et al. 2012;
Audrain et al. 2015a, b; Schmidt et al. 2015; Schulz-Bohm
et al. 2017).

Plant growth-promoting rhizobacteria are able to produce
a wide range of VOCs involved in plant-microbe interac-
tions, such as stimulating plant growth and inducing plant
systemic resistance to pathogens, in addition to playing a
role in the biocontrol of plant diseases by direct antago-
nism with phytopathogenic bacteria and fungi (Ryu et al.
2004, Kai et al. 2009; Avalos et al. 2018; Fincheira and
Quizos 2018). Another aspect of VOC involvement in bac-
terial communication is their influence on the functioning
of quorum sensing regulatory systems (Schulz et al. 2010;
Chernin et al. 2011; Ahmad et al. 2014; Schmidt et al. 2015;
Helman and Chernin 2015) which are widespread among
plant-associated bacteria and participate in the plant growth-
promoting and biocontrol effects of the bacteria (Chernin
2011; Chernin et al. 2011). Much attention is currently being
paid to the possibility of using VOCs in agriculture as a new
alternative strategy using ecologically pure pesticides that
are easily removed from the environment and therefore do
not pollute the ecosystem (Audrain et al. 2015a; Tyc et al.
2017).
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The purpose of this work was to study the effect of
the total pools of volatiles and individual VOCs emitted
by the strains Pseudomonas chlororaphis 449 and Serra-
tia plymuthica 1C1270 isolated from the rhizosphere and
P. fluorescens B-4117 isolated from soil on Arabidopsis
thaliana growth. The effect of S. proteamaculans 94, a
thermotolerant isolate from spoiled meat was also inves-
tigated. Strains of this species are known to live both in
the rhizosphere of plants and in the soil (Berg et al. 2002;
Sanchez et al. 2009). All the strains mentioned above were
shown to inhibit phytopathogenic fungi in vitro, and at
least the first three strains mentioned could protect plants
against some bacterial and fungal diseases (Chernin et al.
1995; Khmel et al. 1998; Ovadis et al. 2004; Dandurish-
vili et al. 2011). The total gas mixtures and individual
VOC:s secreted by these strains suppressed the growth of
Agrobacterium and cyanobacteria strains and of myce-
lium of phytopathogenic fungi, killed the nematodes
Caenorhabditis elegans and inhibited their development,
and also killed Drosophila melanogaster (Dandurishvili
et al. 2011; Popova et al. 2014; Plyuta et al. 2016). VOCs
emitted by the strains were identified using gas chromatog-
raphy—mass spectrometry analysis. The major VOCs were
alkene 1-undecene, ketones 2-nonanone and 2-undecanone
(2-heptanone synthesized in small quantities was used for
comparison with other ketones) for the P. chlororaphis
449 strain; 1-undecene for the P. fluorescens B-4117 strain
and a sulfiding agent dimethyl disulfide (DMDS) for the
strains S. plymuthica IC1270 and S. proteamaculans 94
(Dandurishvili et al. 2011; Popova et al. 2014).

Here, we showed that the total pools of VSs emitted by
the studied Pseudomonas and Serratia strains were able
to modulate the growth of A. thaliana plants. A decrease
in plant growth inhibition due to VS action was observed
when the strain P. chlororaphis 449 had a mutation in the
gacS gene, which encodes the sensor kinase GacS. At the
same time, inactivation of the rpoS gene encoding the >
subunit of RNA polymerase did not affect plant growth. The
effect of individual VOCs synthesized by the tested bacterial
strains (ketones, 1-undecene and DMDS) on plants was also
investigated.

Materials and methods
Organisms, growth conditions, chemicals

The bacterial strains used in this work are listed in Table 1.
The Pseudomonas and Serratia strains were grown in liquid
Luria-Bertani broth (LB), g/I: Bacto Tryptone—10; Yeast
Extract—Pronadisa, Hispanlab, S.A., Madrid, Spain—35;
NaCl—Reachim, Russia—10; or on LA: LB supplemented
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Table 1 The strains of bacteria used in the work

Strains Relevant characteristics

Source or reference

Pseudomonas chlororaphis 449
P fluorescens B-4117

Serratia proteamaculans 94

S. plymuthica 1IC1270*

P. chlororaphis 449/rpoS

P. chlororaphis 449/gacS

Isolated from the rhizosphere of maize, Kiev region, Ukraine
Isolated from soil collected in the Batumi Botanical Garden, Georgia
Isolated from spoiled refrigerated meat

Isolated from rhizosphere of grape, Samarkand region, Uzbekistan
rpoS mutant of P. chlororaphis 449 strain

gacS mutant of P. chlororaphis 449 strain

Veselova et al. (2009)
Khmel et al. (1998)
Demidyuk et al. (2006)
Ovadis et al. (2004)
Lipasova et al. (2009)
Veselova et al. (2009)

The previous name of the strain was Enterobacter agglomerans (Chernin et al. 1995)
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Fig.1 Volatile organic compounds used in the work

with 1.5% Difco agar. Bacteria were grown at 28 °C, or 24
°C (when cocultivated with plants).

The seeds of A. thaliana ecotype Columbia (accession
CS70000; Col-0) were obtained from the ABRC Stock
Center (https://abrc.osu.edu/stocks/number/CS70000).
The plants were grown on agarized Murashige and Skoog
(MS) Basal Medium plant cell culture with sucrose and agar
(Sigma-Aldrich).

The following VOCs purchased from Sigma-Aldrich
Chimie GmbH (Steinheim, Germany) were used: > 99%
pure dimethyl disulfide (DMDS), >99% pure 2-heptanone,
>99% pure 2-nonanone, 99% pure 2-undecanone and 98%
pure 1-undecene (Fig. 1).

Effect of total bacterial volatiles or individual VOCs
on the growth of A. thaliana seedlings

Seeds of A. thaliana placed on filter paper in a Petri dish
(92 x 16 mm) were sterilized with a solution of 5% H,0,

in 70% C,HsOH for 2 min. The seeds were then dried and
transferred by a needle to a Petri dish with MS medium.
The plates were incubated for 2 days at 4 °C. Then, the
Petri dishes were removed from the refrigerator and incu-
bated in a climate chamber in a 12 h light/12 h dark cycle
at 24 °C. After 6 days, two cotyledonous leaves appeared
on the A. thaliana seedlings.

The effect of VS-producing bacterial strains on A. thal-
iana growth was tested using two-compartment plastic
Petri dishes (92 X 16 mm). First, the studied bacteria were
grown for 17-20 h in LB at 28 °C with aeration. Then,
20 ul of the cultures (~5x 107 cells) was dropped onto a
solidified nutrient media LA in one of the two compart-
ments and distributed by a microbiological loop on the
surface of the medium, while another compartment was
filled with solidified MS medium onto which 6-day-old
A. thaliana seedlings with two cotyledonous leaves were
transferred from the climate chamber. The dishes were
tightly closed with 4 layers of Parafilm M and incubated in
a growth chamber at 24 °C in a 12 h light/12 h dark cycle
for additional 2 weeks. In this system, only the volatiles
emitted by the VS-producing bacterial strains and not the
bacterial cells themselves could reach the target plants.

In experiments with individual VOCs, the compounds
under study were placed on strips of sterile filter paper
in one compartment of a dish, whereas plant seedlings
were placed in the other compartment filled with solidified
MS medium and treated as described above. Finally, the
plants were removed from the dishes, dried with sterile
filter paper and weighed on laboratory scales.

To determine the effects of VOCs on older plants, the
experiments were conducted as mentioned above, except
that after 6 days of growth at 24 °C plants were placed into
one part of a two-compartment Petri dish filled with MS
medium and left for 2 weeks in a growth chamber. Then
individual VOCs on sterile filter paper strips were placed
into the other compartment of the dish, and the dish was
tightly closed with Parafilm M and incubated for addi-
tional 2 weeks as indicated above. All experiments were
repeated at least three times, with three plates and 5 plants
on a dish in each experiment.
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HCN assay

The semiquantitative analysis of cyanide production was
performed with an Aquaquant-14417.0001 Test system
(Merck). Cultures of the tested strains were grown for 48
h with aeration at 28 °C in LB containing 2 g/l NaCl as
described earlier (Popova et al. 2014). Each strain was tested
twice for HCN production.

Statistical analysis

The statistical analysis of experiments was carried out using
the Microsoft Excel descriptive statistics program, and the
standard error of the mean (SEM) was calculated. The dif-
ferences among the data were significant at the level of
p<0.05.

Results

Action of pools of volatiles emitted by Pseudomonas
and Serratia strains on A. thaliana growth

To study the effect of bacterial volatiles on the growth of A.
thaliana seedlings, the bacteria were grown on LA medium
in one compartment of a Petri dish, while plants were
placed in the other compartment filled with MS medium as
described above. After two weeks of incubation, the effect
of VSs became clearly visible as compared to the control
(growth of seedlings without bacteria). The total pools of
volatiles secreted by the selected bacteria strongly sup-
pressed the growth of A. thaliana compared to the control
(Fig. 2). When the plants were transferred to fresh medium
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Control S. plymuthica S. P. fluorescens P.chlororaphis
IC1270  proteamaculans  B-4117 449
94
Strains

Fig.2 Effect of total VSs emitted by Pseudomonas and Serratia
strains on A. thaliana growth. A. thaliana plants were grown on MS
medium in one compartment of a Petri dish, and bacteria were grown
on LA medium in the other compartment of the dish (inoculum was
20 pl of overnight culture, ~ 5% 107 cells, Figs. 2, 3 and 4). An aver-
age mass of the plant grown without bacteria (control, 60-70 mg,
Figs. 2, 3 and 4) was taken as 100%. Values are expressed as mean
in percent of the control + SEM (error bars). The results marked with
asterisk (*) are significantly different from the non-treated control
according to a Student’s ¢-test (p <0.05)

@ Springer

after treatment, the growth of seedlings was not restored
which supported the lethal effect of VSs. If the Petri dishes
were not wrapped with parafilm, the effect was weaker
probably due to at least partial evaporation of VSs. Under
the action of volatiles, the seedlings lost their green color,
which might indicate a disruption of photosynthesis and/or
the death of the plants.

Effect of inactivation of the gacS and rpoS genes

on HCN synthesis and inhibition of A. thaliana plant
growth by a pool of VSs emitted by the strain P.
chlororaphis 449

The production of secondary metabolites by many bacteria,
including Pseudomonas and Serratia, is regulated by the
GacA/GacS two-component regulatory system (Heeb and
Haas 2001; Ovadis et al. 2004; Cheng et al. 2013). This
system consists of a membrane-bound sensor kinase GacS
and a transcriptional response regulator GacA. Mutations
in the gene encoding one of these proteins result in the loss
of antimicrobial production, including production of vola-
tile hydrogen cyanide (HCN) (Heeb and Haas 2001). HCN
has a toxic effect on microorganisms and plants and is an
important factor in the biological control of plant diseases
(Voisard et al. 1989; Corbell and Loper 1995; Blumer and
Haas 2000). It was suggested that bacterial cyanogenesis
might be a key factor responsible for the plant-killing effects
of bacterial volatiles (Blom et al. 2011b). Mutations in the
gacAlgacS genes can also affect VOC synthesis (Han et al.
2006; Cheng et al. 2016; Ossowicki et al. 2017). Apart from
the GacA/Gac$ system, the 6> subunit of RNA polymer-
ase, encoded by the rpoS gene, is involved in the regulation
of metabolic processes during the transition of cells to the
stationary growth phase, when secondary metabolites are
synthesized (Hengge-Aronis 1999).

Using previously obtained mutants of the strain P. chlo-
roraphis 449 with the inactivated gacS$ and rpoS genes
(Veselova et al. 2009; Lipasova et al. 2009), we studied
the effect of inactivation of these genes on HCN synthesis
and inhibition of A. thaliana plant growth by a pool of VSs
emitted by the mutants (Table 2; Fig. 3). The results pre-
sented in Table 2 showed that the wild-type P. chlorora-
phis strain 449 synthesized a detectable amount of HCN,
while gacS and rpoS mutants virtually did not produce this

Table2 The production of HCN by P. chlororaphis 449, gacS and
rpoS mutants

Strains Synthesis of HCN (mg/l)
P. chlororaphis 449 0.020+0.004

P. chlororaphis 449/gacS mutant 0.000

P. chlororaphis 449/rpoS mutant 0.002+0.001
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Fig.3 Effect of VSs of P. chlororaphis 449 and its gacS and rpoS
mutants on the growth of A. thaliana seedlings. Bacteria were grown
on LA medium in one compartement of the Petri dish, A. thaliana
plants were grown on MS medium in the other compartment of the
dish. The bar heights correspond to the average mass of the plant in
percent of the control value+SEM (error bars). The results marked
with asterisk (*) are significantly different from the non-treated con-
trol according to a Student’s #-test (p <0.05)

compound. Nevertheless, the total pools of volatiles of all
three strains inhibited the growth of A. thaliana, but the
inhibition by the VSs of the gacS mutant was lower than
that by VSs of the wild-type P. chlororaphis 449 strain or
the rpoS mutant (Fig. 4). Thus, the HCN synthesis did not
appear to be important for the inhibitory action of total
VSs emitted by gacS and rpoS mutants of the P. chlorora-
phis 449 strain on Arabidopsis plant growth.
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Fig.4 The action of VOCs DMDS, 2-nonanone, 2-heptanone,
2-undecanone and 1-undecene on the growth of A. thaliana

A. thaliana seedlings were grown on MS medium in one compart-
ment of the Petri dish. VOCs were added on the stripes of sterile fil-
ter paper and placed in the other compartment of the dish. The bar
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Effect of individual VOCs emitted
by the Pseudomonas and Serratia strains on A.
thaliana growth

We also studied the action of the major individual VOCs
produced by the tested strains of Pseudomonas and Serra-
tia (Dandurishvili et al. 2011; Popova et al. 2014) on the
growth of A. thaliana seedlings (Fig. 4). The data obtained
revealed the difference in the action of various VOCs and the
dependence of the growth inhibition on the amount of the
volatile compound added. 2-Nonanone and DMDS inhibited
plant growth starting at low doses of 5 and 10 pmol, respec-
tively, while the action of 2-heptanone was significant only
starting at a dose of 25 umol. In the case of 2-undecanone,
strong inhibition was observed at a dose of 5 umol, whereas
1-undecene significantly inhibited growth only at doses over
10 pmol.

Ketones and DMDS had a plant-killing effect. None
of the tested VOCs stimulated A. thaliana growth. Plants
whose growth was strongly inhibited by two weeks of action
of VOC:s did not resume their growth when transferred into
fresh medium (the dishes were not wrapped with parafilm).
Older A. thaliana seedlings were more resistant to VOCs
than younger seedlings. This was tested in experiments in
which VOCs were added not immediately after the appear-
ance of two cotyledonous leaves (6-day-old seedlings) but
after A. thaliana had grown for another two weeks (Fig. 5).
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heights correspond to the average mass of the plant in percent of the
control value + SEM (error bars). The results marked with asterisk (*)
are significantly different from the non-treated control according to a
Student’s #-test (p <0.05)
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Fig.5 The action of VOCs (added after 20 days of the growth of A.
thaliana seedlings) on the growth of A. thaliana plants. A. thaliana
plants were grown in one compartment of the Petri dish. Stripes of
sterile filter paper with different VOCs were added to another com-
partments of a Petri dishes after 20 days of the A. thaliana growth.
The Petri dishes was further incubated with VOCs for two weeks. An

Discussion

The purpose of this work was to study the effect of vola-
tile compounds produced by the rhizosphere bacteria P.
chlororaphis 449 and S. plymuthica 1C1270, the soil-borne
strain P. fluorescens B-4117 and S. proteamaculans strain
94 isolated from spoiled meat on the growth of the model
plant A. thaliana. Earlier, we showed that volatiles emit-
ted by these bacterial strains, including the main headspace
organic compounds ketones (2-nonanone, 2-undecanone),
alkene 1-undecene, and the sulfiding agent DMDS, inhibited
the growth of the strains A. tumefaciens and Synechococcus
sp., as well as the growth of various fungal mycelia. In addi-
tion, these volatiles had a suppressive effect on nematodes
and flies (D. melanogaster) (Popova et al. 2014). The effect
of VOCs on the formation of biofilms and the survival of
the examined bacterial strains in mature biofilms was also
demonstrated (Plyuta et al. 2016). We showed here that the
total pools of VSs of the Pseudomonas and Serratia strains
studied and the individual ketones and DMDS had a strong
action on A. thaliana. 2-Undecanone that acted weakly
against agrobacteria had a strong effect on the plants. Inter-
estingly, 1-undecene, a major VOC synthesized by P. fluore-
scens B-4117 and P. chlororaphis 449, did not significantly
affect the growth of A. fumefaciens C58, the cyanobacterium
Synechococcus sp. PCC 7942, or the fungus Rhizoctonia
solani, but killed Drosophila flies at doses of 25 and 100
pmol and inhibited the growth of A. thaliana. Thus, there
is a difference in the sensitivity of various organisms to
different VOCs. The data obtained confirmed the role of
bacterial volatiles as important compounds involved in inter-
actions between organisms (Effmert et al. 2012; Piechulla
and Degenhardt 2014; Schmidt et al. 2015; Tyc et al. 2017,
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average control mass (160—180 mg) of the plant grown without addi-
tion of VOCs was taken as 100%. The bar heights correspond to the
average mass of the plant in percent of the controlvalue + SEM (error
bars). The results marked with asterisk (*) are significantly different
from the non-treated control according to a Student’s #-test (p <0.05)

Sharifi and Ryu 2018). Although individual VOCs of four
tested strains of Pseudomonas and Serratia do participate in
the suppression of A. thaliana growth by volatiles, the sup-
pression is more likely a cooperative effect of a combination
of volatiles produced by the bacteria.

The role of global regulatory systems in the observed
effect of the total pool of volatiles on the growth of A.
thaliana was studied here using as a model strain of the
rhizosphere P. chlororaphis 449 and its previously obtained
mutants, that had mutations in the global regulatory genes
rpoS and gacS that encode the sigma S subunit of RNA poly-
merase and the sensor kinase of the GacA/GacS regulatory
system, respectively. The rpoS mutation did not change the
effect of VSs on A. thaliana, while the mutation in the gacS
gene reduced it. Unfortunately, we were not able to access
the effect of the gacS mutation on the synthesis of individual
volatile compounds emitted by this strain. The participa-
tion of the GacA/GacS two-component regulatory system in
the synthesis of VOCs was shown earlier for Pseudomonas
strains. Han et al. (2006) determined that GacS-dependent
production of 2R, 3R-butanediol of P. chlororaphis 06 was
a major determinant of induced systemic resistance against
Erwinia carotovora in tobacco plants. A significant decrease
in the amounts of synthesized VOCs, including three acyclic
alkenes, was determined in a gacS mutant of the P. fluores-
cens SBW2S5 strain (Cheng et al. 2016). An important role
of the GacA/GacS system in the production of volatiles was
shown for P. donghuensis P482; the synthesis of DMDS,
S-methyl thioacetate, methyl thiocyanate, dimethyl tri-
sulfide, 1-undecane and HCN depended on the GacA/GacS
system. A gacA mutant entirely lost the ability to inhibit
microbial plant pathogen activity through its volatiles (Osso-
wicki et al. 2017).
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It is known that many bacterial strains, such as strains of
Pseudomonas and Chromobacterium that inhibit the growth
of and kill A. thaliana, synthesize cyanide (CN- or HCN)
(Rudrappa et al. 2008; Blom et al. 2011b) suggested that
HCN might be responsible for killing A. thaliana. However,
the data presented here showed a rpoS mutant of P. chlorora-
phis 449 had a strong inhibition effect on A. thaliana growth
although the mutant practically did not synthesize HCN.
Similarly, the gacS mutant with the inactivated sensor kinase
gene did not produce HCN but still inhibited the growth
of A. thaliana. Last, the P. fluorescens strain B-4117 and
two tested Serratia strains virtually did not produce HCN
(Popova et al. 2014) but still demonstrated a strong effect
on A. thaliana growth. Altogether, the data showed that for
the strains studied in this work, HCN was not a principal
plant growth inhibitor. The same conclusion was made by us
earlier for the VS effect of several P. chlororaphis, P. fluo-
rescens and Serratia strains on Agrobacterium tumefaciens,
Synechococcus, and fungi (Popova et al. 2014).

We also investigated the effect of the predominate
individual VOCs secreted by the studied strains (ketones,
DMDS, and 1-undecene) on the growth of A. thaliana seed-
lings. Little is known about the effects of various pure VOCs
on plants and the mechanisms of their action. The effects of
some VOC:s that stimulate plant growth have been described
(rev. in Fincheira a. Quiroz 2018), for example, 2,3-butan-
ediol (Ryu et al. 2003), acetophenone, 3-hexanone (Groen-
hagen et al. 2013), and DMDS (Meldau et al. 2013; Groen-
hagen et al. 2013). Meldau et al. (2013) concluded that the
sulfiding agent DMDS produced by the naturally associated
bacterium Bacillus sp. B55 promotes Nicotiana attenuate
growth by enhancing sulfur nutrition. From the VOCs tested
in our work, the ketones 2-nonanone and 2-undecanone
reduced the growth of A. thaliana (up to approximately 2—3
times depending on the dose of compound), and 2-heptanone
slightly increased the growth (by 1.3—1.4 times) (Groenha-
gen et al. 2013). In our experiments, all studied compounds
caused significant inhibition of plant growth. Apparently, the
effects of individual VOCs on plants may depend on many
factors, including the species of plants, the conditions of
their growth, and the conditions of the experiments. Further
research into these effects is required and is important both
for elucidating the mechanisms of action of these substances
and for understanding the regularities of the influence of
total pools of bacterial volatiles and the functional role of
individual VOCs secreted by bacteria on plants.

Conclusions

The production of volatiles, including VOCs emitted by bac-
teria, constitutes an important mechanism for the interaction
of plants with bacteria and might be a significant factor in

the biological control of plant diseases. Volatiles of bacteria-
antagonists of phytopathogenic microorganisms suppress the
growth and kill pathogenic fungi and bacteria. It was shown
that individual VOCs (e.g., DMDS) can be used for preplant-
ing fumigation of soils (Audrain et al. 2015a; Schulz-Bohm
et al. 2017; Tyc et al. 2017; Bailly and Weiskopf 2017). A
plant-growth stimulating effect was previously described as
a strain- and volatile-specific phenomenon (Sharifi and Ryu
2018).

The data obtained in this work using A. thaliana as a
model plant and P. fluorescens, P. chlororaphis, S. plymuth-
ica, and S. proteamaculans strains previously described as
antagonists of phytopathogenic microorganisms confirmed
the ability of bacterial volatiles to serve as important media-
tors of plant-bacteria interactions. However, we found that
the individual volatiles, including the main VOCs (ketones
2-nonanone, 2-undecanone, DMDS and 1-undecene) emitted
by the tested bacterial strains, demonstrated plant growth
suppression but not stimulation effects. Even though the
observed inhibitory effect was yet detected only in vitro and
not in real greenhouse and field conditions, these results
need to be taken into consideration when deciding whether
strains producing these specific volatiles can indeed be effi-
cient as biocontrol agents. On the other hand, the ability of
VOC:s to suppress seed germination (Lee et al. 2014 and our
preliminary data) and plant growth may be useful in pre-
planting fumigation of soils to kill not only phytopathogenic
fungi and bacteria but also weeds; subsequent evaporation of
VOCs will make the soil suitable for sowing useful plants.
The possibility and perspective of using volatiles emitted
by microorganisms require serious study under natural
conditions.
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