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Abstract Pseudomonas fluorescens strains are used in
agriculture as plant growth-promoting rhizobacteria
(PGPR). Nontarget effects of released organisms should
be analyzed prior to their large-scale use, and methods
should be available to sensitively detect possible changes in
the environments the organism is released to. According to
ecological theory, microbial communities with a greater
diversity should be less susceptible to disturbance by
invading organisms. Based on this principle, we laid out a
pot experiment with field-derived soils different in their
microbial biomass and activity due to long-term manage-
ment on similar parent geological material (loess). We
investigated the survival of P fluorescens CHAO that
carried a resistance toward rifampicine and the duration of
potential changes of the soil microflora caused by the
inoculation with the bacterium at the sowing date of spring
wheat. Soil microbial biomass (Cpic, Nmic) basal soil
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respiration (BR), ¢gCO,, dehydrogenase activity (DHA),
bacterial plate counts, mycorrhiza root colonization, and
community level substrate utilization were analyzed after
18 and 60 days. At the initial stage, soils were clearly
different with respect to most of the parameters measured,
and a time-dependent effect between the first and the
second set point were attributable to wheat growth and the
influence of roots. The effect of the inoculum was small
and merely transient, though significant long-term changes
were found in soils with a relatively low level of microbial
biomass. Community level substrate utilization as an
indicator of changes in microbial community structure
was mainly changed by the growth of wheat, while other
experimental factors were negligible. The sensitivity of the
applied methods to distinguish the experimental soils was
in decreasing order N, DHA, C;., and gCO,. Besides
the selective enumeration of P. fluorescens CHAO rif",
which was only found in amended soils, methods to
distinguish the inoculum effect were DHA, Cy,., and the
ratio of Cpic to Npic. The sampling time was most
sensitively indicated by N, DHA, Chie, and gCO,. Our
data support the hypothesis—based on ecosystem theory—
that a rich microflora is buffering changes due to invading
species. In other words, a soil-derived bacterium was more
effective in a relatively poor soil than in soils that are rich
in microorganisms.

Introduction
Microorganisms are often used in agriculture and horticul-
ture in order to improve soil fertility, plant growth, and

plant health and to facilitate bioremediation of polluted sites
[1, 11, 32]. They are usually applied in high numbers in
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order to effectively reach the goal they are applied for.
Bacterial inoculants came into agricultural use in the early
20th century, many of which were related to the N-cycle
[46]. The release of Rhizobium ssp. has enhanced the
N-fixation potential of leguminous plants, however, Paul
and Clark [32] claimed that newly developed superior
strains cannot compete with the ones introduced earlier and
now being indigenous to the soil. The early use of these
strains, therefore, may cause failure of later amendments.
Many other organisms (e.g., Mycorrhiza, Pseudomonas
ssp., Trichoderma ssp., Bacillus ssp.) have been released to
agricultural crops and soils in order to improve nutrient
uptake and plant health. The survival of these organisms in
soil and their effects on the crop plant, however, are highly
variable, and up to now, none of the released micro-
organisms has imposed damage to the targeted environ-
ment, where it has been released.

Microorganisms are associated with above- and below-
ground parts of living plants, and they are considered harmful
or beneficial, depending on whether they depress or favor plant
growth and health [23]. All plant parts provide niches for
microorganisms, but their functional role in plant nutrition
and health has attracted scientific attention only when natural
processes of plant disease control were observed and
investigated. The phylloplane is colonized by 10° to
10® bacteria cm > [19] and the rhizosphere by 10° to 10'°
bacteria cm > [32]. The rhizosphere is inhabited by a large
diversity of microbial species that may proliferate because of
the presence of root exudates and debris. Strains of the genus
Pseudomonas are often found in soils and especially in the
rhizosphere of living plants [17], but depending on the plant
species, other microorganisms may prevail like rhizobia in
the rhizosphere of leguminous plants [22].

A general concept has been developed, where bacterial
strains were identified that were able to colonize plant
roots, stimulate plant growth, and/or reduce the incidence
of plant disease. These organisms were called plant growth-
promoting rhizobacteria (PGPR) that may favor plant
growth by fixation or solubilization of plant nutrients and
the production of growth stimulants. The aspect of
biocontrol is not mandatory in this concept though not
excluded. Haas and Defago [11] define the level of root
colonization effectively protecting the plant from a patho-
gen like Gaeumannomyces graminis var. tritici responsible
for take all in wheat to be 10° to 10° colony forming units
(CFU) g ' of root fresh matter. This amount may
correspond to 0.1% to 1% of the total cultivable rhizobac-
terial population under natural conditions. The relatively
low percentage of these specific organisms present on the
root suggest antibiosis, induced systemic resistance, and
pathogen—antagonist interactions to be the main modes of
action, rather than the competitive trapping of carbon
sources in the root environment [16].
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Fluorescent pseudomonads have often been isolated
from soils that were suppressive toward a plant pathogen,
meaning that the plant remains healthy even though the
pathogen is present. Among other commercially available
biocontrol organisms, strains of Pseudomonas fluorescens
are often used in agriculture to control soil-borne plant
pathogens in order to enhance productivity and plant health
[11]. Extensive work has focused on their suppressiveness
and the underlying principles [47]. Early ideas put forward
the mechanism of antibiosis to be responsible for a
successful competition between the antagonist and a
putative pathogen, but it remained hypothetic due to the
lack of antibiotic production in soil and its experimental
accessibility by modern techniques. Among other organ-
isms, fluorescent pseudomonads are commercially avail-
able, and they are used for a variety of agronomic purposes
[11, 38]. The organisms are generally present in soil but
may be more or less abundant depending on soil character-
istics and plant cover. Their application in the environment
is a mass release of organisms that may proliferate. This
fact alone may change the ecological balance and may
impose a risk to the environment as well as to human or
animal health.

Risk assessments are aiming at minimizing the potential
hazards to the environment and human beings. In contrast
to abiotic threats to the environment, the introduction of
living organisms comprises the risk that the organisms may
proliferate, exchange their genetic information with other
organisms, and thus, the genetic trait may change unpre-
dictably in the evolutionary process. Especially in the
discussion on the release of genetically modified organ-
isms, this topic is of unequivocal importance, but it also
implies to the mass release of any organisms to new
environments.

In this study, we investigated the effects of a rifampicine-
resistant strain of Pseudomonas fluorescens CHAO on
biological indicators of soil quality and applied a series of
soil biological methods in order to evaluate their sensitivity
to indicate changes. We tested the establishment of the
inoculated bacterium in soils that were different in their
long-term agricultural management and therefore exhibited
a range of microbial biomass and activity. These soils were
chosen because of their identical pedological origin. Our
hypothesis in this concern was that a microbial inoculum
has a greater potential to change microbial biomass and
activity in soils that are poor compared to soils that are rich
in microorganisms—briefly, active or fertile soils being
better buffered toward disturbance than poor soils. Soils
from a long-term field trial comparing organic and
conventional farming systems [20] on the same loess soil
were compared to a soil from a farmer’s field on a similar
soil type that was obviously showing signs of degradation
due to long-term monocropping of maize.
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Material and Methods
Soil Sampling

Two treatments of the DOK long-term field experiment
(Therwil, CH; 7°33" E, 47°30' N) [6, 20] and one field site
that has continuously been cropped with maize (Burnhaupt-
le-Haut, F; 7°07' E, 47°43" N) were chosen, the latter
already used in a study on diversity of mycorrhiza [31]. All
soils developed on deep alluvial loess and were cropped
with winter wheat in that year. Soils were sampled on
March 27th 2006 as a composite sample of the four
replicate field plots of the DOK-experiment and as a
composite sample of four 10x10 m subplots of the field
in Burnhaupt-le-Haut (France). Soil samples were taken
from the 0- to 20-cm soil layer (plough layer) with a 3 cm
& auger and combined to one bulk sample per treatment.
Soils were sieved (8 mm mesh), and moisture was adjusted
to 40-50% maximum water holding capacity. Soil samples
were kept at 4°C until they were used in the pot experiment.
The soils of the DOK experiment derived from a
biodynamic (D), and a conventional farming system (K);
both systems are livestock based. These farming systems
were run according to good agricultural practice and in line
with current regulations for biodynamic (D) or Swiss-
integrated production (K) in a ley rotation. D field plots
received composted farmyard manure and slurry as the sole
fertilizers, while K was fertilized with stacked farmyard
manure, slurry, and mineral fertilizer. The soil from the
field site in Burnhaupt-le-Haut (B) was cropped with maize
for the preceding 4 years and has been fertilized with
mineral fertilizers exclusively. The year before sampling,
the farmer started to apply compost to his field because of
obvious problems with soil structure, and winter wheat has
been sown. Soil stability and water infiltration was poor at
this site, and it also showed retarded decomposition as
undecomposed organic particles from last year’s crop were
still visible. Soils derived from the DOK experiment had
higher soil carbon and pH than soil B from the maize
monocropping site but a similar clay content (Table 1).

Inoculum P, fluorescens CHAO rif"

The soil-derived bacterium P. fluorescens CHAO was
isolated in 1985 from a tobacco field suppressive toward

Table 1 Field sites and characterization of soils

Corg (mg g ") pH (H0) Clay (%)
D 14.75 7.00 16.7
K 12.66 6.64 14.1
B 8.41 5.60 14.8

Thielaviopsis basicola in the region of Morens (Fribourg,
CH) [27]. This strain has shown to be suppressive also
toward the root pathogen G. graminis var. tritici on wheat
[14, 34]. The P. fluorescens CHAO strain used in this study
was resistant toward the antibiotic rifampicine, which is a
spontaneous mutant of the one isolated from the field. Due
to this resistance, a monitoring of inoculum survival was
possible by using rifampicine in culture media.

Cultivation and Inoculum Preparation

The inoculum was produced by cultivating P. fluorescens
CHAO rif" in liquid nutrient broth M-1 (0.98 g K,HPO,x
3H,0, 0.40 g MgSO,x7H,0, 0.40 g CaCO;, 10 g
saccharose, 3 g yeast extract in 1,000 ml H,O demin.) at
27 C for 24 h [7]. The precultivated organisms were then
transferred to fresh M-1 medium and cultivated for another
24 hours at 27 C. The actively growing bacteria were then
centrifuged at 4,000 rpm for 10 min and washed twice by
resuspending the bacteria in sterile saline (8 g NaCl L™)
and centrifugation as described before. The cell density was
adjusted to 7.2x10® cells mlI™' by counting appropriate
dilutions of this suspension by microscopy.

Experimental Design

The experiment was laid out as a randomized pot trial
under greenhouse conditions. The three field soils were
filled into 3x20 plastic pots (Greiner pots, & 14 cm,
height 10.5 cm, 1,040 ml). Each pot was filled with the
corresponding amount of 712 g dry matter of soil,
which was slightly compacted before sowing seven
spring wheat seeds (variety Greina) per pot. For each
soil ten pots were inoculated with P. fluorescens CHAO
rif’, and another ten were treated with the saline only.
Each pot was placed on a separate plate to avoid
contamination from one pot to the other. After sowing,
20 ml of the washed bacterial suspension was poured over
the soil surface, corresponding to 1.44x10'° cells per pot
or 2x107 cells per gram soil (dry matter). After seed
emergence, five healthy seedlings were left in each
pot. Five of the set of ten pots per treatment were
destructively sampled on day 18 and the other five on
day 60 after sowing. The whole soil of one pot was used
as a single replicate. Soils were checked for moisture on a
daily base, and the water content was adjusted gravimet-
rically as long as the plants were relatively small; later,
equal amounts of demineralized water were added. Weeds
and surplus wheat seedlings were cut with a sterilized
scissor at the soil surface. After 28 days, wheat plants
were fertilized with 11 mg ammonium nitrate (NH4NO3)
dissolved in demineralized water per pot four times in
weekly intervals.
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Soil Analyses

All soil biological analyses were done with moist soil
samples at a water content corresponding to 40% maximum
water holding capacity.

Soil Microbial Biomass

Soil microbial biomass C (Cpi) and N (Npyi) was
estimated by chloroform—fumigation—extraction (CFE)
according to Vance et al. [45]. CFE was done on 20 g
(dry matter) subsamples that were extracted with 80 ml of a
0.5-m K,SO, solution. Total organic C (TOC) in soil
extracts was determined by infrared spectrometry after
combustion at 850 C (DIMA-TOC 100, Dimatec, Essen,
D). Total N was subsequently measured in the same sample
by chemoluminescence (TN, Dimatec, Essen, D). Soil
microbial biomass was then calculated according to the
formula: C;. = Eclkgc where Ec = (TOC in fumigated
samples — TOC in control samples) and kpc=0.45 [12].
Nmic = Enlkgn where Ey = (N, in fumigated samples — N, in
control samples) and kpn=0.54 [13].

Soil Basal Respiration

Soil basal respiration was measured in preincubated (7 days
at 22 C) samples as CO, evolved over a period of 72 h. Soil
samples (20 g dry matter) were weighed into perforated
centrifuge tubes and placed into screw cap glass bottles
(Schott, 250 ml) in the presence of 0.025 N NaOH as CO,
trap for a 24-h preincubation period in the bottle. The actual
measurement started by adding 20 ml of 0.025 N NaOH.
After 72 h, the soil was taken out of the bottle, and the
alkali was titrated with 0.025 N HCIl. The measurement was
done according to the reference methods of the Swiss
agricultural research stations [5]. The metabolic quotient for
CO, (¢CO,) was calculated from basal respiration rates
divided by the amount of microbial biomass carbon (Cyyic)
in the respective sample [3].

Soil Dehydrogenase Activity

Dehydrogenase activity was measured according to
Tabatabai [41] in 5 g soil samples that were incubated at
30 C for 24 h in the presence of an alternative electron
acceptor (triphenyltetrazoliumchloride). The red-colored
product (triphenylformazan) was extracted with acetone
and measured in a spectrophotometer at 546 nm.

Culturable Cell Counts

Plate counts of soil bacteria were determined at each
sampling time and in each pot by using serial soil dilutions.
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Dilutions were adjusted to yield appropriate numbers of
colonies on a glucose minimal media [1 g yeast extract,
0.25 g glucose, 50 ml solution A, 25 ml solution B, pH 7.0,
12 g agar, in 1,000 ml aqua bidest.; Solution A contained
5 g K,HPO, L ! H,O demin.; Solution B contained 2.5 g
MgSOy4, 25 g (NH4),SO,4 and 25 ml of a trace element
solution (1 g FeSO47H,O, 0.22 g MnSO4H,O, 0.1 g
H3BOs, 0.1 g Na,Moy2H,0, 0.18 g ZnSO4-7H,0, 0.16 g
CuS045H,0, Aqua bidest ad 1,000 ml) in 1 L of
demineralized water.].

Fluorescent pseudomonads were enumerated on King’s B
agar (1.5 g K,HPO,, 1.5 g MgS0,47H,0, 15 ml glycerol,
20 g proteose peptone, pH 7.2, 12 g Agar in 1,000 ml aqua
bidest.), and King’s B agar with rifampicine was used for the
monitoring of the inoculant according to Mascher et al. [25].
Rifampicine diluted in ethanol (10 mg ml™" ethanol) was
added at a concentration of 100 mg/L to King’s B medium.

Community Level Substrate Utilization

Community level substrate utilization (CLSU) patterns
were measured according to Garland and Mills [9]. Micro-
titre plates (Biolog® eco-plates), prefilled with 31 different
C sources and a tetrazolium dye (Biolog, Hayward, CA,
USA), were filled with soil suspensions. In detail, 10 g (dry
matter) of soil was suspended in 90 ml of a saline solution
(0.9% NacCl) on a rotary shaker at 300 rpm for 30 min.
Extracts were allowed to settle for 10 min to clear the
supernatant. A tenfold dilution of the first suspension (10
(125 ul per well) was directly inoculated to Biolog®
ecoplates, which were then incubated at 20 C. The plate
absorbance was measured repeatedly at 600 nm (MRX
Microplate reader, Dynex Technologies, Chantilly, VA,
USA). Community level substrate utilization patterns were
standardized by water blank subtraction and transformation
by the average well color development (awcd) [8, 48].
After soil suspensions from experimental samples
were filled into Biolog ecoplate wells, bacterial growth
started with a time lag of about 20 h. Growth on single
substrates—as indicated by the color formation from a
tetrazolium dye—showed typical sigmoidal curve shapes.
Set points after filling suspensions to the wells were
chosen, when the increase in color formation of a plate
became maximal. These set points occurred between 47 and
66 h of incubation at 20 C depending on the soil. Substrate
utilization patterns at these set points of maximum substrate
utilization were used for comparison of experimental soils.

Plant Analyses
Shoots and roots of each pot were sampled on days 18 and

60 after sowing. Aboveground biomass was measured
gravimetrically after drying at 60 C for 24 h. Roots were
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carefully separated from the adhering soil and washed to
remove soil particles.

Mycorrhiza Root Colonization

Fresh root cutlings of approximately 15 mm length were
stored in ethanol (50%). For the assessment of root
colonization, a modified method of Phillips and Hayman
[33] was used. Briefly, roots were cleared by incubating for
15 min at 90 C in 2.5% KOH. After removal of the alkali
and washing the roots with tap water, 1% HCI was added to
acidify the roots. Mycorrhizal structures in the cleared roots
were then stained by adding a solution of 0.5 g trypan blue,
500 ml Glycerol, 50 ml 1% HCI in 1,000 ml water and
incubation for 15 min at 90 C. In order to enhance the
contrast, the staining solution was decanted and replaced by
the same solution without trypan blue. Here, the roots may
be conserved for up to 1 year.

Forty stained root cutlings per pot were transferred on a
microscopic slide and fixed with a cover slip. The
colonization of roots was evaluated microscopically by
estimating the blue-stained fungal structures along the root
cutlings at 200-fold magnification.

Colonization of Roots with P. fluorescens

The remainder of the roots were put between moistened
filter paper and frozen at —18 C for not more than 5 days.
Approximately 500 mg of roots from each sample was put
into a 50-ml Erlenmeyer flask containing 10 ml of a 0.9%
sterile saline solution. The samples were shaken for 20 min
at 450 rpm. From the root wash, 1 ml samples were taken to
estimate Pseudomonas spp. adhering to the roots and put on
ice. Twenty microliters of sample suspension were trans-
ferred to 96-well microtitre plates containing 180 ul per
well of King’s B medium [15] with amendments of
actidione (100 pg ml "), chloramphenicol (13 pg ml™"),
and ampicillin (40 pg ml™"). Serial tenfold dilutions were
made to 10°® in the microtitre plate, four replicates were
prepared per root system, and then the plates were
incubated for 4 days at 24 C temperature with continuous
shaking (150 rpm). Bacterial growth was estimated visually,
and the terminal dilution showing positive growth was used
to calculate total population size of a sample by the most
probable number technique—MPN [2, 10]. Sterile glycerol
was added to all wells to achieve a final concentration of
50% for further storage at —80 C.

Statistics

The operational unit of the statistical evaluation was one
replicate pot, and all analyses were performed based on five

replicate pots. Data were subjected to a three-way analysis
of variance (ANOVA) with soil, sampling time, and
inoculum, and their interaction as factors (JMP 5.0, SAS
Institute, Cary, NC, USA). In case of significant model
effects, comparisons of differences between soils amended
with P, fluorescens CHAO rif” and the respective control
were performed using Tukey HSD post hoc tests. Any
difference mentioned is significant at p=0.05. Multivariate
analysis of community level substrate utilization profiles
were done with CANOCO 4.5 (Microcomputer Power,
Ithaca, NY, USA).

Results
Crop Yield

Spring wheat emergence was almost 100% after 10 days.
Five evenly developed seedlings were allowed to grow,
while all other germinating seeds and weeds were removed
carefully. Eighteen days after sowing, the aboveground
biomass averaged at 41 mg dry matter per plant or 203 mg
per pot. Sixty days after sowing, the aboveground biomass
averaged at 252 mg per plant or 1,260 mg per pot (Table 2).
On day 18, the average aboveground oven dry biomass
from soils B and K was 34% higher than the one from soil
D, while on day 60, soil D produced 22% more
aboveground dry matter than the average of soils B and K.

Table 2 Aboveground biomass (mg oven dry matter plant') of
spring wheat in soils B, D, and K on days 18 and 60 after inoculation
with P, fluorescens CHAO rif + (P.f) (mean values and SDs of five
replicate pots are given)

Soil treatment Day 18 Day 60
B 445 +4.7 217.2 +12.1
B + P.f. 475 +5.1 232.8 +20.5
D 33.0 +4.2 298.4 +18.1
D + Pf. 334 +3.4 273.6 +27.8
K 422 +2.9 229.2 +16.7
K + Pf. 435 +3.5 261.2 +29.3

ANOVA results F ratio Prob>F
Soil 12.346 <0.0001
Inoculum 1.308 0.2566
Soil x inoculum 4.661 0.0125
Sampling 3,404.974 <0.0001
Soil x sampling 25.127 <0.0001
Inoculum x sampling 0.747 0.4774
Soil x inoculum x sampling 4.304 0.0035

F ratios and significance levels of the three-way ANOVA factors soil,
inoculum, and sampling time and their interactions
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Soil Microbial Biomass

According to the objectives and the design of this study, the
soils used had all different soil microbial biomass carbon
(Chic) in the order D > K >B, and they retained this ranking
over the time of the study. At the starting point of the
experiment, soil D had 51% and soil K 34% more C,,;. than
soil B. As an average over all soils, C,,;. increased from the
start until day 18 by 4% and until day 60 by 21% (Fig. 1).
The uninoculated soils B and K showed a slight decrease in
this time span. The P. fluorescens inoculum enhanced the
average Cp,;c by 5%, but in soil B and K, C,;; increased by
11% and 8%, respectively, in the inoculated soils. On
day 60, only soil B showed a lasting effect of the P.
fluorescens inoculum with 13% higher C,,;. than in the
control. On the other hand, in soil D, which had the highest
Chic at the start, no change due to the inoculum was
observed on days 18 and 60.

Microbial biomass nitrogen (Np;) showed the same
ranking of experimental soils in the order D > K >B at the
start, soil D showing 56% and soil K 21% higher N
values than soil B. The N, average over all treatments
decreased by 20% from the start to day 18 but recovered
again to values 6% under the initial ones (Fig. 2). In soil K
on day 18, the P. fluorescens inoculum led to 6% more
microbial nitrogen, while in soil B, N.,;. was significantly
higher on both sampling dates compared to the controls
with 9% on day 18 and 7% on day 60.

The Cppic-to-Np;e ratio (data not shown), across all soils,
increased by 30% from the start to day 18 and retained this
ratio until day 60. With a C;.-to-Np,;. ratio of 5.86 at the
start, soil K showed 14% higher values than soil D, and
values of soil B were 3% higher than the ones of soil D. At
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Figure 1 Microbial biomass carbon (Cy,;.) in soils B, D, and K
inoculated with P. fluorescens CHAO rif™ (P.f) and the respective
controls at the start, days 18 and 60 (n=5; bars represent mean
values + SD)

@ Springer

90 -
80
70
60 -
50
40 +
30 +
20 +
10

soil microbial biomass
[1g Nmic g soil]

DN
IS/ LIS/

A

Ll
K
[ Start A control day 18 B4 P.f. day 18

control day 60 N P.f. day 60

(o8]
O

Figure 2 Microbial biomass nitrogen (Ny;.) in soils B, D, and K
inoculated with P. fluorescens CHAO rif" (P.f.) and the respective
controls at the start, days 18 and 60 (n=5; bars represent mean
values + SD)

an average over all treatments, the inoculum showed 2%
higher values compared to the controls.

Soil Basal Respiration and gCO,

At the start of the experiment, soil basal respiration in soil
B was 24% higher than in soil D and 14% higher than in
soil K, and at an average over all soils, it decreased by 11%
from the start to day 18 and by 28% from the start until the
end of the experiment on day 60 (Fig. 3). No inoculum
effect was found except for soil B that showed 14% and
12% higher values than the controls on days 18 and 60,
respectively.

N

soil basal respiration
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N
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\
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[ Start FA control day 18 P4 P.f. day 18
control day 60 N P.f. day 60
Figure 3 Soil basal respiration in soils B, D, and K inoculated with P,

fluorescens CHAO rif” (P.f) and the respective controls at the start,
days 18 and 60 (n=5; bars represent mean values £ SD)
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When basal soil respiration rates were divided by the
amount of microbial biomass to calculate the metabolic
quotient for CO, (¢CO,), no inoculum effect was observed,
and only the effects of soils (B > K > D) and sampling time
remained significant (Fig. 4). gCO, in soil D was 47% and
in soil K 34% lower than in soil B at the start. gCO,
decreased by 40% between the start and day 60.

Soil Dehydrogenase Activity

Soil dehydrogenases are microbially bound enzymes that
are part of the electron transport chain. At the start of the
experiment, dehydrogenase activity (DHA) in soil D was
96% and in soil K 74% higher than in soil B and this order
was retained over the whole experiment. While no
significant changes in DHA were found between the start
and day 18, it increased by 42% between days 18 and 60 as
an average over all soils (Fig. 5). The P fluorescens
inoculum produced a small but significant overall increase
in DHA by 6% on day 18 compared to the controls; in soil
B, however, this increase accounted for 18%. While short-
term inoculum effects on day 18 were significant, they
disappeared after prolonged incubation until day 60 in all
soils.

Community Level Substrate Utilization

Community level substrate utilization (CLSU) with Biolog
Ecoplates was evaluated 47 to 66 h after inoculating soil
suspensions to the microplate wells, when maximum
substrate utilization per plate was monitored. The strongest
influence on the substrate utilization patterns as a result of
redundancy analysis (RDA) was the sampling time with
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Figure 4 Metabolic quotient for CO, (¢CO,) in soils B, D, and K
inoculated with P. fluorescens CHAO rif™ (P.f) and the respective
controls at the start, days 18 and 60 (n=5; bars represent mean
values + SD)
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Figure 5 Dehydrogenase activity (DHA) in soils B, D, and K
inoculated with P. fluorescens CHAO rif” (P.f.) and the respective
controls at the start, days 18 and 60 (n=5; bars represent mean
values + SD)

longest vectors shown in Fig. 6. CLSU patterns at the start,
on days 18 and 60 were clearly different (Fig. 6), as the
vectors point to different directions. The explained variance
due to the different soils was substantially lower (Table 3).
CLSU of soil K was different from soils B and D. The
inoculation of soils with P. fluorescens CHAO rif™ had only
a minor influence on explaining the variation in CLSU
patterns as indicated by the relatively short length of the
respective vectors and the low percentage of explained
variation of the second canonical axis in Fig. 6.
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Figure 6 Constrained ordination of the first two canonical axes as
determined by redundancy analysis (RDA) of community level
substrate utilization (CLSU) patterns at the start, days 18 and 60 after
inoculation with P. fluorescens CHAO rif" (P.f.) in soils B, D, and K
(n=5). Explained variation is displayed in parentheses along the first
two ordination axes together with the overall correlation (r) of the
analyzed factors (soil, inoculum, sampling time) and the dependent
variable—the CLSU pattern. Vector directions indicate maximum
variation due to the corresponding factor, and vector length is
indicating the strength of the correlation
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Table 3 Explained percentage

of the total variance in commu- Experiment factors All set points (%) Start (%) Day 18 (%) Day 60 (%)

nity level substrate utilization

profiles by the inherent factors All 36.3 47.5 16.9 18.3

of the pot experiment as deter- Soil 7.1 475 13.7 14.8

mined by redundancy analysis Inoculum 16 _ 32 34
Sampling time 25.0 - - -

Root Colonization with Arbuscular Mycorrhiza
and P, fluorescens

Arbuscular mycorrhizae are symbioses of specific fungi
with plant roots. This symbiosis has been found to enhance
plant productivity, especially in poor soils; it may also
enhance plant health through induced resistance and may
stabilize soils by building up soil structure. In our
experiment, the colonization of wheat roots by mycorrhiza
was highly variable with coefficients of variation of 44%
and 58% for the average of all samples on days 18 and 60,
respectively. Nonetheless, the full factorial model indicated
a significant effect of the soil with 68% higher colonization
of roots in soil B than in soil K (Table 4), and as an average
over all soils, it increased from 9.8% on day 18 to 24% on
day 60.

Numbers of P. fluorescens ssp. on root samples of spring
wheat plants were not affected by the inoculum, but over all
samplings and treatments, they were 4.3 times higher
values in soil B than in soils D and K (Table 4). The
cultivable numbers were 4.7 times higher in roots of young
plants (day 18) than in older ones (day 60), the strongest

decrease by a factor 17 being found on roots grown in soil
B. In addition, only in soil B on day 60, numbers

of P. fluorescens on the root were three times higher

than in the control.

Soil Bacterial Plate Counts

Bacteria from experimental soils were isolated and culti-
vated on agar media. A small number of soil micro-
organisms are known to be able to grow on agar plates.
Cultivated organisms on agar media typically account for
only 0.1% to 5% of the total—directly observable—
bacteria. At the start, bacterial numbers on the low
concentrated glucose medium were lower in soil D by
57% compared to soils K and B. Cultivable numbers
decreased by 30% from the start to the later samplings
(Table 5). Over all samplings, soil B had 1.7 times higher
CFU than soil K and 2.6 times higher CFU than soil D, and
no inoculum effect was found.

Plate counts of fluorescent Pseudomonas ssp. on King’s
B media were 1.34 times higher in soil K than the average
of soils B and D (Table 5). In soil B, the inoculum

Table 4 Wheat root colonization with mycorrhiza and P. fluorescens ssp. in soils B, D and K on day 18 and day 60 after inoculation with
P. fluorescens CHAO rif™ (P.f.) (mean values and SDs of five replicate pots are given)

Mycorrhiza root colonization (%)

Soil treatment Day 18 Day 60
B 6.5+£4.8 32.9+11.1
B + Pf. 17.1+£3.2 30.7£10.8
D 9.8+5.4 17.8+10.4
D + Pf. 9.2+4.5 27.0+22.2
K 9.8+3.7 23.5+21.2
K + Pf. 6.2+4.1 12.3+£7.6

ANOVA results F ratio Prob>F
Soil 3.3284 0.0443
Inoculum 0.0166 0.8981
Soil X inoculum 1.8584 0.167
Sampling 25.0814 <0.0001
Soil x sampling 1.1051 0.3395
Inoculum x sampling 0.3846 0.5381
Soil % inoculum x sampling 1.4386 0.2473

P. fluorescens root colonization (logl0 g ' root f.m.)

Day 18 Day 60
9.24+0.36 7.65+0.14
9.03+0.38 8.13+0.45
7.75+0.32 7.89+0.30
7.93+0.14 7.66+0.14
8.25+0.28 7.60+0.28
8.35+0.38 7.56+0.17
F ratio Prob>F
31.8728 <0.0001
0.3611 0.5507
0.3874 0.6809
77.5714 <0.0001
19.6733 <0.0001
0.0894 0.7662
4.6912 0.0138

F ratios and significance levels of the three-way ANOVA factors soil, inoculum, and sampling time, and their interactions
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Table 5 Bacterial colony forming units (CFU) in soils B, D, and K at the start, on days 18 and 60 after inoculation with P. fluorescens CHAO rif" (P.f.) on agar plates with glucose minimal and

King’s B media with and without rifampicin (mean values and SDs of five replicate pots are given)

soil)

—~1

Kings B + rifampicin (logl0 CFU g

Start

soil)

-1

Kings B media (logl0 CFU g

Start

soil)

-1

Glucose minimal media (logl0 CFU g

Start

Soil treatment

Day 60

18

Day

Day 60

Day 18

Day 60

18

7.03+0.20
7.15+0.10
6.76+0.03
6.64+0.16
7.08+0.03
6.85+0.10

Day

Not detectable

5.54+0.20
5.70+0.15
5.80+0.17
5.81+0.13
5.95+0.21
5.89+0.16

5.10+0.17
5.53+0.11
5.15+0.21
5.60+0.19
5.74+0.06
5.10+0.21

5.39+0.12

7.05+0.13
7.09+0.16
6.71+£0.09
6.67+0.16
6.80+0.26
6.79+0.16

7.12+0.06

4.96+0.24

5.27+0.20

B + Pf.

Not detectable

5.15+0.21

6.76+0.03

4.99+0.09

5.49+0.26

D+ Pf.

Not detectable

5.74+0.06

7.08+0.03

5.08+0.15

5.20+0.17

K + Pf.

Reduced model for P.f. CHAO rif"

F ratio
0.8388

Prob>F
0.4504

Prob>F
0.0021
0.1544
0.0996
<.0001
0.0002
0.3219
0.1379

F ratio
7.121

Prob>F
<.0001
0.8683
0.5185
0.0095
0.2096
0.9858
0.7743

F ratio

ANOVA

38.0047
0.0278
0.6649
5.0772
1.5191
0.0143
0.4467

Soil

Not estimable

2.1001
24316

Inoculum

Not estimable

12.6248
1.5263

Soil x inoculum

0.0026
0.2474

36.2301
6.9586
1.1632
1.8417

Sampling

Soil x sampling

Not estimable

Inoculum x sampling

Not estimable

Soil x inoculum x sampling

F ratios and significance levels of the three-way ANOVA factors soil, inoculum, and sampling time, and their interactions

produced 2.7 and 1.4 times higher cultivable numbers
compared to the control soils on days 18 and 60,
respectively.

P. fluorescens CHAO rif" on King’s B agar, containing
rifampicin in order to select for resistant species, were only
found in soils that have previously been inoculated with the
rifampicin-resistant strain of P fluorescens CHAO rif"
(Table 5). The average cultivable numbers decreased by
48% as an average over all soils from days 18 to 60, and at
an average over all treatments, they were 50% lower than
the total number of fluorescent pseudomonads.

Discussion

The aim of the experiment presented in this paper was to
analyze to what extent an introduced microbial strain may
change soil microbial properties. We tested the effect of a
rifampicine-resistant strain of P. fluorescens CHAO in soils
with different levels of microbial biomass and activity that
developed on soils of similar parent material (loess). The
differences of soil microbiological parameters at the start of
the experiment were primarily due to the long-term
management history of these soils. We were interested to
see if (1) a mass inoculation of the soils would change
microbial biomass and activity in the short and longer term,
including an evaluation of method sensitivity, and if (2) this
effect was depending on the initial level of microbial
biomass and activity of field-derived soils.

Establishment and Survival of P. fluorescens Strain CHAOQ
rif” in Soils with Low and High Microbial Biomass

The inoculation of our experimental soils resulted in a
slight increase in many biological parameters of the soil
bulk soil, predominantly in the short term, while most of
the effects of the inoculum disappeared after 60 days.
P, fluorescens CHAO rif" was only reisolated from soils that
were previously inoculated. This result shows that the strain
has not been present in our original experimental soils in
considerable numbers, and that the inoculation was
successful and bacteria remained present over the time
and under the conditions of the experiment.

We inoculated 2x107 actively growing cells of
P. fluorescens CHAO rif" per gram of soil and reisolated
numbers of colony-forming units that were smaller by two
orders of magnitude. Consequently, around 99% of the
inoculated cells were lost. This may have several reasons:
(1) The strain is not competitive in soils and is suppressed
by the existing microflora. This is a natural process that
occurs after mass release of organisms and has been found
in several studies in the field and under controlled
conditions [4, 27, 36]. Moreover, the used strain was
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isolated from tobacco rhizosphere and may not be adapted
to the conditions on the wheat root [40]. Nevertheless,
Pseudomonas ssp. are competitive colonizers of wheat
roots as we were able to show also for our wheat root
samples. Aguirre et al. [1] found that a P. fluorescens strain,
genetically modified for bioremediation purpose, changed
the community of rhizosphere organisms but not the one in
the bulk soil. (2) The reisolation procedure was not
quantitative including change of viability and cultivability.
The ongoing “plate debate” on cultivability of soil
organisms concludes on only a small percentage of soil
organisms being cultivable and questions its being repre-
sentative for microbial ecology [30, 35]. Additionally the
used strain of P. fluorescens CHAO has been found to loose
its ability to grow on artificial media and agar plates once
inoculated to soils, but it still remained viable in soil [24,
25]. (3) The strain has lost its antibiotic resistance, which is
often found when the resistance is located on plasmids. The
P, fluorescens strain we used, however, carried a constitu-
tive resistance toward rifampicine and appeared to be
relatively stable with respect to this resistance [28, 29]. In
conclusion, the main explanation for decreasing cell counts
is the lack of competition and cultivability after soil
inoculation.

Sensitivity of Soil Biological Measures to Detect Effects
of the Bacterial Inoculum

Most of the parameters tested showed a temporal change,
which was most likely due to the growth of spring wheat in
the experimental soils. Plant growth usually stimulates the
activity of microorganisms in soils due to root exudates and
plant residues that are used by the existing organisms as
substrates for growth and maintenance. So the effect of
sampling time on soil biological parameters may be
interpreted at least partly as being driven by plant growth.
No significant differences in plant growth were obtained
between the inoculated and the control pots.

The design of our experiment allowed for the separation
of soil, sampling time, and inoculum effects as well as their
interactions. Significant inoculum effects were detectable
with the following methods: (1) reisolation of rifampicine
resistant P, fluorescens CHAO from soil, (2) dehydrogenase
activity (DHA), (3) microbial biomass carbon (C,,;.), and
(4) the of Cije-to-Npy;. ratio. The magnitude of the effect as
indicated by the F value of the three-way ANOVA
decreased from the first to the last method mentioned
before (see Tables 4, 5, and 6). While inoculum effects
were highly significant for methods 1 and 2, the significant
interaction with sampling time showed that the effect on
DHA disappeared until day 60. The effects of the inoculum
on Cpic (3) and the Cp;-to-Np,ie ratio (4) were found to be
significant over the whole time of the study, as no
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Table 6 F ratios and significance levels of the three-way ANOVA factors soil, inoculum, and sampling time and their interactions for Figs. 1, 2, 3, 4, 5

DHA (mg TPF g 'h™")

4CO; (mg COC g ' Cric h')

BR (ug CO,-Cg'h™h)

Nic (g g ")

Coic (g g ")

Source

Prob>F

Prob>F F ratio

Prob>F F ratio Prob>F F ratio

Prob>F F ratio

F ratio

<0.0001
0.0088
0.1433

1,248.703
7.249
1.996

<0.0001
0.66
0.98

298.694
0.195
0.020

<0.0001

20.131
3.798

<0.0001
0.465

2,282.638
0.540
6.374

<0.0001
0.0235
0.0262

978.996
5.356
3.834

Soil

0.0552
0.2139
<0.0001
<0.0001

Inoculum

1.576
93.749
7.331

0.0028

Soil x inoculum

<0.0001
<0.0001
0.021

641.320
30.527
4.076

<0.0001
<0.0001
0.7452
0.9947

156.298
12.034
0.295

<0.0001
<0.0001
0.8598
0.0004

392.835

<0.0001
<0.0001
0.207

163.152

Sampling

12.526
0.151

24.464
1.610
2.778

Soil x sampling

0.1565
0.6707

1.903
0.590

Inoculum x sampling

0.3638

1.099

0.053

5.772

0.0331

Soil x inoculum x sampling
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interaction with sampling time was found. None of the
other methods was able to detect changes caused by the
P, fluorescens inoculum.

Effects of Inoculated P. fluorescens CHAO rif™ on Soil
Biology in Soils with Different Initial Level of Microbial
Biomass and Activity

The soils chosen for the experiment was derived from the
well-documented DOK-experiment with a 7-year ley
rotation [6, 20, 21] and from an intensely cropped and
heavily degraded monoculture site that also developed on
the same type of alluvial loess. The soils were similar in
their parent material, but showed differences in soil organic
matter and pH that were due to the previous long-term soil
management.

The different microbial biomass and activity of our
experimental soils did not change the numbers of reisolated
P. fluorescens CHAO rif". Only the total CFU of
P, fluorescens was enhanced by the inoculum, but remained
higher over 60 days only in soil B with the lowest microbial
biomass of our set of soils, which indicates an approval of
our second hypothesis that a soil poor in microorganisms is
reacting more to fertility inputs than a “rich” soil.

Differences between the three soils used in the study
were significantly indicated by all the applied methods
except for the reisolated numbers of P. fluorescens CHAOQ
rif” from soils. The strongest differences between soils were
detectable by the methods for N, DHA, Cpic, ¢CO», in
decreasing order as indicated by the F values of the three-
way ANOVA. Interactions of soil and inoculum were
significant for N;., crop biomass, and Cpc. Npic and
Chnic only showed an inoculum effect for soil B, while the
other soils remained unaffected. This is supporting our
hypothesis that poor soils as soil B are reacting stronger to
microbial inocula than soils rich in microorganisms as soils
D and K. Without inoculum, crop biomass in soil D was
higher than in the other soils, whereas it was identical in all
inoculated soils. This may indicate an integrative increase
in soil fertility of soils K and B as initiated by the bacterial
inoculum.

Changes in microbial biomass and basal respiration rates
due to the inoculum were going in the same direction. The
effect points toward typical soil values that are not influenced
by a bacterial inoculum even if abundantly present under
natural soil conditions. The absence of an inoculum effect
supports the underlying concept that the gCO, is indicating
the living conditions for soil microorganisms, which are
mainly driven by the physicochemical soil conditions.

Subtle effects of soil inoculation with microorganisms
have been found in several studies [18, 39] and focus
mainly on survival of a labeled strain that has been
introduced or on effects on microbial community structure

[36, 37, 42—44]. We tested changes of microbial commu-
nities by the use of a substrate utilization assay, which
primarily yielded significant effects of the different sam-
pling dates. The experimental soils explained a small part
of the variation found in the community profiles, but the
inoculation with P. fluorescens CHAO was obviously not
driving the substrate utilization patterns. Matos et al. [26],
investigating the survival of P. aeruginosa in wheat rhizo-
spheres with different levels of diversity, found an inverse
relationship between diversity and invasibility, which is
partly supported by our data. Our data merely point in the
direction that a soil-derived bacterial strain may enhance
the level of microbial biomass in poor soils, while rich soils
remain almost unaffected. Further studies are needed to
reproduce these findings, to analyze microbial community
diversity and define the specific mechanisms behind.

Conclusions

A new bacterial strain introduced into natural soils with
different levels of biological activity has been shown to
remain viable over a time frame of 60 days in the presence
of growing wheat plants. Some inoculated soils showed
elevated soil microbial biomass in the short term, but only
in the soil with the lowest microbial biomass did this effect
remained present over the longer term. Bacterial commu-
nity level substrate utilization and gCO, were clearly
showing effects of time and soils, whereas the effect of
the inoculum was negligible. This indicates that the
bacterial community and its maintenance requirement are
not changed by the inoculum. This may also be explained
by the fact that the inoculated Pseudomonas strain is
derived from soils and cannot be regarded as an invading
species with new properties. We conclude that soils poor in
microbial biomass and activity are slightly more susceptible
to inoculants than soils that are inhabited by a rich and
diverse microflora. The methods we used for evaluating the
inoculum effects were suitable and able to indicate subtle
changes in soil biological activities.
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