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Abstract The impact of biocontrol strainPseudomonas
fluorescensCHA0 and of its genetically modified, antibio-
tic-overproducing derivative CHA0/pME3424 on a recon-
structed population of the plant-beneficialSinorhizobium
meliloti bacteria was assessed in gnotobiotic systems. In
sterile soil, the final density of the reconstructedS. melilo-
ti population decreased by more than one order of magni-
tude in the presence of either of thePseudomonasstrains
when compared to a control without addition ofP. fluores-
cens. Moreover, there was a change in the proportion of
each individualS. meliloti strain within the population.
Plant tests also revealed changes in the nodulatingS. meli-
loti population in the presence of strains CHA0 or CHA0/
pME3424. In both treatments oneS. meliloti strain, f43,
was significantly reduced in its root nodule occupancy.
Analysis of alfalfa yields showed a slight but statistically
significant increase in shoot dry weight when strain CHA0
was added to the reconstructedS. meliloti population
whereas no such effect was observed with CHA0/
pME3424.
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Introduction

Certain strains of fluorescent pseudomonads are able to
suppress a variety of plant diseases caused by soil-borne
pathogens, and, hence, are of considerable agricultural val-
ue (Kloepper 1993). For instance,Pseudomonas fluores-
censstrain CHA0 effectively protects wheat fromGaeu-
mannomyces graminisvar. tritici in greenhouse and field
experiments and is active against a variety of other root
diseases (De´fago et al. 1990). The strain produces several
secondary metabolites with antimicrobial activity such as
hydrogen cyanide, 2,4-diacetylphloroglucinol (Phl) and
pyoluteorin (Plt). Analyses of mutant strains affected in
the synthesis of antibiotics established the relevance of
antibiotic production for biocontrol ability ofP. fluores-
censCHA0 (Keel et al. 1992). A derivative ofP. fluores-
censCHA0 carrying chromosomal CHA0-DNA cloned in
cosmid pME3090 was shown to overproduce the antibio-
tics Phl and Plt and also to display enhanced biocontrol
capability in certain host-pathogen systems (Maurhofer et
al. 1992, 1995). Subsequent studies established that the en-
hanced biocontrol ability conferred by plasmid pME3424,
a subclone of pME3090, was due to the amplification of
the rpoD gene, which encodes the housekeeping sigma
factor (r70) of P. fluorescens(Schnider et al. 1995).

Based on the increasing knowledge about the molecular
mechanisms that underlie antibiotic production and thus
biocontrol, the use of biocontrol agents improved by ge-
netic engineering in agriculture seems feasible. The delib-
erate release of genetically modified organisms (GMOs),
however, requires a thorough analysis of their potential
ecological impact (Smit et al. 1992). Laboratory-based mi-
crocosm experiments have to be conducted prior to the
field release of GMOs. As part of these analyses the issue
of whether GMOs could affect non-target organisms needs
to be addressed. One group of soil microorganisms which
is of importance for soil fertility are bacteria of the genera
Bradyrhizobiumor Sinorhizobium,which fix atmospheric
nitrogen in symbiosis with important leguminous crop
plants such as soybean or alfalfa (Long 1989). Hence, it is



mandatory to evaluate whether GMOs might exert a nega-
tive influence on these plant-beneficial soil bacteria.

In this work, the impact ofP. fluorescensstrain CHA0
and of its genetically modified, antibiotic-overproducing
derivative CHA0/pME3424 on plant-beneficialS. meliloti
bacteria was assessed using gnotobiotic systems. ThreeS.
meliloti field isolates which differed in their sensitivity to
Plt were chosen to represent a reconstructedS. meliloti
population. Impact analyses were performed at the subpo-
pulation level to monitor changes in a vegetatively grow-
ing as well as an alfalfa-nodulatingS. melilotipopulation.
In addition, the influence of biocontrol strains on alfalfa
plant yield was assessed.

Materials and methods

Bacterial strains, media and growth conditions

Wild-type strains f23, f43 and f62 are members of a naturalS. melilo-
ti population sampled from root nodules of alfalfa plants grown on a
mining recultivation field near Cologne (Kosier et al. 1993). Field iso-
late f23 belonged to a major infective group, whereas strains f43 and
f62 belonged to minor infective groups of this population. Strains
f231, f431 and f621 were derivatives of wild-type strains f23, f43 and
f62 with a spontaneous resistance to streptomycin (Smr), spectinomy-
cin (Spr) or neomycin (Nmr), respectively. Antibiotic-resistant deriva-
tives were obtained by plating 500ll late log-phase cultures on LB
plates supplemented with the appropriate antibiotics. Spontaneous
antibiotic-resistant mutants were purified by three single-colony pas-
sages on selective media. All experiments in this study were con-
ducted with variants of biocontrol strainP. fluorescensCHA0 and its
antibiotic-overproducing derivative CHA0/pME3424 (Tcr), which are
characterized by a spontaneous resistance to rifampicin (Natsch et al.
1994; Schnider et al. 1995).S. melilotiandP. fluorescensstrains were
grown at 308C on LB medium (Miller 1972). For solid media 15 g
agar l–1 medium was added. The final concentrations of antibiotics
per litre medium were 500 mg streptomycin, 200 mg spectinomycin
and 100 mg neomycin forS. meliloti and 100 mg rifampicin and
100 mg tetracycline forP. fluorescens. Minimal inhibitory concentra-
tion (MIC) tests to assess the sensitivity ofS. melilotistrains to Phl
and Plt were carried out as described by Keel et al. (1992) except that
LB medium was used instead of nutrient yeast broth.

Polymerase chain reaction fingerprint analysis

Sinorhizobium melilotistrains were typed with the help of the ERIC
polymerase chain reaction (PCR) fingerprinting method (De Bruijn
1992) using only primer ERIC2 (5'-AAGTAAGTGACTGGGGT-
GAGCG-3') in the PCR reaction. The PCR primer was synthesized in
a Gene Assembler Special (Pharmacia). The DNA template was ob-
tained from a lysate of a single colony by heating the cells in a lysis
buffer [0.25% sodium dodecyl sulphate (SDS)/0.05M NaOH] at
958C for 15 min. One microlitre of a 1:10 dilution of the resulting ly-
sate was used per PCR reaction. Eight microlitres of each PCR probe
was separated in horizontal 2% agarose gels in TRIS-acetate buffer
for 150 min at 70 V. The gels were stained with ethidium bromide
and photographed on a UV transilluminator (312 nm) using a charge
coupled device (CCD) camera (Cybertech, Germany).

Microcosm studies

Sterile soil microcosms

Microcosm studies to assess the impact ofP. fluorescensCHA0 and
CHA0/pME3424 on vegetatively growingS. melilotistrains were per-

formed according to Selbitschka et al. (1995) using the small micro-
cosm system described by Henschke and Schmidt (1989). In these
studies antibiotic-resistant derivatives of field strains were used. In or-
der to ensure that the spontaneous mutations did not affect the
strains’ growth characteristics, the resistant strains were tested in com-
petition experiments against their parental strains in LB medium and
sterile soil microcosms. No differences between wild-type isolates and
their spontaneous antibiotic-resistant derivatives could be observed,
indicating that the mutations did not affect the competitive growth
abilities of resistant strains (data not shown). Antibiotic-resistant deri-
vatives of field strains were grown overnight in LB medium and bac-
terial cell densities were determined by measuring the optical densi-
ties (OD580) using a Novaspec II photometer (Pharmacia). Bacterial
cells were washed twice with sterile bidistilled water and microcosms
were inoculated at a cell density of approximately 105 CFU g–1 soil.
The number of cultivable cells of the individual strains was deter-
mined by plating on LB plates supplemented with the proper antibio-
tics. Microcosm experiments were run in triplicate.

Sterile vermiculite microcosms

For evaluation of the impact ofP. fluorescensCHA0 and CHA0/
pME3424 on alfalfa nodulation by a reconstructedS. melilotipopula-
tion, a newly developed larger microcosm system was used. The mi-
crocosm consisted of an open glass column with a length of 20 cm
and a diameter of 3 cm. A fritted glass filter served as a bottom to fix
the vermiculite in the microcosm. In order to achieve a constant water
supply, a cotton thread which was passed through a hole in the mid-
dle of the glass filter connected the vermiculite with a water reservoir.
Vermiculite was washed 3 times in distilled water and dried for 24 h
at 1608C. Four grams vermiculite (dry weight) was used per micro-
cosm. One millilitre plant nodulation medium (Rolfe et al. 1980) was
added per microcosm and the assembled microcosms were autoclaved
for 20 min at 1218C. After inoculation, twoMedicago sativaseeds
which had been surface sterilized according to Kosier et al. (1993)
were added per microcosm. Microcosms were incubated in a growth
chamber [70% relative humidity with 16 h light (208C) followed by
an 8-h dark (188C) period]. After 8 weeks of plant cultivation all root
nodules were harvested, crushed and the bacteria reisolated as de-
scribed previously (Kosier et al. 1993). The reisolated bacterial strains
were identified using the ERIC PCR fingerprinting method (see
above). For determination of shoot dry weights, shoots of plants de-
rived from 12 microcosms (24 plants; control) or 18 microcosms (36
plants; P. fluorescensCHA0 or CHA0/pME3424, respectively) were
dried for 6 days at 37oC and subsequently weighed.

Statistical analysis of data

Statistical analyses of experimental data were performed using theF-
test and Student’st-test. Significance was determined at theP≤0.05
level.

Results and discussion

Pseudomonas fluorescensstrains CHA0
and CHA0/pME3424 influence the structure
of a reconstructedS. melilotipopulation
in a sterile soil microcosm

In order to test whether biocontrol strainP. fluorescens
CHA0 or its genetically modified derivative CHA0/
pME3424 affected the structure of a reconstructedS. meli-
loti population, growth ofS. melilotistrains in sterile soil
was monitored. Previous studies had revealed that various
Gram-negative and Gram-positive soil bacteria displayed
sensitivity to theP. fluorescensantibiotic Phl in an in vitro
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test (Keel et al. 1992). Correspondingly,S. melilotistrains
f23, f43 and f62 responded differently to the antibiotics
Phl and Plt. Whereas all three strains showed a com-
parable insensitivity to high concentrations of Phl
(>1000lg–1 ml), the sensitivity to Plt differed among
strains. The MIC values of strains f23, f62 and f43 were
50, 10 and 5lg–1 ml, respectively.

Sinorhizobium melilotistrains f231 (Smr), f431 (Spr)
and f621 (Nmr) were coinoculated withPseudomonasbio-
control agents in a 1:1:1:1 ratio in sterile soil microcosms.
An experiment whereS. melilotistrains were inoculated in
a 1:1:1 ratio served as the control. In the control experi-
ment strain f231 multiplied to the highest cell density of
approximately. 9× 107 CFU g–1 soil within 50 days of in-
cubation and hence displayed the best growth competitive-
ness of the strains tested. Strain f431 reached a slightly
lower cell density of approximately 5× 107 CFU g–1

whereas strain f621 reached a significantly lower (P≤0.05)
cell density of approximately 8× 106 CFU g–1 soil
(Fig. 1). TheS. melilotipopulation reached its highest to-
tal count of 1.48× 108 CFU g–1 soil 10 days after micro-
cosm inoculation and remained essentially constant during
the rest of the experiment.

In microcosms whereP. fluorescenswild-type strain
CHA0 or its genetically engineered derivative CHA0/
pME3424 were included, eachS. melilotistrain reached a
comparable density of approximately 3× 106 CFU g–1

soil (Fig. 1). Thus, in the presence ofP. fluorescensdiffer-
ences in the growth competitive abilities of strains dimin-
ished. Moreover, the final size of theS. melilotipopulation
was more than one order of magnitude below that of the
control experiment (1×107 vs 1.48×108 CFU g–1 soil). This
result might be explained by the faster growth ofP. fluor-
escenscompared to theS. meliloti strains and the conco-
mitant depletion of nutrients.

The enhanced biocontrol ability of strain CHA0/
pME3424 is a plasmid-borne trait. In order to exclude the
possibility that the identical effects exerted by bothP.
fluorescensstrains were due to plasmid instability, reiso-
lates were tested for their resistance to tetracycline. Ap-
proximately 70% of the CHA0 cells still harboured plas-
mid pME3424, and hence the comparable effects exerted
by both strains on the reconstructedS. melilotipopulation
were very probably not attributable to instability of plas-
mid pME3424.

Pseudomonas fluorescensstrains CHA0
and CHA0/pME3424 influenceS. meliloti
strains’ root nodule occupancy in a gnotobiotic system

Since spontaneous antibiotic resistance mutations might af-
fect the strains’ symbiotic properties (e.g. Bromfield et al.
1985), wild-type strains f23, f43 and f62 were used to as-
sess the impact ofP. fluorescensstrains CHA0 and CHA0/
pME3424 on the alfalfa-nodulatingS. melilotipopulation.
For this purpose eachPseudomonasstrain was inoculated
in a 1:1:1:1 ratio with wild-type strains f23, f43 and f62 in
sterile microcosms containing vermiculite and twoM. sati-
va plants. Initially, sterile soil was used but since nodula-
tion of M. sativa plants was virtually abolished, vermicu-
lite was used as the carrier material. Microcosms contain-
ing the three field isolates inoculated in a 1:1:1 ratio
served as a control.

In the control experiment, strain f23 occupied approxi-
mately 55% of nodules, whereas strains f62 and f43 occu-
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Fig. 1A–C Growth competition amongS. melilotistrains f231, f431
and f621 as determined by selective plate counts without (A), and
with coinoculation ofP. fluorescensCHA0 (B) or its antibiotic-over-
producing derivative CHA0/pME3424 (C) in sterile soil microcosms.
Strains were always coinoculated in equal quantities. Data are the
mean of three independent experiments ± standard deviations (bars)



pied only approximately 30% and 15% of root nodules, re-
spectively (Fig. 2). The proportion of the individual strains
to total root nodules induced seems to reflect their status
in the naturalS. meliloti population sampled from alfalfa
nodules (Kosier et al. 1993). It is worth noting that strain
f23, which belonged to a major infective group of this
field population, also displayed a superior nodulation com-
petitiveness in these microcosm experiments.

In microcosms where wild-type strain CHA0 or its anti-
biotic-overproducing derivative CHA0/pME3424 were in-
cluded, root nodule occupancy of strains f23 and f62
slightly increased whereas strain f43 occupied significantly
fewer root nodules. In both treatments strain f43 occupied
only approximately 4% (CHA0) and 2.5% (CHA0/
pME3424) of nodules, respectively. It remains to be deter-
mined whether strain’s f43 decrease in nodule occupancy
is correlated with its sensitivity to the antibiotic Plt. The

potential of strain CHA0 to synthesize antimicrobial meta-
bolites in situ i.e., in the rhizosphere, has been demon-
strated for Plt and Phl (Keel et al. 1992; Maurhofer et al.
1995).

Both P. fluorescensstrains multiplied to a density of
approximately 7×107 CFU g–1 vermiculite. Again more
than 70% of CHA0 cells harboured pME3424 as indicated
by the presence of the tetracycline resistance marker. Simi-
lar results on the stability of plasmid pME3090 in strain
CHA0 grown in plant rhizospheres have been reported
previously [Maurhofer et al. 1992, 1995; plasmids
pME3090 and pME3424 are both derivatives of the same
basic replicon pVK100 (Schnider et al. 1995)].

Analyses to assess the influence of biocontrol strains
on alfalfa shoot dry weight revealed that plant yield was
not affected by coinoculation of the reconstructed rhizobial
population with genetically modified strainP. fluorescens
CHA0/pME3424 compared to the control withoutP. fluor-
escens(200 ± 43 mg vs 206 ± 24 mg). In contrast, addi-
tion of wild-type strain CHA0 significantly (P≤0.05) im-
proved shoot dry weight of alfalfa plants (237 ± 37 mg vs
206 ± 24 mg). Stimulation of plant growth by coinocula-
tion of alfalfa with S. melilotiand P. fluorescenshas been
reported previously (Liste 1993). Conversely, it has been
shown that strain CHA0/pME3424 in some cases may ex-
ert a negative influence on the growth of certain plant spe-
cies (Maurhofer et al. 1992, 1995). Thus, the absence of a
plant growth stimulating effect by CHA0/pME3424 might
be attributable to such reasons.

In summary, our results show that no GMO-specific ef-
fect of P. fluorescensCHA0/pME3424 displaying en-
hanced biocontrol capability on the structure of a growing
or alfalfa-nodulatingS. melilotipopulation occurred. More-
over, no negative effect of CHA0/pME3424 on alfalfa
yield was observed.
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