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Abstract Bacterial antagonists are bacteria that nega-
tively aVect the growth of other organisms. Many
antagonists inhibit the growth of fungi by various
mechanisms, e.g., secretion of lytic enzymes, sidero-
phores and antibiotics. Such inhibition of fungal growth
may indirectly support plant growth. Here, we demon-
strate that small organic volatile compounds (VOCs)
emitted from bacterial antagonists negatively inXuence
the mycelial growth of the soil-borne phytopathogenic
fungus Rhizoctonia solani Kühn. Strong inhibitions
(99–80%) under the test conditions were observed with
Stenotrophomonas maltophilia R3089, Serratia ply-
muthica HRO-C48, Stenotrophomonas rhizophila P69,
Serratia odorifera 4Rx13, Pseudomonas trivialis 3Re2-
7, S. plymuthica 3Re4-18 and Bacillus subtilis B2g.
Pseudomonas Xuorescens L13-6-12 and Burkholderia
cepacia 1S18 achieved 30% growth reduction. The
VOC proWles of these antagonists, obtained through
headspace collection and analysis on GC-MS, show
diVerent compositions and complexities ranging from 1
to almost 30 compounds. Most volatiles are species-
speciWc, but overlapping volatile patterns were found
for Serratia spp. and Pseudomonas spp. Many of the
bacterial VOCs could not be identiWed for lack of
match with mass-spectra of volatiles in the databases.
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Introduction

Plants have to cope with a number of biotic and abiotic
environmental stresses during their growth and devel-
opment. For example, the widespread soil-borne patho-
gen Rhizoctonia solani Kühn (teleomorph:
Thanatephorus cucumeris [A.B. Frank] Donk) is
responsible for serious damage to many economically
important agricultural and horticultural crops as well as
to trees worldwide (Anderson 1982; Sneh et al. 1996).
In the last few years, the importance of this pathogen
has increased dramatically in Europe (Grosch et al.
2005). R. solani strains occur ubiquitously and are both
saprophytic as well pathogenic to more than 500 plant
hosts. Sclerotia-dormant forms of the fungi-are resistant
to environmental extremes and allow the fungus to
survive adverse conditions. Unfortunately, although the
pathogen causes serious economically loss through
reduced yield in many crops, no eVective strategy to
control the pathogen is currently available.

Bacterial antagonists are bacteria that negatively
aVect the growth of other organisms, including plant
pathogens. They play an important role in the suppres-
sion of soil-borne plant diseases (Cook et al. 1995;
Gupta et al. 2000; Whipps 2001; Weller et al. 2002).
Therefore, the knowledge of the mode of action of antag-
onistic bacteria could help in devising successful and
reproducible biological control methods. Mechanisms
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responsible for antagonistic activity include (1) inhibi-
tion of the pathogen, (2) competition for colonisation
sites, nutrients and minerals, (3) parasitism, and (4)
mycophagy (Handelsman and Stabb 1996; Bloemberg
and Lugtenberg 2001; Bais et al. 2004, 2006; Walker
et al. 2003; Haas and Defago 2005). It is a common
strategy of bacterial antagonists to inhibit the plant
pathogens by excretion of antifungal metabolites
(AFMs). Well-known AFMs are antibiotics, toxins and
bio-surfactants (Raaijmakers et al. 2002). Recently, it
was demonstrated that volatile organic compounds of
soil bacteria can inXuence growth of fungi (Alstrom
2001; Wheatley 2002). Such low molecular weight
organic volatiles (VOCs), e.g. terpenoids, phenylprop-
anoids, fatty acid derivatives, have been shown to serve
as inter- and intra-organismic communication signals in
general (Stotzky and Schenk 1976; Schöller et al. 2002;
Wheatley 2002; Pare and Tumlinson 1999; Piechulla
and Pott 2003).

Such compounds can have either harmful or positive
eVects on the organisms perceiving the signal. For
example, a complex mixture of volatile lactones and
terpenoids (including geosmin) that exhibits antibiotic
properties has been identiWed from a marine Strepto-
myces species (Dickschat et al. 2005). Schöller et al.
(2002) screened 26 Streptomyces species and identiWed
a total of 120 diVerent VOCs, comprising alkanes, alk-
enes, alcohols, esters, ketones, sulfur-containing com-
pounds and terpenoids, of which 10% remained
unidentiWed. However, the VOCs were emitted in
diVerent combinations from the diVerent Streptomyces
species (Schöller et al. 2002). Only recently the Wrst
enzymes/genes involved in the biosynthesis of geosmin
of Streptomyces spp. have been isolated (Gust et al.
2003; Cane and Watt 2003).

Bacterial VOCs apparently also have the potential to
act as antifungal compounds (Alstrom 2001; Wheatley
2002). We therefore began a survey to study the emis-
sion of volatiles from bacterial strains, that have been
demonstrated to be antagonists of R. solani, and are
sometimes commercially used as ‘biological control
agents’. The genus Serratia comprises Gram negative
gamma-proteobacteria, which are associated with plant
roots. S. plymuthica has antifungal activities against a
wide spectrum of phytopathogenic fungi, e.g. Fusarium
culmorum, Pythium spp., R. solani and Verticillium dah-
liae (Äström and Gerhardson 1988; Kurze et al. 2001).
Some S. plymuthica isolates produce antibiotics such as
prodigiosin or pyrrolnitrin (Kalbe et al. 1996); others
secrete lytic enzymes (chitinases, glucanases). S. ply-
muthica HRO C48 was isolated from the Brassica napus
rhizosphere and is a phytopathogen against V. dahliae
Kleb, R. solani Kühn and Sclerotinia sclerotiorum De

Bary but exhibits growth promoting eVects on straw-
berry plants via IAA production (Kalbe et al. 1996;
Kurze et al. 2001). The antifungal activities of S. odorif-
era and S. plymuthica 3RE4-18 were characterized by
Berg et al. (2002, 2005, respectively). Pseudomonads
are highly abundant in many rhizo- and endospheres of
Solanum tuberosum and exhibit antifungal activity
against V. dahliae and R. solani by producing antibiot-
ics, proteases and siderophores (Lottmann and Berg
2001; Berg et al. 2005). The S. maltophilia strain, origi-
nally isolated from the rhizosphere of oilseed rape, pro-
duces the antibiotic maltophilin which acts against a
broad range of fungi (Jakobi et al. 1996; Denton and
Kerr 1998). S. rhizophila P69 was also isolated from
roots of Brassica napus and has antifungal activity
against V. dahliae, R. solani and S. sclerotiorum (Mink-
witz and Berg 2001; Wolf et al. 2002). Burkholderia
cepacia (�-proteobacteria, Neisseriae) isolated from the
sporophyte of the moss Sphagnum rubellum has anti-
fungal activity against V. dahliae. For this strain antibi-
otic activity and siderophore secretion was shown
(Opelt and Berg 2004). Finally, two Gram positive bac-
teria were also investigated. S. epidermidis 2P3-18 was
isolated from the phyllosphere of potato and character-
ized as antagonist against soil-borne pathogens (Kre-
chel et al. 2002). Although there are many reports of
this bacterium found in association with plants, the bac-
terium is also known as a nosocomial microorganism
found to be responsible for infections in immune sup-
pressive humans (Zhang et al. 2003). B. subtilis B2g is
the ‘biological control agent’ of the plant protection
product RhizoVit (Marten et al. 2000).

In the work presented here, our goals were to deter-
mine whether bacterial antagonists emit small organic
compounds, and if so, whether these bacterial com-
pounds have the potential to aVect the growth and
development of the phytopathogenic fungus R. solani.

Materials and methods

Bacteria cultures

Bacteria were obtained from the Strain Collection of
Antagonistic Microorganisms (SCAM; University of
Rostock, Microbiology). Eight strains were isolated
from the rhizosphere/endorhiza, one strain derived
from the phyllosphere and one from the sporophyte of
a bryophyte. A complete overview of the origin of the
strains is given in Table 1. An airborne indoor bacte-
rium (not identiWed) was used as a control. For short-
term storage, bacteria were streaked onto nutrient agar
II plates (NA II; peptone from casein 3.5 g l¡1, peptone
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from meat 2.5 g l¡1, peptone from gelatine 2.5 g l¡1,
yeast extract 1.5 g l¡1, NaCl 5 g l¡1, agar–agar 15 g l¡1,
pH 7.2), incubated for 12–24 h at 30°C under constant
dim light (1.5 �Em¡2s¡1) and Wnally stored at 4°C. For
long-term storage, bacteria were maintained in nutri-
ent broth II (NB II; peptone from casein 3.5 g l¡1, pep-
tone from meat 2.5 g l¡1, peptone from gelatine
2.5 g l¡1, yeast extract 1.5 g l¡1, NaCl 5 g l¡1, pH 7.2)
supplemented with 20% glycerol at ¡70°C.

Fungal isolate

Rhizoctonia solani Kühn (RHI S0 WE) was originally
isolated from cabbage (Rita Grosch, Institute of Vege-
table and Ornamental Crops, Großbeeren/Erfurt e.V.).
This isolate belongs to the anastomosis group 2. For
long-term storage, tiny pieces of an actively growing
colony were brought into fungi preservation medium
(peptone from casein 20 g l¡1, yeast extract 10 g l¡1,
glucose 80 g l¡1, glycerol 60%) and stored at ¡70°C.
For short-term maintenance, the fungus was cultivated
on a Waksman-agar plate (WA; tryptone 5 g l¡1, yeast
extract 3 g l¡1, glucose 10 g l¡1, NaCl 5 g l¡1, agar-agar
20 g l¡1, pH 6.8) at 20°C under darkness. Every 10th
day, a 6 mm agar plug with mycelium was taken from
the margin of the colony using a sterile cork borer. The
plug was placed onto a fresh agar plate and incubated
as described above.

Collection and analysis of bacterial volatiles

Bacteria, maintained at 4°C, were inoculated into 6 ml
of NB II and incubated at 30°C under agitation for 12–
24 h (160 rpm; Bühler, Tübingen, Germany) and con-
stant dim light. Reaching an OD600 of 1.0–1.5, cultures
were diluted (»1:105) to obtain an initial inoculum of
200–300 cfu/10 �l. Five droplets (each of 10 �l) of the
dilution were placed onto a NA II plate (glass Petri

dish, 94 £ 15 mm). Droplets were distributed to form
Wve thin lines and plates were incubated for 48 h at
30°C under constant dim light. For volatile analysis, the
incubated glass Petri dish was placed after 48 h incuba-
tion without the lid into a glass Petri dish
(143 £ 30 mm), which had an in- and outlet (analysis
chamber). Charcoal-puriWed, sterile, and humidiWed air
entered the chamber through the inlet with a constant
Xow of 2 l min¡1, which was provided by a membrane
pump (Riechle, Puchheim, Germany). A collection
trap, which contained 100 mg Super-Q (Alltech Asso-
ciates, DeerWeld, IL, USA) was connected to the outlet
and a second pump sucked the volatile-enriched air
over the trap with a constant Xow of 1 l min¡1. The
excess air (in: 2 l min¡1, out: 1 l min¡1) escaped
through the space between dish and lid of the analysis
chamber. During the following incubation period
(24 h = 3rd day, 30°C, 1.5 �Em¡2s¡1), the volatiles were
collected in two intervals, each 12 h. Nonyl acetate as
internal standard (1.5 �g) was added to the column, the
collected volatiles and nonyl acetate were consecu-
tively eluted with 200 and 100 �l dichloromethane.

Samples were analyzed using a GC/MS-QP5000
from Shimadzu (70 eV; Kyoto, Japan) equipped with a
DB5-MS column (60 m £ 0.25 mm £ 0.25 �m; J&W
ScientiWc, Folsom, CA, USA). Splitless liquid injection
of 1 �l sample was performed at 200°C with a sample
time of 2 min using a CTC autosampler (CTC Analyt-
ics, Zwingen, Switzerland). The initial column temper-
ature was set at 35°C, followed by a ramp of
10°C min¡1 up to 280°C with a Wnal hold for 15 min at
280°C. Helium was used as carrier gas. The column
Xow was set at 1.1 ml min¡1 with a linear velocity of
28 cm s¡1.

Mass spectra were obtained using the scan modus
(total ion count, 40–280 m/z). The conWrmation of
compound identity was done by comparison of mass
spectra and retention times with those of available

Table 1 Selected rhizobacte-
rial isolates

Isolates Origin References

Bacillus subtilis B2g Rhizosphere of oilseed rape Marten et al. (2000)
Burkholderia cepacia 1S18 Sporophyte of Sphagnum 

rubellum
Opelt and Berg (2004)

Pseudomonas Xuorescens 
L13-6-12

Rhizosphere of potato Lottmann and Berg (2001)

Pseudomonas trivialis 3Re2-7 Endorhiza of potato Krechel et al. (2002)
Faltin et al. (2004)
Grosch et al. (2005)

Serratia odorifera 4Rx13 Rhizosphere of potato
Serratia plymuthica 3Re4-18 Endorhiza of potato
Serratia plymuthica HRO-C48 Rhizosphere of oilseed rape Kalbe et al. (1996)

Kurze et al. (2001)
Staphylococcus epidermidis 2P3-18 Phyllosphere of potato Berg et al. (2005)
Stenotrophomonas maltophilia 

R3089
Rhizosphere of oilseed rape Berg and Ballin (1994)

Stenotrophomonas rhizophila P69 Rhizosphere of oilseed rape Wolf et al. (2002)
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standards, by comparison of the obtained spectra with
spectra in the library of the National Institute of Stan-
dards and Technology (NIST147), and by comparison
of Kovats indices. Experiments were replicated twice
unless otherwise noted. The resulting proWles were
reproducible with some variations of the peak heights.

Dual culture tests

Bacteria were inoculated into 6 ml of NB II and incu-
bated at 30°C under agitation (160 rpm; Bühler, Tübin-
gen, Germany) under constant dim light up to an
OD600 of 1.0–1.5. Two-compartment plastic plates
(92 £ 16 mm; Sarstedt AG, Nürnbrecht, Germany)
were loaded with NA II on one and WA on the other
side. The NA II side was plated with 50 �l of the pre-
pared bacterial strain and incubated at 30°C under dim
light. After 48 h, an agar plug (Ø 6 mm) was taken
from the margin of a 5–7 days old R. solani mycelium
and placed onto the WA side. Sterile distilled water or
NB II (each 50 �l) instead of the bacterial culture
served as controls. The two-compartment plates were
incubated at 20°C for 5 days under darkness. Images of
the mycelium were then recorded using a digital cam-
era C-3030 Zoom (Camedia, Olympus, Tokyo, Japan).
The area of the grown hyphae was assessed by adapt-
ing the Image Gauge software of the Image analyser
LAS-1000 (FujiWlm, Tokyo, Japan). Experiments were
replicated three times and each experiment comprised
3–7 replicates of each bacterial strain.

Results

Volatile emission from bacterial antagonists

Ten isolates from the strain collection of antagonistic
microorganisms (SCAM) were selected, comprising
Bacillus, Burkholderia, Pseudomonas, Serratia, Staphy-
lococcus and Stenotrophomonas species (Table 1). The
criteria for selection of these strains were: (1) the strains
should be of diVerent phylogenetic origin, (2) they
should possess antagonistic activities, (3) they had been
isolated from diVerent plant species, (4) they should act
by diVerent modes of action and (5) they should release
volatiles that can be recognizable by olfaction.

Preliminary investigations indicated that growth
phase and growth conditions could inXuence bacterial
VOC proWles. It was observed that a plateau in total
VOC emission was reached between the 3rd and 4th
day after inoculation. Therefore, VOC collection was
standardized by growing the bacteria on solid media
(NBII), and collecting VOCs for 12 h on the 3rd day.

Two repetitions under the same experimental condi-
tions were performed. Analysis of the VOC proWles
of ten isolates indicated that they were very diverse.
No VOCs were detected by GC-MS in the headspace
of isolates of B. subtilis B2g, B. cepacia 1S18 and S.
maltophilia R3089. The other isolates had VOC pro-
Wles diVering in numbers and compositions (Fig. 1).
Rich proWles of ten to thirty major compounds are
found in S. plymuthica, S. odorifera, and P. trivialis
isolates, fewer than ten VOCs are present in S. epider-
midis, P. Xuorescens and S. rhizophila (Table 2). The
analysis of the VOC spectra revealed that some com-
pounds are isolate-speciWc while others are emitted
by several antagonists. For example, �-phenylethanol
(RI 1129) could be detected in S. rhizophila, S. epider-
midis, S. plymuthica and S. odorifera (Table 3), while
other compounds with the retention time RI 1090,
1094 and 1502 are only emitted from both tested
pseudomonads, and compounds RI 1195 and 1287 are
present in the volatile products of P. trivialis and S.
rhizophila. S. rhizophila and S. epidermidis share
compound 1419, and the three tested Serratia isolates
commonly emit a number of compounds (RI 1154,
1366, 1383, 1423, 1440, 1445, 1455, 1460, 1497, 1555,
1574, 1576, 1594, 1725), which were not detected in
the VOC products of any of the other investigated
bacteria.

Mass spectroscopic analysis of the compounds and
comparison with the 147,000 compounds comprising
NIST library allowed the identiWcation (probability set
at >90%) of only a few compounds, such as �-phenyl-
ethanol, trans-9-hexadecene-1-ol, undecene, undecadi-
ene, dodecanal, benzylnitrile, benzyloxybenzonitrile,
and dimethyl trisulWde. Many VOCs could not be iden-
tiWed, neither with the quadrupole MS (Shimadzu
QP5000) nor with the highly sensitive sector Weld
GCMS (Vacuum Generators), using the NIST library
as mass spectroscopy reference (Prof. Dr. Wittko Fran-
cke, University of Hamburg). Volatile terpenoids, phe-
nylpropanoids and fatty acid derivatives such as those
found in plants are apparently not present in the VOC
spectrum of these antagonists. The fact that many bac-
terial VOCs could yet not be identiWed is intriguing
because this provides a possible source of new, yet
unknown small molecular mass chemicals. Structural
determinations of these compounds will be necessary
to elucidate these compounds.

Growth development of R. solani co-cultivated
with bacterial antagonists

To investigate whether VOCs of bacterial antagonists
could negatively aVect the growth of R. solani, a dual
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culture system was developed whereby the two organ-
isms grew on the same plate but divided by a physical
barrier so that only volatiles but no solutes of the bac-
teria could reach the fungus. After 5 days of co-cultiva-
tion, the amount of mycelium growth of R. solani was
measured (Fig. 2). Mycelium growth was inhibited by
more than 80% when P. Xuorescens, P. trivialis, S.
maltophilia, S. rhizophila, S. odorifera, both isolates of

S. plymuthica, and B. subtilis were cultivated next to R.
solani (Fig. 3). B. cepacia inhibits R. solani growth by
30% and S. epidermidis negatively inXuences the myce-
lial growth of R. solani by only 8%. S. maltophilia
R3089 caused the strongest inhibition, 99%, under
these test conditions, followed by S. plymuthica HRO-
C48 (96%), S. rhizophila P69 (94%), S. odorifera
4Rx13 (92%), P. trivialis 3Re2-7 (89%), S. plymuthica

Fig. 1 GC proWle of bacterial volatile analysis. Bacterial antago-
nists were grown on agar plates for 2 days and then transferred to
the VOC analysis chamber, VOCs were collected in two intervals
(each 12 h) on Super-Q absorbance material, eluted and analysed
with a GC-MS (Shimadzu QP5000). Typical GC proWles of bacte-
rial VOCs of Serratia plymuthica HRO-C48 (a), S. odorifera
4Rx13 (b), S. plymuthica 3Re4-18 (c), Pseudomonas trivialis
3Re2-7 (d), Stenotrophomonas rhizophila (e), Staphylococcus
epidermidis (f), P. Xuorescens (g) are shown. Compounds that are
emitted from bacteria are either indicated by asterisk or a letter

code (S1-14, So etc.), other peaks result from the headspace sys-
tem. VOCs were identiWed with a minimum of 90% mass spec-
trum identity. S1-14: VOCs from Serratia spp. (S1: benzyl nitrile).
So: VOCs from S. odorifera (So1: dimethyl trisulWde). Sp: VOCs
from S. plymuthica (Sp1: trans-9-hexadecene-1-ol). P1-P3: VOCs
from Pseudomonas spp. (P1: undecadiene; P2: undecene). Pt1:
VOCs from P. trivialis (benzyloxybenzonitrile). PtSr1, PtSr2:
VOCs from P. trivialis and S. rhizophila. SrSe1: VOC from S. rhi-
zophila and S. epidermidis, dodecanal. M1: VOC from several
bacterial isolates, �-phenylethanol
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3Re4-18 (85%), B. subtilis B2g (82%) and P. Xuores-
cens L13-6-12 (79%).

Discussion

Secondary metabolites have been shown to function in
aboveground communication between living organisms,

and recently it has also been demonstrated that they
are also important for underground communication
(Rasmann et al. 2005). Here we selectively focussed on
small organic molecules (whose molecular mass is usu-
ally <300) that characteristically have a high vapour
pressure and therefore easily volatilize. Such volatile
organic compounds (VOCs) are ideal infochemicals
because they can act over a wide range of distances and

Table 2 Volatiles released 
from bacterial antagonists

Isolates Number 
of VOCs

IdentiWed VOCs 
(minimum of 90% identity)

Bacillus subtilis B2g 0 –
Burkholderia cepacia 1S18 0 –
Pseudomonas Xuorescens L13-6-12 4 Undecenea (RI 1094)
Pseudomonas trivialis 3Re2-7 12 Undecadienea (RI1091)

Undecenea (RI 1094)
Benzyloxybenzonitrile

(RI1906)
Serratia odorifera 4Rx13 25 Dimethyl trisulWde (RI 990)

�-Phenylethanol (RI 1130)
Serratia plymuthica HRO-C48 14 �-Phenylethanol (RI 1124)

Trans-9-hexadecene-1-ol 
(RI 1890)

Serratia plymuthica 3Re4-18 17 �-Phenylethanol (RI 1129)
Benzylnitrile (RI 1156)

Staphylococcus epidermidis 2P3-18 3 �-Phenylethanol (RI 1129)
Dedecanal (RI 1419)

Stenotrophomonas maltophilia R3089 0 -
Stenotrophomonas rhizophila P69 9 �-Phenylethanol (RI 1129)

Dodecanal (RI 1419)

Bacterial isolates from the rhi-
zosphere and phyllosphere of 
diVerent plants, see Table 1; 
volatiles where collected on a 
super Q column, eluted and 
analysed on a DB5 column in 
a GCMS Shimadzu QP5000, 
RI retention index
a Position and geometry of 
double bonds unknown

Table 3 Overlapping presence of VOCs in various antagonists

Numbers present retention index

Pseudomonas 
Xuorescens L13-6-12

Pseudomonas
trivialis 3Re2-7

Stenotrophomonas 
rhizophila

Staphylococcus 
epidermidis

Serratia plymuthica 
HRO-C48

Serratia plymuthica 
3Re4-18

Serratia 
odorifera

– – 1129 1129 1124 1129 1130
1090 1091 – – – – –
1094 1094 – – – – –
1502 1503 – – – – –
– 1195 1196 – – – –
– 1287 1288 – – – –
– 1329 1331 – 1328 – –
– – 1419 1419 – – –
– – – – 1154 1156 –
– – – – 1366 1366 1367
– – – – 1383 1387 1388
– – – – – 1423 1424
– – – – 1440 1442 1442
– – – – 1445 1445 1448
– – – – 1455 1457 1458
– – – – 1460 1461 1462
– – – – – 1497 1497
– – – – – 1555 1556
– – – – 1574 1571 1572
– – – – – 1576 1577
– – – – – 1594 1596
– – – – 1725 1734 1735
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their spheres of activity will extend from proximal
interactions, due to aqueous diVusion, to greater dis-
tances via diVusion in air, including in soil pores
(Wheatley 2002). In this paper, volatile emission from
antagonistic acting bacteria was investigated and
respective VOCs were used as a source of antifungal
metabolites.

In our survey, of the ten bacterial antagonists that
were investigated, VOCs from seven bacterial isolates
were detectable with a GC-MS. These results conWrm
that volatile compounds could be of bacterial origin
(Stotzky and Schenk 1976). The number of com-
pounds detected in the headspaces of the bacteria
varied for the diVerent bacterial isolates. A rich VOC
proWle was obtained from all Serratia isolates, and P.
trivialis 3Re2-7, a less complex spectrum was found in
S. epidermidis 2P3-18, P. Xuorescens L13-6-12 and S.
rhizophila P69, while no volatiles were detected for
B. subtilis B2g, B. cepacia 1S18 and S. maltophilia
R3089.

The investigation of the bacterial antagonists in
respect to the emission of volatile metabolites brought
new and interesting insights concerning the physiology

and features of these microorganisms. Of the approxi-
mately 80 VOCs that were emitted from seven of the
bacterial isolates tested here, as many as 60 could not
be unidentiWed. It appears that these compounds are
not the common VOCs previously identiWed in plants,
animals and bacteria and present in the NIST library
(comprising 147,000 compounds).

It has recently been shown that two very well
known, small organic compounds (2,3-butanediol and
acetoin) emitted by Bacillus subtilis stimulate plant
growth (Ryu et al. 2003, 2004). Interestingly, B. subtilis
also emit approximately 20 other VOCs that have no
eVect on plant growth. Butanediol and acetoin are typ-
ically synthesized and excreted by bacilli upon growth
on e.g. glucose. After glucose consumption bacilli are
able to take up butanediol and acetoin to further
metabolize these compounds. Butanediol and acetoin,
therefore, serve as external nutrient sources, which are
advantageous for bacilli in their ecological niche. That
such released compounds can have additional eVects,
for example on other organisms such as plants (e.g.
growth promotion) is a new and very interesting
aspect.

Fig. 2 Dual culture of Serra-
tia odorifera and Rhizoctonia 
solani. S. odorifera was grown 
for 2 days at 30°C before a 
plug of R. solani mycelium 
was placed on the other side 
of the two-chamber Petri dish, 
the co-cultivation was per-
formed for 5 days at 30°C

Fig. 3 Radial mycelium growth of Rhizoctonia solani in dual cul-
ture. Rhizobacterial isolates were co-cultivated with R. solani in a
two-chamber Petri dish for 5 days. The radial growth was deter-
mined and the percent inhibition compared to the control growth
with water or nutrient broth (NB) was calculated. The experi-
ment was repeated three times and each experiment comprised
5–7 plates of each rhizobacterial isolate. Error bars indicate §SE.

Pseudomonas Xuorescens L-13-6-12, Pseudomonas trivialis 3Re2-
7, Stenotrophomonas rhizophila P69, Stenotrophomonas malto-
philia 3089, Serratia odorifera 4Rx13, Serratia plymuthica 3Re4-
18, S. plymuthica HRO-C48, Burkholderia cepacia 1S18, Staphy-
lococcus epidermidis 2P318a, and an unidentiWed airborne indoor
bacterium

0

20

40

60

80

100

H2O NBII indoor
bacterium

  m
yc

el
iu

m
 g

ro
w

th
 o

f R
.s

. 5
 d

pi
 (

%
)

P.
fluorescens
L-13-6-12

P.
trivialis
3Re2-7

S.
rhizophila 

P69

S.
maltophilia

3089

S.
odorifera
4Rx13 

S.
plymuthica
3Re4-18

S.
plymuthica
HRO-C48  

B.
subtilis

B2g

B.
cepacia
1S18

S.
epidermidis

2P3-18a
123



Arch Microbiol
The large number of compounds emitted by the bac-
terial antagonists may inXuence the organisms of the
rhizosphere community, e.g. fungi, plants and other
bacteria. Particularly interesting in this context is the
wealth of VOCs emitted from Serratia spp., of which
many appear to be speciWc for this genus (Table 3).
Beside �-phenylethanol, which can have cytotoxic
eVects (Etschmann et al. 2002), it is very likely that the
Serratia spp. also emit trans-9-hexadecen-1-ol, dime-
thyl trisulWde and benzyl nitrile. Dimethyl trisulWde is
also emitted from Phallus impudicus to attract Xies to
support spore dispersal, from many Streptomyces spp.,
and from Gram negative bacteria growing on beef
meat (Borg-Karlson et al. 1994; Schöller et al. 2002;
Dainty et al. 1989). The compound with the retention
index RI 1386, which is emitted from the Serratia spp.
is most likely an unknown sesquiterpene (W. Francke,
personal communication). It will be of signiWcant inter-
est if it can be unequivocally demonstrated that VOC
products of bacterial antagonists contain terpenoids,
since terpenoids are well known deterrent agents (Ger-
shenzon and Kreis 1999; Arimura et al. 2004). Such a
role could also be performed by �-phenylethanol,
which is emitted from other tested antagonists (Serratia
spp., S. epidermidis, S. rhizophila). �-phenylethanol is
also known as a typical Xoral fragrance compound
(rose-like odor) emitted from roses, hyacinths, jas-
mines, daVodiles and lilies, but also from bacteria
(Mycobacterium spp., Brevibacterium linens, Strepto-
myces spp.) and fungi (Saccharomyces spp., Phellinus
spp., Ischnoderma benzonium) (Etschmann et al. 2002;
Schöller et al. 2002). Antimicrobial eVects of �-phenyl-
ethanol due to permeability alterations at the plasma-
membrane, alterations of the amino acid and sugar
transport system, and inhibition of macromolecule syn-
thesis (Ingram and Buttke 1984; Lucchini et al. 1993;
Etschmann et al. 2002).

The VOCs identiWed to date from both Gram nega-
tive pseudomonads comprise primarily aliphatic unsat-
urated hydrocarbons or ketones, however many
volatiles released from P. trivialis 3Re2-7 remained to
be identiWed. Interestingly, the VOC proWles of both
Stenotrophomonas spp. do not share common com-
pounds. Although both strains can strongly inhibit the
growth of Rhizoctonia via VOCs, the number of the
VOCs detected in their headspaces is diVerent. The
lack of detected volatiles in the headspace of S. malto-
philia R3089 was however unexpected, because the
culture of S. maltophilia had a distinct smell as deter-
mined by the human nose. This discrepancy is most
likely due to the fact that the GC-MS analysis started
at a retention time of 10 min, and small compounds
might elute earlier. Only a few volatiles are emitted

from S. epidermidis, while no compounds were
detected from B. subtilis.

It should be noted that the volatile patterns pre-
sented in Fig. 1 and summarized in Table 2 do not reX-
ect the complete spectrum of volatiles emitted from
these bacterial isolates. It is more likely that the meth-
ods used allowed the detection of only some of the
components of the headspace. This is due to the fol-
lowing facts (a) the volatile compounds were dissolved
in a solvent before injection into the GC. The solvent
came out as a large peak extending to RI 837, and
therefore small compounds with a retention index
smaller than 837 could not be analysed during GC, (b)
volatiles were only collected from the 3rd to the 6th
day after inoculation, (c) the open headspace system
allows the outXow of approximately 50% of the Petri
dish atmosphere, and (d) the GCMS analysis was only
performed with one column type (DB5) and it can be
expected that other analytical columns, e.g. hydropho-
bic columns, separate other compounds and reveal
other proWles. Together these points may explain the
unexpected results that although for S. maltophilia and
B. subtilis no VOCs could be detected, both bacterial
isolates exhibit inhibitory activity against R. solani.
Furthermore, discrepancies with previously published
bacterial volatile patterns may be the result of the use
of diVerent bacterial isolates, the use of diVerent
growth media/growth conditions, or the growth phase
of the bacterial population (Ryu et al. 2003, 2004; Fer-
nando et al. 2005; Fiddaman and Rossall 1994; M. Kai,
personal observation).

The antifungal activities of the bacterial antagonists
used in our study had been previously documented
(Berg et al. 2002, 2005), but these activities were corre-
lated with the secretion of antibiotics, lytic enzymes or
siderophores. Here we present an additional mode of
action against the soil-borne plant pathogen R. solani.
Volatiles of the Pseudomonas spp., Serratia spp., Steno-
trophomonas spp. drastically inhibited the growth of R.
solani, while a moderate or no inhibition was observed
with the VOCs of Burkolderia cepacia and Staphylo-
coccus epidermidis, respectively. To our knowledge
this is the Wrst documentation that VOCs of these bac-
terial antagonists inhibit the mycelium growth of R.
solani. Previously, it was demonstrated that VOCs of
randomly selected soil bacteria isolates stimulate or
inhibit the growth rate of Trichoderma viridae, Phaen-
aerochaete magnoliae, Phytophthora cryptogea, Gaeu-
mannomyces graminis and Microdochium nivale
(Wheatley 2002). Alstrom (2001) reported that 21
strains of soil bacteria (e.g. Serratia proteamaculans,
Pseudomonas putida, P. acidovorans, P. chlororaphis,
Stenotrophomonas spp. and Alcaligenes spp.) isolated
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from oil seed rape roots suppressed the pathogen V.
dahliae, and Fernando et al. (2005) demonstrated
inhibitory eVects of Pseudomanas spp. volatiles on
Sclerotinia sclerotiorum.

Together, these investigations clearly demonstrate
that VOC-mediated interactions between bacteria
and fungi occur. Such interactions can be species-
speciWc, but it also appears that VOCs of many
microorganisms can have eVects on multiple mem-
bers of the ecological community. In vitro, these
interactions range from almost complete mycelium
growth inhibition to small growth reduction as well
as mycelial and conidial morphological abnormalities
(Chaurasia et al. 2005). It has also been recently
demonstrated that plant roots produce and emit sec-
ondary metabolites (Chen et al. 2004; Steeghs et al.
2004). Sesquiterpene lactones in root exudates of
various agricultural crops stimulate germination of
the parasitic weeds Striga and Orobanche and induce
hyphal branching of abuscular mycorrhizal fungi at
low concentrations (Bouwmeester et al. 2003; Akiy-
ama et al. 2005). (E)-�-caryophyllene was shown to
act as a root herbivore-induced soil volatile to attract
nematodes to maize roots (Rasmann et al. 2005). The
results reported here add to the results of previous
investigations in supporting the conclusion that
belowground VOCs play a crucial role in the rhizo-
sphere interactions.
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