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Abstract

Information on the effects of released wild-type or genetically engineered bacteria on resident bacterial communities is
important to assess the potential risks associated with the introduction of these organisms into agroecosystems. The rifampicin-
resistant biocontrol strain Pseudomonas fluorescens CHAO-RIif and its derivative CHAO-Rif/pME3424, which has improved
biocontrol activity and enhanced production of the antibiotics 2,4-diacetylphloroglucinol (Phl) and pyoluteorin (Plt), were
introduced into soil microcosms and the culturable bacterial community developing on cucumber roots was investigated 10 and
52 days later. The introduction of either of the two strains led to a transiently enhanced metabolic activity of the bacterial
community on glucose dimers and polymers as measured with BIOLOG GN plates, but natural succession between the two
sampling dates changed the metabolic activity of the bacterial community more than did the inoculants. The introduced strains
did not significantly affect the abundance of dominant genotypic groups of culturable bacteria discriminated by restriction
analysis of amplified 16S rDNA of 2500 individual isolates. About 30-50% of the resident bacteria were very sensitive to Phl
and PIt, but neither the wild-type nor CHAO-Rif/pME3424 changed the proportion of sensitive and resistant bacteria in situ. In
microcosms with a synthetic bacterial community, both biocontrol strains reduced the population of a strain of Pseudomonas
but did not affect the abundance of four other bacterial strains including two highly antibiotic-sensitive isolates. We conclude
that detectable perturbations in the metabolic activity of the resident bacterial community caused by the biocontrol strain
CHAO-RIf are (i) transient, (ii) similar for the genetically improved derivative CHAO-Rif/pME3424 and (iii) less pronounced
than changes in the community structure during plant growth. © 1998 Federation of European Microbiological Societies.
Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

The commercial application of beneficial bacteria
for biological control or bioremediation requires the
release of large numbers of cells of wild-type or ge-
netically engineered strains into the soil ecosystem.
The ecological safety of such releases should be as-
sessed and studies on microbial inoculants have
therefore become a novel topic in ecotoxicology. In-
troduced bacteria might outcompete a certain resi-
dent subpopulation for nutrients and for space.
Further, toxic compounds (e.g. antibiotics or degra-
dation products of xenobiotics) produced by the in-
troduced strains could affect sensitive microorgan-
isms. Most studies on the effects of genetically
engineered microorganisms (GEMs) on the resident
bacterial community published have focused on ge-
netically engineered strains which had only a marker
gene inserted and no or little effect of these GEMs
on the resident microbial community has been re-
ported [1-5]. In certain cases, strains were investi-
gated which were engineered to metabolize specific
substrates present in the soil and significant ecolog-
ical effects of these inoculants were observed [6-8].

Biological control of soil-borne plant diseases with
strains of Pseudomonas has been studied intensively
in recent years [9,10]. Many of the most promising
biocontrol strains produce antimicrobial metabolites
that are relevant for their biocontrol activity [9,11]
and are toxic to a range of different soil microorgan-
isms in vitro [12,13]. The establishment of biocontrol
bacteria in the rhizosphere might therefore not affect
exclusively the target pathogen but also non-target
microorganisms. On the other hand, extractable
amounts of antibiotics on roots are generally low
[12,14-16], and their activity might be restricted to
specific microsites on the roots [10,17]. A number of
Pseudomonas strains have been genetically engi-
neered to produce additional antibiotics or increased
amounts of these metabolites resulting in a consid-
erable improvement of their biocontrol performance
[18-24]. Data on non-target effects of these modified
strains on the diversity of resident microbial popula-
tions in soil, in particular on antibiotic-sensitive
groups, have not been reported.

Both culture-based methods and community ap-
proaches without in vitro cultivation can be used to
study the diversity of microbial communities [25,26].

In contrast to the soil environment, where a signifi-
cant fraction of the bacteria is unculturable, results
obtained with direct counts and plate counts are quite
similar for the bacterial community of the rhizosphere
[27,28] and methods which describe individual iso-
lates are routinely used to study bacterial commun-
ities of this ecological niche [29-32]. Both phenotypic
tests (e.g. carbon source utilization, antibiotic resist-
ance or fatty acid methyl ester profiles [29,31,32]) and
genetic fingerprinting techniques such as restriction
analysis of amplified ribosomal DNA (ARDRA)
[30,33] can be used. Other methods describe the over-
all function or composition of a community. A com-
munity approach which has become commonly used
measures the metabolic properties of microbial com-
munities by inoculation of BIOLOG microplates with
a complex community [1,2,34,35].

Here we report on the impact of Pseudomonas
fluorescens CHAO and its derivative CHAO/
pME3424 on the resident bacterial community on
cucumber roots using a range of these tests. Strain
CHAO is an effective biocontrol agent, which pro-
tects plants from various root diseases [10,11]. The
functionally improved strain CHAO/pME3424 con-
tains an extra copy of the homologous rpoD gene,
encoding the housekeeping sigma factor ¢, inserted
into the oligo-copy vector pVK100. Its disease sup-
pressive capacity is 30-60% improved ([15,23,36];
our unpublished results) and its production of the
antibiotics 2,4-diacetylphloroglucinol (Phl) and pyo-
luteorin (PIt) is severalfold increased. In previous
studies, the ecological behavior and fate (e.g. vertical
transport, survival, physiological activity, culturabil-
ity and transfer of chromosomal genes) of strain
CHAO has been monitored in detail under growth
chamber and field conditions [37-41]. The effects of
CHAO and CHAO/pME3424 on taxonomically
closely related resident bacteria (i.e. pseudomonads)
have been studied in microcosms [42]. The main pur-
poses of this study were (i) to investigate the possible
impact of P. fluorescens CHAO and its derivative on
the metabolic profile and on the abundance of dom-
inant genotypic groups of culturable resident bacte-
ria colonizing cucumber roots and (ii) to evaluate
whether these strains affect resident bacteria that
are sensitive to the antibiotics produced by the inoc-
ulants. Experiments involved microcosms with both
a natural and a synthetic bacterial community.
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2. Materials and methods
2.1. Organisms and culture conditions

A previously described derivative of P. fluorescens
strain CHAO selected for spontaneous resistance to
rifampicin (CHAO-Rif) [37,38] was used for all ex-
periments in this study. The plasmid pME3424
containing an extra copy of the rpoD gene [23] was
introduced into CHAO-Rif and antibiotic overpro-
duction was verified as described by Schnider et al.
[23]. Both strains were routinely grown in nutrient
yeast broth (NYB) [43] and on King’s medium B
agar (KMB) [44] containing 100 pg rifampicin per
ml. For strain CHAO-Rif/pME3424 125 ug ml™! tet-
racycline hydrochloride was added to the medium.
For cultivation of all isolates from cucumber roots,
1/10 strength tryptic soy broth (Difco, Detroit, MI,
USA; further referred to as TSB) and 1/10 strength
tryptic soy agar solidified with 12 g extra agar per
liter (further referred to as TSA) were used through-
out this study.

Cucumber seeds (Cucumis sativus L. cv. Chinesi-
sche Schlange, Altdorfer Samen, Ziirich, Switzer-
land) were surface-disinfested in 5% (w/v) sodium
hypochlorite for 30 min, rinsed with sterile-filtered
water and then germinated for 2 days on 0.85%
water agar (Difco) at 24°C.

2.2. Microcosms with the natural bacterial community

Soil from Eschikon (Switzerland) used in this
study was collected from the upper 20 cm of the
soil profile, passed through a 5 mm mesh screen,
and stored at 15°C prior to use. Soil properties are
described elsewhere [37]. For soil inoculation,
CHAO-Rif and CHAO-Rif/pME3424 were grown
on KMB overnight at 27°C. Bacteria were removed
from the plates, washed in sterile distilled water
and the bacterial concentration was adjusted to
5% 108 CFU ml™!. Soil was sprayed with the bac-
terial suspension at a rate of 20 ml kg~ ! to obtain
a final concentration of 10” CFU per g soil. An
equivalent volume of sterile distilled water was
added to soil for the control treatment. Soil was
thoroughly mixed during application. Quartz sand
(50 ml) was added to clay pots (400 ml internal
volume) and overlaid with 350 ml of soil. Two

pre-germinated cucumber seedlings were planted
per pot, and the pots were incubated in a growth
chamber with 70% relative humidity, 16 h light
(160 microeinstein m~2 s7!') at 22°C, followed by
an 8-h dark period at 18°C. Twice a week pots
were irrigated from below with sterile distilled
water. Plants were harvested after 10 and 52
days, and the bacterial populations on the roots
were examined as described below. A total of 24
plants was analyzed per treatment, repetition and
sampling time.

2.3. Enumeration and isolation of root-associated
bacteria

The roots were washed gently for 10 s with sterile
water to remove loose soil and then homogenized
with a mortar and pestle for 30 s. The homogenate
was diluted 100-fold in sterile distilled water and
shaken at 300 rpm for 1 h on a rotary shaker.
Ten-fold serial dilutions were spread-plated on TSA
to isolate total culturable bacteria and on KMB con-
taining 100 pg of rifampicin and 187.5 pg of acti-
dione per ml to enumerate culturable cells of intro-
duced CHAO-Rif or CHAO-Rif/[pME3424. Plates
were incubated at 24°C, and colonies were counted
after 3 days. The rifampicin-resistant background
populations in Eschikon soil were below the detec-
tion limit of 102 CFU g~ !. To evaluate plasmid loss
of CHAO-Rif/pME3424, rifampicin-resistant isolates
(12 isolates per root system at the first sampling date
and a total of 200 isolates at the second sampling
date) were transferred to KMB containing 125 ug
ml™! tetracycline hydrochloride.

In order to evaluate the abundance of dominant
genotypes of resident bacteria, isolated bacterial col-
onies were picked randomly from final dilutions on
TSA (12 colonies for each root system) and trans-
ferred to TSA master plates in a 6 X8 pattern suit-
able for replica plating. Rifampicin resistance of the
isolates was tested by replica plating on KMB
amended with rifampicin, and resistant isolates
were omitted in further evaluation. After 2 days of
growth on the TSA master plates, the isolates were
subcultured in microtiter dishes containing 100 ul of
TSB per well. Isolates were then stored at —80°C
after adding 50 pl of a sterile 60% glycerol solution
to each culture.
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2.4. Characterization of bacterial isolates

To determine the abundance of dominant geno-
types of resident bacteria, the 3300 isolates obtained
at the sampling date after 10 days were analyzed
with the ARDRA technique as described in detail
previously [45]. Briefly, bacterial cultures were grown
for 48 h at 24°C in microtiter plates containing 100
ul of TSB per well and 0.5 pl of the cultures was
transferred directly to PCR tubes for heat lysis in a
total volume of 5 pl of lysis buffer (10 mM Tris-HCI,
pH 8.3, 50 mM KCI, 0.1% Tween 20). The final
volume of the PCR reactions was 20 pl. Primers
with the following sequences were used to amplify
the full length of the 16S rDNA gene: 5'-GCTCA-
GATTGAACGCTGGCG (forward) and 5'-CGGT-
TACCTTGTTACGACTTCACC (reverse) [45]. Re-
striction of 10 ul of the amplified product was
performed in a total volume of 20 ul of restriction
buffer with 2 U of either Cfol or Tagl (Boehringer,
Mannheim, Germany). Restriction fragments were
separated on 2.5% agarose gels.

In order to determine the resistance of the same
isolates to the antibiotics Phl and Plt produced by
CHAO-RIf, 0.5 pul of a 2-day-old TSB culture of the
strains was transferred to microtiter plates contain-
ing 100 ul of TSB with the appropriate amount of
the respective antibiotic per well. Phl and PIt were
synthesized and kindly provided by E. Burger, Uni-
versity of Geneva, Switzerland. Plates were shaken at
100 rpm for 3 days at 24°C and growth was assessed
by measuring the optical density at 570 nm with an
ELISA plate reader. Values below 0.05 were consid-
ered to show inhibition of growth of the respective
isolates. Characterization of the individual bacterial
isolates with ARDRA and evaluation of antibiotic
resistance was performed only for the isolates ob-
tained at the first sampling date.

2.5. Detailed characterization of selected isolates
representing dominant ARDRA groups

From each of the 11 dominant ARDRA groups
distinguished with Cfol, three independent isolates
were chosen. For each isolate, the inhibitory concen-
tration of the antibiotics Phl and Plt was tested as
described above. In addition, the in vitro inhibition
of these isolates by CHAO-Rif and CHAO-Rif/

PME3424 was assessed. Therefore, 5 ul of a washed
culture of either CHAO-Rif or CHAO-Rif/pME3424
containing 5 108 CFU ml™! was inoculated 10 mm
from the edge of TSA plates and incubated for 24 h
at 27°C. The colonies that grew (about 6 mm in
diameter) were excised with a sterilized cork borer
(10 mm internal diameter). The plates were then
overlaid with TSA soft agar (0.6% agar) mixed
1:50 with an overnight TSB culture of the selected
isolates. The radius of the inhibition zone from the
edge of the excised zone was measured after 24 h of
incubation at 27°C. Since the colonies were excised,
only inhibition zones larger than 2 mm could be
measured. For genus and species identification of
the isolates the BIOLOG identification system was
used as recommended by the manufacturer (BIOL-
OG Inc., Hayward, CA) with the exception that
plates were incubated for 72 h, since it has recently
been shown that for many environmental isolates
stable positive or negative reactions are only ob-
tained after this incubation time [46]. Some of the
isolates were further subjected to fatty acid methyl
ester (FAME) analysis. This analysis was performed
by Five-Star Laboratories (Milford, CT).

2.6. Metabolic activity of the whole bacterial
community

From each macerated root system (see above) a
1250-fold dilution in sterile distilled water was pre-
pared. In order to reduce sample number, the sus-
pensions from four root systems were pooled. Then
BIOLOG GN microplates containing 95 different
carbon sources (BIOLOG Inc., Hayward, CA) were
inoculated with 100 ul per well of the pooled suspen-
sion. Microplates were shaken at 100 rpm at 24°C
and the optical density at 570 nm of the cultures was
measured after 35 h with an ELISA plate reader. Six
microplates per treatment and repetition were used.
The metabolic activity was assessed at both sampling
dates at 10 and at 52 days.

2.7. Microcosms with a synthetic bacterial community

Based on the analysis of the rhizosphere commun-
ity in natural soil, five bacterial isolates were selected
which belonged to different dominant ARDRA
groups and which varied in their sensitivity towards
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the antibiotics Phl and Plt produced by CHAO-RIif.
Sensitive isolates were selected from groups in which
the majority of the isolates were sensitive, and resist-
ant isolates were chosen from groups containing
mainly resistant isolates (Table 3). The selected
strains designated IM127, IMI121, IM70, IMI111
and IM116 are described in Tables 2 and 3. For
inoculation into sterile soil the strains were grown
overnight in TSB. Microcosms with a reconstituted
synthetic bacterial community were set up as fol-
lows: 300 g of Eschikon soil was placed in 1-1 Erlen-
meyer flasks, autoclaved twice and inoculated with
20 ml of a suspension containing each 1.5x 10 CFU
ml™! of IM127, IM121 and IM70 and each 1.5x 107
CFU ml™! of IM111 and IM116. The higher concen-
tration of the latter two strains was used, since they
colonized the soil more slowly. The soil was thor-
oughly mixed and the bacteria were allowed to col-
onize the soil for 5 days. Then 10 ml of a suspension
with CHAO-Rif or CHAO-Rif/[pME3424 was intro-
duced into soil with a sterile syringe to obtain a final
concentration of 10" CFU g ! of soil. An equal vol-
ume of sterile distilled water was added to the con-
trol treatment. Two days later, the microcosms were
planted with three 2-day-old surface-disinfested cu-
cumber seedlings per flask. The incubation condi-
tions were as described above for experiments in
natural soil. After 2 weeks the plants were harvested,
and culturable counts of the different bacterial
strains were determined. Roots were macerated and
the resulting homogenate was diluted and plated on
the appropriate media as described above for the
experiments in natural soil. All strains were distin-
guished from each other based on their colony mor-
phology on TSA plates incubated at 27°C, with the
exception of IM70 and CHAO-RIif, both having a
similar colony morphology on TSA. Since IM70 is
tryptophan side-chain oxidase (TSO)-negative, it
could be distinguished from CHAO-Rif, which is
TSO-positive, by using an agar overlay test for
TSO activity [47]. In addition, CHAO-Rif and
CHAO-Rif/[pME3424 were enumerated on KMB
containing 100 pg of rifampicin and 187.5 ug of ac-
tidione per ml and comparable results were obtained.
Strains IM111 and IM116 were counted on addition-
al TSA plates, which were incubated at 37°C; at this
temperature only these two strains were able to form
colonies. This procedure was chosen to prevent mis-

takes due to in vitro antibiosis on the dilution plates,
since these two strains were unable to form enumera-
ble colonies if CHAO-Rif or CHAO-Rif/3424 were
present at high numbers on the same dilution plates.

2.8. Data analysis and statistics

Each experiment was repeated at different times.
The whole experiment in microcosms with the natu-
ral bacterial community was repeated four times
(sampling at 10 days) and three times (sampling at
52 days). Twenty-four plants were analyzed for each
repetition and each sampling date. The experiment in
microcosms with a synthetic bacterial community
was repeated three times with six flasks per treatment
and repetition, with the exception of the treatment
with CHAO-Rif/[pME3424, which was repeated twice.
The data obtained for bacterial populations approxi-
mated a normal logarithmic distribution. Therefore,
means, standard deviations and statistical tests of
bacterial populations were calculated with logi-
transformed values and data given in the text and
in figures are back-transformed logarithmic means.
Data from the different treatments were subjected to
two-way analysis of variance (ANOVA; Systat 5.05
for windows, SPSS Inc., Evanston, IL), and if sig-
nificant differences were found, the Tukey test was
used for pairwise comparison of the treatments. BI-
OLOG data were linear-transformed by subtracting
the average absorbance per plate from each value.
This reduces variability due to color development
in the control well (containing only the basal me-
dium without a specific carbon source added), which
occurred in several plates. A similar transformation
was used by Garland and Mills [34]. Principal com-
ponent analysis (PCA) on the BIOLOG data was
performed based on the correlation matrix and using
varimax rotation (Systat 5.05).

3. Results

3.1. Root colonization by introduced strains and total
culturable bacteria

Root colonization by CHAO-Rif was 3.9 10°
CFU g ! of roots after 10 days, and then declined
to about 4.5X10* CFU g~ ! within the next 42 days.
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Table 1

Impact of CHAO-Rif and CHAO-Rif/pME3424 on the metabolic activity of the whole bacterial community on glucose di- and polymers

contained in BIOLOG GN plates

Treatment and sampling time*  o-Cyclodextrin Dextrin Maltose Cellobiose Glycogen Gentiobiose
10 days
No bacteria added —0.081 aP —0.082 a —0.123 a —0.279 a —0.130 a —0.030 a
CHAO-Rif 0.045 b*** 0.044 b* —0.036 b** —0.181 b** —0.061 a 0.058 a
CHAO-Rif/[pME3424 0.066 b*** 0.035 b* —0.032 b** —0.197 b** —0.058 a 0.036 a
52 days
No bacteria added 0.071 A —0.011 A —0.069 A —0.095 A —0.054 A —0.038 A
CHAO-Rif 0.028 A 0.039 A 0.035 A —0.010 A —0.093 A —0.003 A
CHAO-Rif/pME3424 0.022 A —0.055 A —0.107 A —0.134 A —0.104 A 0.069 A

Data are expressed as ODj;yy values after subtraction of the average absorbance per plate.

2CHAO-Rif and CHAO-Rif/pME3424 were introduced into natural soil at 107 CFU g~ and 2-day-old cucumber seedlings were planted.
Microcosms were incubated for 10 and 52 days. Roots were washed gently to remove loose soil and then macerated. Each BIOLOG GN plate
was incubated with the pooled and diluted root macerate of four plants (100 pl per well). ODs7, was measured after 35 h of incubation at

24°C. For details see Section 2.

bValues are means from four (10 days) and three (52 days) independent experiments with six microplates per treatment and experiment.
Values were transformed by subtracting the average absorbance per plate from each value. Means with the same letter (letters a, b, and A)
within the same column and sampling date are not significantly different at P <0.05 (two-way ANOVA and Tukey test); significance levels

are: *P<0.05; **P<0.01; ***P<0.001.

The functionally improved derivative CHAO-Rif/
pME3424 colonized the roots to a significantly lower
extent (P <0.05), and cell numbers were 2.5X10°
and 2.3 10* CFU g™ !, respectively, at the two sam-
pling dates. Plasmid pME3424 was maintained in
89% of the cells after 10 days and in 87% of the cells
after 52 days (data not shown). The culturable bac-
terial population was essentially the same in all treat-
ments at about 108 CFU g~! at both sampling dates.

3.2. Impact on the metabolic activity of the whole
bacterial community

The most obvious effect of CHAO-Rif and CHAO-
Rif/pME3424 on the metabolic activity of the whole
bacterial community was an increase in both inocu-
lated treatments after 10 days on all six glucose di-
and polymers included in BIOLOG GN microplates
(o-cyclodextrin, dextrin, maltose, cellobiose, glyco-
gen and gentiobiose) (Table 1). This effect was highly
significant for o-cyclodextrin (P <0.001), maltose
and cellobiose (P <0.01) and significant (P <0.05)
for dextrin (Table 1). Interestingly, the same effect
was observed if either CHAO-Rif or CHAO-Rif/
pME3424 was introduced. This effect of the two in-
oculants was not detectable when the metabolic ac-
tivity of the bacterial community was evaluated 52
days after inoculation (Table 1). CHAO-Rif itself
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Fig. 1. Impact of CHAO-Rif, CHAO-Rif/pME3424 and plant age
on the metabolic activity of the bacterial community as measured
with BIOLOG GN plates containing 95 different carbon sources
after 10 days and 52 days. Average values of each treatment and
each repetition are plotted along the first two principal compo-
nents (PC 1 and PC 2) resulting from principal component anal-
ysis. C10, A10, O10: control, CHAO-Rif and CHAO-Rif/
PME3424, respectively, after 10 days; C52, A52, O52: control,
CHAO-Rif and CHAO-Rif/pME3424, respectively, after 52 days.
33.5% and 12.5%, respectively, of the total variance are explained
by the first two components. For details see Section 2.
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Table 2

Characterization of selected bacterial strains representing dominant ARDRA groups of the resident bacterial community on cucumber

roots

Strain ARDRA  Percentage of Size of restriction Gram FAME BIOLOG

designation group?® isolates included  fragments with reaction” identification® identification?

in group Cfol

IM121 B — n.g. n.r.

IM27 B 114 550 500 360 70 - n.g. n.r.

IM140 B - n.g. n.r.

IM54 C — Variovorax paradoxus Variovorax paradoxus

IMS55 C 5.7 550 410 380 140 70 — Yersinia pseudotuberculosis ~ Variovorax paradoxus

IM52 C - Variovorax paradoxus Variovorax paradoxus

IM126 D — n.g. Weeksella zoohelcum

M127 D 12.5 550 300 210 210 - n.g. Sphingomonas pauci-

140 70 mobilis B

IM143 D - n.g. Capnocytophaga gingivalis

IM36 E - Acidovorax delafielda n.i.

IM35 E 4.3 550 410 380 200 - Acidovorax facilis Acidovorax facilis A

IM146 E - Alcaligenes xylosoxydans Pseudomonas vesicularis

IM144 G - Pseudomonas syringae n.r.

IM145 G 10.3 550 360 300 210 70 - n.g. n.r.

IM141 G - n.g. n.r.

IM46 N - Janthinobacterium lividum  n.r.

IM142 N 52 550 360 360 210 70 - n.g. n.r.

IM147 N - n.g. n.r.

IM134 P - Cytophaga johnsonae n.i.

IM148 P 9.9 730 410 290 90 - n.g. Pasteurella pneumotropica
heyl

IM149 P - Cytophaga johnsonae Pasteurella pneumotropica
heyl

IM70 R - Pseudomonas chlororaphis — Pseudomonas fluorescens
type G

IM73 R 35 410 360 290 260 200 — Pseudomonas putida Pseudomonas fluorescens
type G

IM71 R - Pseudomonas putida Pseudomonas fluorescens
type G

M116 18] + Bacillus sphaericus n.i.

IM34 U 5.5 410 350 340 230 190 + Bacillus circulans n.r.

IM40 18] + Paenibacillus polymyxa n.i.

IM111 w + Bacillus mycoides n.r.

IM115 w 11.9 580 410 340 190 + Paenibacillus polymyxa n.r.

IM18 w + Bacillus cereus n.r.

IM62 K - Agrobacterium rubi n.d.

IM63 K 4.6 330 330 290 180 — Agrobacterium radiobacter — Agrobacterium rhizogenes A

140 120 70
IM68 K - Agrobacterium radiobacter — Agrobacterium rhizogenes A

“From each of the 11 dominant ARDRA groups three isolates were chosen for further characterization. The isolates used for the experiments
with a synthetic bacterial community are highlighted with bold letters.
bGram reaction was determined with the KOH string test [54].
‘FAME analysis was performed by Five-Stars Laboratories (Milford, CT); n.g., no growth.
dBIOLOG identification was performed as indicated by the manufacturer, with the exception that plates were read after 72 h; n.d., not done;
n.i., no identification at the 0.50 similarity level recommended by the manufacturer; n.r., all wells negative.
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Fig. 2. Influence of CHAO-Rif and CHAO-Rif/pME3424 on the
frequency of the 11 prevalent genotypic groups of bacteria on cu-
cumber roots as distinguished by restriction analysis of amplified
16S rDNA with the restriction enzyme Cfol. Natural soil was in-
oculated with 107 CFU g~! of either CHAO-Rif or CHAO-RIif/
PME3424 or left untreated (control), and then planted with cu-
cumber. Roots were harvested, gently washed to remove loose
soil and macerated after 10 days of growth and bacteria were
isolated on TSA. Bars represent the means from four experi-
ments with a total of 2500 isolates (about 200 isolates per repeti-
tion and per treatment) which were successfully stored, amplified
and restricted. None of the differences between the treatments
and within the same ARDRA group are significant at P <0.05
(ANOVA and Tukey test).

cannot degrade these glucose di- and polymers (data
not shown).

To compare the effect of plant age with the effect
of inoculation, PCA was applied to all data after 10
and after 52 days and for all 95 substrates included
in the BIOLOG GN plates. Fig. 1 shows the ordi-
nation plot of the first two components for the aver-
age values of each treatment and repetition; 33.5%
and 12.5% of the variance could be explained by the
first two components. The data from the different
treatments were not separated by this procedure, in-
dicating that the variance in the overall carbon
source utilization on the 95 substrates of the BIOL-
OG GN plates between different repetitions is more
pronounced than the overall effects due to the inoc-
ulant (Fig. 1). On the other hand, there was a clear
separation of the data from the two sampling dates
along the two principal component axes. This indi-
cates that changes in the metabolic activity of the
root-associated bacterial community during plant
growth were more pronounced than the changes in-
duced by inoculation (Fig. 1). This finding was con-
firmed by comparing the data for each carbon source

individually: for 40 of the 95 carbon sources a sig-
nificant difference between the two sampling dates
was found. On the other hand, after 10 days a sig-
nificant difference was found between inoculated and
untreated roots for only 24 carbon sources.

3.3. Effects on dominant genotypic groups of
culturable resident bacteria discriminated with
ARDRA

Restriction of 16S rDNA of rifampicin-sensitive
TSA isolates was used to investigate the population
structure of the root-colonizing resident bacteria
after 10 days of plant growth. Out of 3300 isolates,
76% could be successfully stored, amplified and re-
stricted (i.e. about 210 isolates per treatment and
repetition). Restriction analysis with Cfol distin-
guished 11 dominant groups of root bacteria sharing
all restriction fragments and accounting for 82% of
the evaluated isolates (Table 2, Fig. 2). Sixteen fur-
ther fingerprints accounted for another 11% of the
isolates, and about 15 other distinct fingerprints were
observed only occasionally. A second restriction with
Taql was performed on the first 1000 isolates, but
only a few more dominant groups were discrimi-
nated (data not shown). Compared with the un-
treated control, inoculation with CHAO-Rif or
CHAO-Rif/[pME3424 had no significant effects on
the frequency of the different ARDRA groups (Fig.
2), neither were differences observed between the two
inoculants. The Shannon index of diversity was cal-
culated based on the frequency of the different re-
striction groups, but no significant differences were
detected between the treatments (data not shown).
Since the density of CHAO-Rif declined between
the two sampling dates, and no significant effects
of the inoculants were observed after 10 days, the
isolates obtained after 52 days were not subjected
to ARDRA.

3.4. Effects on culturable bacteria which are sensitive
to the antibiotics Plt and Phl

The minimal inhibitory concentration of Phl and
Plt and the in vitro inhibition by CHAO-Rif and
CHAO-Rif/[pME3424 was assessed for three isolates
of each ARDRA group. In general, the resistance to
the antibiotics was similar for isolates from the same
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Table 3

Sensitivity to Phl and Plt and in vitro inhibition by CHAO-Rif and CHAO-Rif/pME3424 of selected bacterial isolates from cucumber roots

representing dominant ARDRA groups (see Table 2)

Strain ARDRA MIC Phl® MIC PIt" Inhibition by  Inhibition by = Percentage of Percentage of
designation group® CHAO-Rif CHAO-Rif/ isolates within isolates within
in vitro® pME3424 the group the group
in vitro® sensitive to sensitive to

5 ug ml~! Phl 5 ug ml~! Plt

IM121 B 100 10 3.6 x 7.6y

IM27 B 50 5 33x 6.6y 14.3 35.4

IM140 B 50 5 5.2 x 80y

IM54 C 50 5 3.6 x 7.0y

IMS55 C 100 10 <2x <2x 3.8 28.8

IM52 C 50 5 <2x <2x

IM126 D 100 10 32 x 78y

M127 D 100 25 3.0 x 52y 13.5 19.6

IM143 D 100 10 <2x <2x

IM36 E 50 5 3.1 x 42 x

IM35 E 50 5 n.d. n.d. 26.5 51.9

IM146 E 100 25 <2x <2x

IM144 G 100 10 129 x 158y

IM145 G 100 5 2.6 x 34 x 335 57.2

IM141 G 100 5 3.0 x 44 x

IM46 N 100 10 5.8 x 7.7 x

IM142 N 100 10 <2x <2x 16.2 39.0

IM147 N 200 25 2.7 x 37y

IM134 P 100 5 8.0 x 10.6 y

IM148 P 100 5 10.2 x 119y 57.2 61.9

IM149 P 100 5 10.1 x 124y

IM70 R >200 >200 <2x <2x

IM73 R >200 200 <2x <2X 3.1 11.1

IM71 R >200 >200 <2x <2x

IM116 U 1 5 159 x 16.6 x

IM34 U n.g. n.g. 18.6 x 234y 94.1 85.2

IM40 U 10 1 8.1 x 116y

IM111 w <0.5 2 12.4 x 188 y

IM115 w <0.5 2 14.2 x 213y 82.0 70.7

IM18 w <0.5 5 13.1 x 182y

IM62 K 200 10 3.25x 58y

IM63 K 200 25 <2X <2X 10.7 17.9

IM68 K 200 25 <2x <2x

2From each of the 11 dominant ARDRA groups three isolates were chosen for further characterization. The isolates used in the experiments

with the synthetic community are highlighted with bold letters.

"The minimal inhibitory concentrations (MIC) of Phl and Plt were assessed by growing the strains in 100 ul of TSB containing the following
concentrations of the antibiotics: 0.25, 0.5, 1, 2, 5, 10, 25, 50, 100, 200 pg ml~'. Growth was determined by measuring ODj; after 3 days
with an ELISA plate reader. Values below 0.05 were considered no growth; n.g., no sufficient growth in wells without antibiotic.

“Each value is the mean from six replicates. Means with different letters in the same row are significantly different at P <0.05 (ANOVA and

Tukey test). n.d., not done, for details see Section 2.

group (Table 3). Most of the isolates which were
strongly inhibited by CHAO-RIf in vitro were signifi-
cantly more inhibited by CHAO-Rif/pME3424. To
assess whether the abundance of antibiotic sensitive
bacteria on the roots is affected by the inoculants,

the sensitivity of all isolates to Phl and Plt was meas-
ured. About 30% of the isolates from the resident
bacterial root population could not grow in the pres-
ence of 1 ug ml™! of Phl (Table 4) and about 55% of
the isolates were inhibited by 5 ug ml~! of Plt. A
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Table 4

Impact of CHAO-Rif and CHAO-Rif/pME3424 on the resistance of resident bacteria to the antibiotics Phl and Plt

Treatment?®

Log of total CFU g=! Percentage of isolates resistant against”

Phl 1 ygml™'  PhlSpgml™! Phl 50 ugml™' PIt 5pgml™!  Plt 50 ug ml™!
No bacteria added 8.03£0.08 68.4+15.0 65.9110.3 42.5+9.9 51.1£49 6.6x1.2
CHAO-Rif 8.07£0.10 69.6+£17.2 69.71£18.8 44.1+18.0 51.8%£8.5 5.7+44
CHAO-Rif/pME3424 8.02£0.11 69.8£11.8 69.8112.1 50.1£9.3 59.5£9.7 8.6+4.3

Resistance of individual TSA isolates obtained from the roots of 10-day-old cucumber plants was assessed.

2For details of the experimental setup see legend to Table 1 and Section 2.

PValues are means ( + standard deviation) from four experiments with 24 plants per treatment and repetition, with a total of 3300 isolates (12
isolates per root system). Resistance tests were performed in microtiter plates with 100 pl TSB per well containing the appropriate amount of
Phl or Pt and read after 3 days with an ELISA reader. ODj7y = 0.05 was scored as positive growth. The differences between the treatments
within the same column were not statistically significant at P <0.05 according to ANOVA and the Tukey test.

large proportion of the sensitive isolates belonged to
the same two ARDRA groups U and W (Table 3).
Inoculation with either CHAO-Rif or CHAO-Rif/
pME3424 did not affect the sensitive subpopulation
in situ and sensitive isolates were recovered at the
same frequency from inoculated and control plants
(Table 4). The isolates obtained after 52 days were
therefore not scored for antibiotic resistance.

3.5. Identification of selected isolates from the
different ARDRA groups

Three independent isolates from each of the 11
dominant groups distinguished with ARDRA were
chosen for identification with BIOLOG and FAME
(Table 2). The BIOLOG system could not identify all
isolates. Only 18 of the 33 isolates gave positive re-
actions and matched species of the BIOLOG data-
base and some of the isolates were able to grow on
the medium used for FAME analysis (Table 2).
However, within most ARDRA groups the same or
a similar genus was obtained for the investigated
isolates, indicating that ARDRA was a useful ap-
proach for rapid determination of dominant taxo-
nomic groups (Table 2).

3.6. Impact on different strains in a synthetic bacterial
community

To determine whether CHAO-Rif and CHAO-Rif/
pME3424 affect the highly sensitive bacteria under
more simplified and controlled conditions, micro-
cosms containing a synthetic population consisting
of five bacterial strains belonging to different domi-

nant ARDRA groups were established. The five
strains colonized cucumber roots effectively in the
microcosms, although the population densities of
the sensitive bacteria IM111 and IM116 reached
only about 20% of those of the other strains (Table
5). The number of cells of CHAO-Rif and CHAO-Rif/
pME3424 was 7.1x107 and 8.3x10"7 CFU g!
roots, respectively (Table 5, Fig. 3), and thus more
than 100-fold higher compared to the microcosms
with the natural resident community. Culturable
counts of strain IM70, which was identified as a
strain of Pseudomonas (Table 2), and which is resist-

2.0

1571

10 1

108 cfu per g of roots

Untreated CHAO-Rif CHAO-Rif/pME3424

W Pseudomonas fluorescens IM 70

] introduced strains

Fig. 3. Effect of CHAO-Rif and CHAO-Rif/pME3424 on the colo-
nization of cucumber roots by P. fluorescens IM70 in microcosms
with a synthetic bacterial community consisting of five bacterial
strains after 2 weeks. Values are means from three (untreated
and CHAO-Rif) and two (CHAO-Rif/pME3424) independent ex-
periments with six microcosms per treatment and experiment.
Filled bars with different letters are significantly different at
P <0.05 as indicated by two-way ANOVA and the Tukey test.
For details see Section 2.
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Table 5

Influence of CHAO-Rif and CHAO-Rif/pME3424 on individual strains of a synthetic bacterial community associated with roots of cucum-

ber plants grown for 2 weeks in microcosms®

Treatment Introduced strain Log CFU per g of roots of the different strains of a synthetic bacterial community
IM70 IMI11 IM116 IMI121 IM127
Untreated 0 8.22+0.20 x 7.24+0.12 x 7.31£0.12 x 8.37%£0.14 x 7.92+0.17 x
CHAO-Rif 7.85%£0.22 8.03£0.24 y 7.16+0.13 x 7.23%+0.16 x 8.31£0.13 x 7.81£0.17 x
CHAO-Rif/pME3424 7.92+0.17 7.99£023 y 7.25+0.11 x 7.2910.14 x 8.3110.09 x 8.021+0.20 x

2Five isolates from natural soil representing different dominant ARDRA groups were selected. The isolates are described in Tables 2 and 3.
Autoclaved Eschikon soil (300 g) was inoculated with each 10° CFU g~' of IM127, IM121, IM70 and with each 1x 10 CFU g! of IM111
and IM116. The bacteria were allowed to colonize the soil for 5 days, and then CHAO-Rif or CHAO-Rif/pME3424 were introduced at 107
CFU g™! of soil. Two days later, three cucumber seedlings per flask were planted. After 3 weeks of growth, the plants were harvested, and the
different strains were enumerated as described in detail in Section 2. Values are means (*standard deviation) from three (untreated and
CHAO0-RIif) and two (CHAO-Rif/[pME3424) independent experiments with six microcosms per treatment and experiment. Values with different
letters in the same column are significantly different at P <0.05 according to two-way ANOVA and the Tukey test.

ant to Phl and PIt (Table 3), were reduced signifi-
cantly in both inoculated treatments. The reduction
of the population was about 5.9 107 and 7.0x 107
CFU g™! of roots, respectively, in the presence of
CHAO-Rif and CHAO-Rif/[pME3424 (Table 5, Fig.
3). This corresponded nearly to the root colonization
level attained by the introduced strains (Fig. 3), sug-
gesting that CHAO-Rif or the mutant occupied part
of the ecological niche colonized by IM70. In con-
trast, the antibiotic sensitive bacteria IM111 and
IM116 (Table 3) reached the same population den-
sity in inoculated and uninoculated treatments (Ta-
ble 5), although they were strongly inhibited by the
inoculants CHAO-Rif and CHAO-Rif/pME3424 in
vitro (Table 3). Both strains IM121 and IM127
with higher resistance to the antibiotics were not
affected (Table 5). In conclusion, this finding con-
firmed the data from natural microcosms, showing
that CHAO-Rif and its derivative CHAO-Rif/
pME3424 did not affect the population size of anti-
biotic-sensitive bacteria.

4. Discussion

This study reports data about possible effects on
the culturable root-colonizing bacterial community
caused by the introduction into the soil ecosystem
of a Pseudomonas biocontrol strain or its genetically
engineered derivative with improved biocontrol ac-
tivity. If significant effects appeared, they were com-
pared to changes during plant growth.

The culturable bacterial counts on the roots

were at about 10®8 CFU g !. This is very similar
to the values found by both direct and plate counts
by Foster et al. [27] and Miller et al. [28], and
thus the culture-based approach to evaluate the
community structure on plant roots seems to be jus-
tified.

Specific effects caused by CHAO-Rif and CHAO-
Rif/pME3424 on the resident bacterial community
were detected by evaluating the BIOLOG data for
95 different carbon sources. A significantly enhanced
metabolic activity of the whole bacterial community
on glucose di- and polymers molecules was observed
in both inoculated treatments after 10 days. It should
be noted that measuring the activity on 95 substrates
will always lead to some significant results which
occur by chance if each single carbon source is eval-
uated at the P<0.05 significance level. However,
several facts indicate that the observed effect was
not due to random variation: (i) the effect was highly
significant for three carbon sources, (ii) the same
effect was observed for both inoculant strains and
(iii) for all glucose di- and polymers included in BI-
OLOG plates. It seems that the effect was not due to
an in vitro activity of the inoculant, since CHAO-Rif
cannot grow on any of these substrates and a pure
culture of CHAO-RIif does not induce a color reac-
tion on these substrates in BIOLOG plates (data not
shown). Furthermore, co-inoculation of BIOLOG
plates with root macerate from uninoculated cucum-
ber roots and a diluted culture of CHAO-Rif to ob-
tain a ratio of CFU of resident bacteria:CFU of
CHAO-RIf corresponding to that observed on inocu-
lated roots after 10 days of growth did not provoke a
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similar effect (unpublished results). We conclude
therefore that the effect was due to an interaction
in the rhizosphere rather than to in vitro interactions
in the BIOLOG plates. Since CHAO-RIif cannot uti-
lize these substrates, an enhanced selective pressure
for the resident community to utilize these substrates
which are not metabolized by the inoculant is a pos-
sible explanation for the observed effect. The BIOL-
OG assay has been used previously to study effects
of a microbial inoculant [1,2]. Ellis et al. [1] found
differences between bacterial communities grown in
the presence or absence of a Pseudomonas inoculant
in the phyllosphere of young sugar beet leaves. Gil-
bert et al. [29] assessed 45 physiological attributes of
bacterial isolates with different media, and they
found significant differences in the population struc-
ture on non-inoculated and Bacillus cereus-inocu-
lated soybean roots.

Pronounced differences in the metabolic activity
were found between the bacterial community present
on cucumber roots after 10 and after 52 days. This
could best be shown with PCA. The BIOLOG meth-
od in combination with PCA was applied by Gar-
land and Mills [34] to discriminate between bacterial
populations from various habitats (soil, water, hy-
droponic culture) and Insam et al. [48] to discrimi-
nate between the bacterial communities from differ-
ent zones of compost windrows. Wiinsche et al. [35]
used this method to demonstrate effects of hydrocar-
bon pollution on the microbial community. Ellis et
al. [1] found that the BIOLOG assay is able to dis-
criminate between the bacterial community present
on young and senescent leaves of sugar beet. The
results of the present work show that, in addition,
this method was sensitive enough to detect changes
in the bacterial community on plant roots which
seem to be due to natural succession within 6 weeks.
These changes in the metabolic activity of the root-
associated bacterial community during plant growth
were more pronounced than the effects caused by the
inoculants. This was evident from the fact that si-
multaneous evaluation of all carbon sources with
PCA separated the data from the two sampling dates
but not those from the different treatments along the
first two principal component axes. A similar result
had also been observed in a previous study on the
effects of the inoculants on the pattern of carbon
source utilization by resident pseudomonads: PCA

also separated the two sampling dates, but not the
different treatments, indicating that succession
changes bacterial communities more than inocula-
tion with CHAO-Rif and CHAO-Rif/pME3424 [42].

ARDRA analysis of individual bacterial isolates
indicated that the proportion of dominant genotypic
groups of culturable resident root bacteria was not
significantly affected by inoculation with CHAO-Rif
or CHAO-Rif/[pME3424. At first sight, this contra-
dicts somewhat the results from the metabolic pro-
files. Although the 1/10 strength TSA agar used in
this study is usually the best choice as an isolation
medium in an ecological study, it might still be se-
lective and prevent the growth of certain bacterial
species, whose abundance was affected by the inocu-
lant strains. On the other hand, the resolution of the
ARDRA technique with one restriction enzyme is
moderate, and effects on the proportion of some
subgroups of the dominant ARDRA groups cannot
be excluded. Nevertheless, the resolution of this typ-
ing technique seems to be appropriate to determine
dominant genotypic groups within a bacterial com-
munity, since with about 200 isolates per repetition
and per treatment on average 10-20 isolates belong
to each of the dominant groups, which still allows an
adequate statistical analysis. Representative isolates
of different ARDRA groups were identified with BI-
OLOG and FAME, and the results showed that the
ARDRA method was useful for differentiation of
dominant taxa. However, only part of the BIOLOG
data corresponded at genus level with the FAME
data, indicating that both methods identify only a
part of environmental isolates, and a genotypic
method such as ARDRA might be more reliable
for rapid grouping of bacterial isolates in an ecolog-
ical study. Regarding the most abundant taxa
present in the soil used in this study and colonizing
cucumber roots, results were similar to those re-
ported recently by Wiinsche and Babel [49], who
found that the largest fraction of isolates identifiable
with BIOLOG from an arable soil belonged to Agro-
bacterium, Cytophaga, Pseudomonas, Xanthomonas
and Bacillus. Lilley et al. [32] investigated the bacte-
rial population on sugar beet roots with FAME.
Similar to our results, they found 10 dominant gen-
era accounting for 70% of the isolates, and 30 other
genera which were far less abundant.

Our finding that about 30-50% of the culturable
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resident bacteria, in particular Gram-positive organ-
isms, were sensitive to the antibiotics Phl and Pt
produced by CHAO-Rif suggested that inoculant ef-
fects on these sensitive bacteria were likely, and that
recombinant-specific effects of the antibiotic-over-
producing derivative CHAO-Rif/pME3424 may oc-
cur. Nevertheless, neither of the inoculants reduced
the proportion of these sensitive bacteria on the
plant roots (Table 5). Our data are consistent with
the work of Fukui et al. [50], who investigated inter-
actions between pseudomonads in the spermosphere
of sugar beets. In co-inoculation experiments with a
strain producing an antibiotic metabolite and an
antibiotic-sensitive strain, they found no inhibition
of the sensitive strain in situ, although significant
antibiosis occurred in vitro. On the other hand, our
results contrast somewhat with the work of Kloepper
and Schroth [51] who reported a reduced root pop-
ulation of Gram-positive bacteria 2 weeks after the
introduction of a biocontrol strain producing an un-
identified antibiotic as a seed treatment; they did not
observe this effect if an antibiosis-negative mutant
was applied.

The role of antibiotics produced by CHAO-RIif or
other biocontrol bacteria in disease suppression is
clearly documented. Production of antibiotics has
been shown to be a key mechanism in the interaction
between certain biocontrol strains and fungal patho-
gens [9,10]. In this context it is interesting that anti-
biotic-sensitive bacteria of ARDRA groups U and
W were inhibited in vitro at antibiotic concentrations
20-100-fold lower than those inhibiting fungal
pathogens [12] but their population was not affected
in vivo. Since the amount of detectable antibiotics
produced by biocontrol strains in the rhizosphere is
extremely low [12,14-16], it has been postulated that
antibiosis between biocontrol bacteria and pathogens
occurs at specific microsites on the roots such as
lesions generated by the pathogen, where nutrients
are released [10,17]. It is possible that these niches
are not colonized by bacteria which are sensitive to
the antibiotics. Finally, spore formation immediately
after an active growth phase could be a strategy of
many Gram-positive bacteria to circumvent the del-
eterious effects of the antibiotics.

For the biological safety of biocontrol agents, the
lack of interaction with Bacillus is an important issue
since many Bacillus strains contribute positively to

plant health and growth [52], and therefore negative
effects on these species should not be neglected.

The lack of impact on antibiotic-sensitive organ-
isms could be due to the relatively low root col-
onization level (4x10° CFU g™!) attained by
introduced CHAO-Rif and CHAO-Rif/pME3424.
Therefore, additional experiments were conducted
using microcosms with a synthetic bacterial com-
munity. In this system, both inoculants reached pop-
ulation densities that were over 100-fold higher than
those observed in the microcosms with the natural
community. Nevertheless, corresponding results were
obtained, showing that an even higher root coloni-
zation by CHAO-RIf or its derivative did not affect
most of the representative isolates of different AR-
DRA groups. Not even highly antibiotic sensitive
isolates (IM111 and IM116), which are strongly in-
hibited by the inoculants in vitro, were affected in
these microcosms. Interestingly, an exception was
strain P. fluorescens IM70, which is highly resistant
to the antibiotics in vitro and the population of
which was significantly reduced in the presence of
the inoculants. This effect may be attributed to com-
petition for a similar ecological niche, since the re-
duction of the population of IM70 was similar to the
population size of the introduced strains, and the
total population of Pseudomonas (i.e. the sum of
IM70 and the respective inoculant) did not differ
significantly among the treatments (Fig. 3). A similar
result has been found in a previous study on the
effects of inoculation on the population of resident
pseudomonads in natural soil [42]. In this context,
De Leij et al. [53] suggested that fast-growing organ-
isms such as fluorescent pseudomonads, which do
not produce resting structures, are most sensitive to
perturbations.

In conclusion, CHAO-RIif and its functionally im-
proved derivative caused detectable perturbations in
the metabolic activity of the resident bacterial com-
munity which were transient, similar for the wild-
type and the GEM and less pronounced than
changes due to natural succession. No evidence for
deleterious effects of the biocontrol agent CHAO-Rif
or its derivative on the fraction of culturable resident
bacteria which are sensitive to Phl and Plt was
found, and dominant genotypic groups of culturable
bacteria were not affected by the inoculant. From a
biological safety assessment point of view, our data
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therefore suggest that a genetically improved biocon-
trol strain may have specific interactions with fungal
pathogens rather than general effects on bacterial
communities. However, we cannot dismiss the possi-
bility that specific interactions could occur between
introduced strains and non-culturable resident bac-
teria.
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