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The availability of nitrogen to Pseudomonas fluorescens DF57 during straw degradation in bulk soil and in
barley rhizosphere was studied by introducing a bioluminescent reporter strain (DF57-N3), responding to
nitrogen limitation, to model systems of varying complexity. DF57-N3 was apparently not nitrogen limited in
the natural and sterilized bulk soil used for these experiments. The soil was subsequently amended with barley
straw, representing a plant residue with a high carbon-to-nitrogen ratio (between 60 and 100). In these systems
the DF57-N3 population gradually developed a nitrogen limitation response during the first week of straw
decomposition, but exclusively in the presence of the indigenous microbial population. This probably reflects
the restricted ability of DF57 to degrade plant polymers by hydrolytic enzymes. The impact of the indigenous
population on nitrogen availability to DF57-N3 was mimicked by the cellulolytic organism Trichoderma
harzianum Rifai strain T3 when coinoculated with DF57-N3 in sterilized, straw-amended soil. Limitation
occurred concomitantly with fungal cellulase production, pointing to the significance of hydrolytic activity for
the mobilization of straw carbon sources, thereby increasing the nitrogen demand. Enhanced survival of
DF57-N3 in natural soil after straw amendment further indicated that DF57 was cross-fed with carbon/energy
sources. The natural barley rhizosphere was experienced by DF57-N3 as an environment with restricted
nitrogen availability regardless of straw amendment. In the rhizosphere of plants grown in sterilized soil,
nitrogen limitation was less severe, pointing to competition with indigenous microorganisms as an important
determinant of the nitrogen status for DF57-N3 in this environment. Hence, these studies have demonstrated
that nitrogen availability and gene expression in Pseudomonas is intimately linked to the structure and function
of the microbial community. Further, it was demonstrated that the activities of cellulolytic microorganisms
may affect the availability of energy and specific nutrients to a group of organisms deficient in hydrolytic

enzyme activities.

The adaptive responses of bacterial inoculants introduced to
agricultural soil and the rhizosphere, for reasons such as plant
protection, are poorly understood. It is realized that a variety
of environmental factors, including nutrient availability, might
influence growth and activity of the bacterial populations.
However, the availability of, e.g., phosphate or iron to intro-
duced pseudomonads does not appear to be severely limited in
natural bulk soil or plant-soil systems as determined by bacte-
rial whole-cell biosensors (6, 22, 26, 28, 29). Carbon limitation
has been suggested to limit growth of Pseudomonas fluorescens
cells residing in soil (44), emphasizing the low availability of
substrates (carbon sources) in this environment.

Previous studies employing reporter bacteria have not ad-
dressed the heterogeneity of the soil environment. Arable land
management involves incorporation of crop residues into the
soil, and these plant components constitute the major carbon
input to surface layers of agricultural soils (27). Barley straw
consists mainly of polymers such as cellulose, hemicellulose,
and lignin, requiring the activity of specific hydrolytic enzymes
for their degradation (27), and has a particularly high carbon-
to-nitrogen ratio, between 60 and 100 (7). Hence, amendment
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of the soil with these plant residues may have the potential of
altering growth conditions for the inoculated bacteria and con-
sequently their physiological responses. However, the micro-
bial responses to straw enrichment have primarily been inves-
tigated at the community level by monitoring changes in
respiration rates or in biomass; generally, a positive effect on
these parameters has been observed (17, 33). More specific
evidence for changes in growth conditions is obtained from the
observation that shifts in the microbial community composi-
tion occur as straw degradation proceeds, with alternating pre-
dominance of bacteria and fungi (12).

The above-mentioned bulk measurement of respiration and
biomass is useful for studies of gross effects on the entire
microbial community but does not allow us to discriminate
between the physiological responses of specific members of the
community. In this study, we investigated whether the addition
of carbon-rich barley straw could affect the availability of ni-
trogen to P. fluorescens DF57 in soil and rhizosphere. For this
purpose, we introduced to these habitats a reporter strain,
DF57-N3. Strain DF57 is unable to hydrolyze plant polymers
such as cellulose and protein, and the Tn5:luxAB mutant
DF57-N3 expresses the luxAB reporter system in the absence
of ammonium and readily assimilable amino acids (15). In
Enterobacteriaceae, growth supported by nitrogen sources
other than ammonium leads to induction of the nitrogen-reg-
ulated (Ntr) response and is considered to be nitrogen limited
(35). Since many of the transport systems and enzymes in-
volved in nitrogen utilization in Pseudomonas are regulated in
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a similar manner (1, 3, 14), we have extended the terminology
to this group of organisms.

MATERIALS AND METHODS

Strains, media, and growth conditions. Two Tn5::lux4B-tagged strains of P.
fluorescens DF57 were used in this study. In strain DF57-N3, luxAB expression is
controlled by a promoter induced in the absence of ammonium or readily as-
similable amino acids (15, 21). DNA sequencing has revealed that the gene
disrupted by Tn5::luxAB has homology to the urea amidolyase from yeast (15). In
DF57-11D1, bioluminescence is expressed under all conditions tested (21). The
strain served as a control for the DF57 metabolic constitution and for soil
conditions being conducive to expression of the reporter function. Growth rate
and nitrogen starvation survival of the mutants have not been affected by
TnS5::luxAB mutagenesis, as shown by comparisons with wild-type DF57 (21). For
pure culture experiments, DF57 strains were grown in Davis minimal medium
supplemented with 0.4% glucose (23). Cells to be used in soil experiments were
cultured in Luria-Bertani (LB) medium (38). Incubations were carried out on a
rotary shaker (200 rpm) at 30°C. Media were solidified by adding 1.5% agar
(Difco). CFU were determined after incubation for ca. 24 h on LB agar at 30°C.
Kanamycin (25 pg ml~!) was added to all liquid and solid media. Streptomycin
(20 pg ml™') and nystatin (50 wg ml™') were also included in the media for
plating of lux-tagged DF57 from natural soil.

Trichoderma harzianum Rifai isolate T3 (51) was included in studies of straw
decomposition due to its ability to produce cellulase (43). The fungus was
cultured on potato dextrose agar (PDA) (Difco) at 25°C.

Soil. The soil used was a sandy loam collected from a field cropped with barley
at the Royal Veterinary and Agricultural University, Tastrup, Denmark. The
characteristics of the soil were as follows: NH,-N, 0.5 pg g~ '; NO5-N, 5 pg g™
total P, 680 p.g g~ '; organic C, 1.4% dry matter; pHu,o 7.2; CEC, 11.16 me 100
¢!, pF=2 (field capacity), 18.9% (determined by standard soil analysis by the
Central Laboratory, Research Centre Foulum, Foulum, Denmark). Surface soil
(<30 cm) was collected and stored in plastic bags at 4°C. To obtain a fairly
homogenous sample, the upper 10 cm was discarded due to the presence of plant
roots. Prior to use, the soil was passed through a 2-mm mesh sieve. For some
experiments, the soil was autoclaved for 1 h at 121°C on three consecutive days.
During autoclaving, the pH of the soil decreased to 5.3. Therefore, before
sterilization the soil was amended with Ca(OH), to adjust the pH of the auto-
claved soil to ca. 7.2.

Bulk soil microcosms. Aliquots of 0.5 g of soil were transferred to 9-ml
centrifuge tubes. The soil was either unamended or mixed with 5% (wt/wt)
ground barley straw (diameter, <2 mm) or carbon plus phosphorus (0.79 mg of
glucose-C g of soil ! and 0.04 mg of sodium phosphate-P g of soil !) or carbon
plus phosphorus plus nitrogen (C and P as above and 2.1 mg of ammonium
sulfate-N g of soil™!). Cultures of DF57-N3 or DF57-11D1 were grown over-
night, washed twice (6,000 X g, 7 min) in 0.9% NaCl, resuspended, and inocu-
lated into microcosms at an initial density of ca. 10° CFU g of soil'. Through
additions of inoculum and enrichment suspensions the water content was ad-
justed to 20% (g of water g of wet soil™!). Microcosms were incubated at 20°C
for 7 days. For cell extraction, 4.5 ml of 0.9% NaCl was added to the tubes. The
slurry was vortexed for 30 s, followed by centrifugation (500 X g, 60 s) to settle
soil particles, whereupon bioluminescence and DF57 culturable counts were
determined on the supernatants. For determination of cellulase activity, the tube
and the remaining material were centrifuged (20,000 X g, 10 min, 4°C). Super-
natant from this centrifugation was kept at —20°C prior to measurement of
enzyme activity that remained stable during storage.

In some experiments, T. harzianum T3 was coinoculated with DF57 into
sterilized soil with or without straw amendments. Conidia of 7. harzianum
formed on PDA plates were suspended in 0.9% NaCl. Hyphae were pelleted by
centrifugation (500 X g, 30 s), after which the conidial suspension was washed by
the procedure used for bacterial inoculants. Numbers of conidia in the suspen-
sion were determined by acridine orange direct counts (11), whereupon the soil
was inoculated with ca. 6 X 10° conidia g of soil ™! and incubated for 7 days.

Measurement of bioluminescence. Bioluminescence from cells in soil suspen-
sions was measured with a luminometer (Bio-Orbit 1253; Struers KEBO Lab.,
Albertslund, Denmark). Substrate for the luciferase (2.5 ul of a 10% [vol/vol]
n-decanal solution in 96% ethanol) was added to 1-ml samples and mixed by
vortexing. Bioluminescence was measured for 120 s, starting 90 s after substrate
addition. Light output was expressed in relative light units (RLU). Biolumines-
cence from plant roots was visualized with a Hamamatsu photonic camera,
model C2400-47 (Unit-One, Birkergd, Denmark) coupled to an ermitec 25-mm,
£0.85 macro lens. Each root was placed on a glass plate and covered with the lid
of a glass Petri dish (diameter, 15 cm) in which 50 pl of n-decanal was spread.
Bioluminescence was imaged and processed with Image-Pro Plus software (Me-
dia Cybernetics, Silver Spring, Md.).

Determination of cellulase activity. Cellulase activity was measured as de-
scribed by Wirth and Wolf (50). By this method, the activity of cellulase (1,4-
[1,3,1,4]-B-p-glucan 4-glucanohydrolase) is assayed by measuring the rate of
cleavage of carboxymethyl-substituted cellulose polymers labelled with remazol
brilliant blue R (CM-cellulose-RBB no. 04100; Loewe Biochemica GmbH, Mu-
nich, Germany). Briefly, 100 pl of CM-cellulose-RBB was mixed with 100 ul of
0.2 M Na-acetate (pH 4.5) and prewarmed to 40°C. The frozen soil supernatants
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were thawed on ice and, if necessary, diluted in 0.9% NaCl. A volume of 200 pl
was added to the premix and incubated for 60 min at 40°C. The reaction was
stopped by the addition of 100 wl of 2 M HCI, followed by a 10-min incubation
on ice. Nondegraded substrate was precipitated by centrifugation (15,000 X g, 5
min, 4°C). Supernatant (350 pl) containing soluble blue degradation products
was transferred to microtiter plates, and the optical density at 600 nm (ODgq)
was determined by using a micro plate reader. One enzyme activity unit was
defined as the ODgo, min~" X 1,000.

Barley seedling microcosms. Barley seedlings were grown in 50-ml tubes with
either unamended soil (45 g tube ') or soil mixed with 5% (wt/wt) ground barley
straw (35 g tube ™). DF57-N3 or DF57-11D1 was grown overnight, washed twice,
and resuspended in 0.9% NaCl. The soil was inoculated with 10 CFU g™,
thereby adjusting the water content to 15% (g of water g of wet soil ') for
unamended soil and to 20% for straw-amended soil. The higher water content in
straw-amended soil was chosen because the plant residues absorbed substantial
amounts of the added water, resulting in an uneven distribution and impairing
growth of the seedlings at a 15% water content. For sterile systems, barley seeds
were surface sterilized as described by Kragelund and Nybroe (24), while for
natural systems the seeds were soaked in sterile water for ca. 1 h. After overnight
germination on moist filter paper, the seeds were inoculated in a cell suspension
containing 5 X 10° washed DF57-N3 or DF57-11D1 CFU ml~!. Seeds were
planted in the soil and allowed to develop for 6 to 7 days at 20°C (12-h light/dark
cycles). Plant roots were removed from tubes and shaken gently to remove
loosely adhering soil. Bioluminescence from intact root systems was assayed with
the photonic camera. Bacteria were then extracted from whole root systems by
vortexing for 30 s in 0.2 ml of 0.9% NaCl cm of root™'. The root wash was
repeated, after which the two washes were pooled and culturable counts and
bioluminescence were determined. This washing procedure has been found to
extract >90% of the rhizosphere population (24).

Statistics. For bulk soil studies, triplicate microcosms were harvested at each
sampling, and for rhizosphere studies a minimum of five plants were harvested.
Luminometric measurements were performed in duplicate or triplicate for each
sample. Differences in cell numbers and quantitative bioluminescence were
tested by Student’s ¢ test performed on log-transformed data. Differences were
considered statistically significant at P values of <0.05.

RESULTS AND DISCUSSION

Nitrogen availability to DF57-N3 in unamended bulk soil. In
the present study, we used the luxAB-tagged P. fluorescens
strain DF57-N3 as a reporter for nitrogen limitation in soil.
When DF57-N3 was introduced to natural soil, no nitrogen
limitation response was observed, as cell-specific biolumines-
cence (RLU normalized by culturable cell count) was ex-
pressed at baseline levels (ca. 10~° RLU CFU ') and declined
below the detection limit (ca. 5 X 10~'* RLU CFU ') at day
7 (Fig. 1A). In order to test whether DF57-N3 would emit light
in response to nitrogen limitation in soil, we created this con-
dition by adding carbon and phosphorus (CP) sources. The
amendment resulted in a 100-fold increase in cell-specific bi-
oluminescence (Fig. 1A), comparable to the response seen in a
pure culture under nitrogen deficiency (15) and considered to
represent full induction of the reporter system. Earlier work
with another DF57 reporter construction suggests that nitro-
gen is available in sufficient amounts in other soil types (16). In
addition, Rice and Tiedje found that the assimilative nitrate
reductase was repressed in natural bulk soil (36). Ammonium
is known to inhibit this activity very efficiently (1), suggesting
that soil nitrogen was available in this form, at least in the soil
tested. Several studies have suggested that the availability of
carbon substrates is significant in restricting the growth of soil
microbes (49). However, evidence for carbon starvation of
Pseudomonas in soil primarily relies on observations of the
high stress resistance of cells residing in the soil (44, 46),
although some pseudomonads also appear to develop high
stress resistance under other starvation conditions (8).

Nitrogen availability to DF57-N3 in bulk soil during straw
degradation. Barley straw is a material rich in carbon but low
in nitrogen (27), so we hypothesized that mobilization of straw
carbon would create an enlarged demand for nitrogen that
could result in depletion of the available pool of this nutrient.
In natural straw-amended soil, we observed a gradual increase
in cell-specific bioluminescence from DF57-N3 during the ex-
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FIG. 1. Population dynamics and nitrogen limitation responses of P. fluorescens DF57-N3 in natural bulk soil. (A) Bioluminescence normalized by culturable counts.
(B) Culturable counts. m, unamended soil; O, carbon and phosphorus-amended soil; A, straw-amended soil. Data are mean values from triplicate microcosms *

standard deviations.

periment (Fig. 1A). Bioluminescence reached a level compa-
rable to the level seen in CP-enriched soil at day 7 (P > 0.05).
In unamended soil, the culturable counts of DF57-N3 de-
creased and approximately 2% of the initial numbers were
present at day 7, while straw amendment significantly (P <
0.05) improved survival of the strain (Fig. 1B).

In concert, these data indicate that, as straw was mineral-
ized, an increasing fraction of the DF57-N3 population expe-
rienced exhaustion of the available nitrogen pool. Probably,
readily utilizable carbon compounds were present in the straw
and, in addition, hydrolyzed plant residues were made avail-
able to DF57-N3 due to the activities of the indigenous micro-
bial community. The cellulases and other polymer-degrading
enzymes cleave the straw polysaccharides extracellularly, and
the hydrolyzed products are therefore theoretically available to
microorganisms other than the actual producers (47, 48).

In sterilized soil, bioluminescence was expressed at baseline
levels throughout the experiment (Fig. 2A). When straw was
added, bioluminescence was expressed at a 5- to 10-times-
higher level than in unamended soil (Fig. 2A), probably re-
flecting a general stimulation of DF57-N3 metabolic activity.
This is supported by the observation that the expression level

in the straw-amended soil was comparable to that of soil
amended with the CPN nutrient mix (not shown).

Nitrogen availability to DF57-N3 in model communities.
The fact that reporter gene induction was confined to natural
straw-amended soil and absent under gnotobiotic conditions
points to members of the indigenous community being respon-
sible for creating conditions of nitrogen limitation to Pseudo-
monas during straw decomposition. DF57 is, like most pseudo-
monads, able to use a wide range of simple substrates (9) but
is not able to degrade high-molecular-weight polymers such as
cellulose and hemicellulose (32) or protein (52). Hence, we
speculated on whether a single cellulolytic organism, 7. har-
zianum T3, could mimic the performance of the indigenous
community. Cointroduction of the fungus and DF57-N3 into
sterilized, straw-amended soil resulted in DF57-N3 expression
of a reporter signal comparable to the signal in straw-amended
natural soil at day 7 (Fig. 2A). Induction occurred concomi-
tantly with fungal cellulase production (Fig. 2A), indicating
that nitrogen exhaustion developed as carbon was released
from the cellulose polymers rather than being an indirect effect
of, e.g., carbon derived from lysed conidia. This was verified by
data from nonamended, sterilized soil, where neither cellulase
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FIG. 2. Population dynamics and nitrogen limitation responses of P. fluorescens DF57-N3 in sterilized soil. (A) Bioluminescence normalized by culturable counts.
(B) Culturable counts. [J, DF57-N3 plus unamended soil; A, DF57-N3 plus straw-amended soil; O, DF57-N3 plus straw-amended soil plus T. harzianum T3; m, DF57-N3
plus unamended soil plus 7. harzianum T3. Bars show the cellulase activity of 7. harzianum T3 in straw-amended soil not containing (open) or containing (shaded)
DF57-N3. Cellulase activities were below the detection limit at days 0 and 1 and in unamended soil. Data are mean values from triplicate microcosms * standard

deviations.

activity nor a DF57-N3 limitation response was observed (Fig.
2A). In both straw-amended and unamended sterilized soil, the
DF57-N3 population doubled within 1 day and remained con-
stant throughout the experiment (Fig. 2B). Introduction of T.
harzianum T3 to sterilized, straw-amended soil had no effect
on the DF57-N3 population (P > 0.05) (Fig. 2B), nor did DF57
affect the cellulase production of 7. harzianum T3 (P > 0.05)
(Fig. 2A).

We included strain DF57-11D1, expressing bioluminescence
under all conditions tested, in a parallel series of experiments
in straw-amended soil to ensure that the bioluminescent re-
sponse of the reporter strain was not impaired, e.g., by inade-
quate levels of cellular reductant (FMNH,) or stimulated by
unknown soil conditions. Cell-specific bioluminescence re-
mained stable in straw-amended soil (Fig. 3A), confirming the
interpretation that induction of bioluminescence in DF57-N3
was a limitation-specific signal. The same conclusion was
drawn from the performance of DF57-11D1 in response to
other soil conditions tested (unamended and CP and CPN
amended), as was shown previously (16). The population dy-

namics of DF57-11D1 matched those of DF57-N3 for all treat-
ments (P > 0.05) (Fig. 3B).

The aspects of straw decay have been studied almost exclu-
sively at the level of total bacterial and fungal communities,
and it is generally accepted that straw decomposition is per-
formed by a consortium of microorganisms (27) including at
least two functional groups: one group preferentially utilizes
readily available substrates present in the water-soluble frac-
tion of straw, and another group grows on plant polymers such
as cellulose, hemicellulose, and lignin due to the ability to
synthesize hydrolytic enzymes (5).

The identity of the microbes responsible for decomposition
of plant-derived cellulose was addressed by Hu and van Brug-
gen (12). They found, by using bacterial and eukaryotic inhib-
itors, that bacteria were important in the initial phase of deg-
radation (days 0 to 7) while fungi were more important from
days 7 to 30. In the present study, we demonstrated that the
effects of the indigenous microbial community could be mim-
icked, in short-term experiments and in a simple model system,
by a cellulase-producing fungus, 7. harzianum T3 (Fig. 2).
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FIG. 3. Population dynamics and bioluminescence of P. fluorescens DF57-11D1 in sterilized and natural soil amended with barley straw. (A) Bioluminescence
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harzianum T3; m, DF57-11D1 plus natural straw-amended soil. Bars show the cellulase activity of 7. harzianum T3 coinoculated with DF57-11D1. Data are mean values

from triplicate microcosms * standard deviations.

Thus, a functional group of organisms that could be responsi-
ble for microbial interactions leading to nitrogen limitation
and the changed gene expression of P. fluorescens DF57 were
identified. Furthermore, these model community studies sup-
port the notion that nitrogen limitation in P. fluorescens DF57
is due to the input of carbon-rich hydrolytic products.

The possibility for cross-feeding in a complex soil environ-
ment was addressed by Saito et al. (37), who studied the deg-
radation of cellulose fibers in water-logged soil. These authors
found that during the early stages (<2 weeks) of decomposi-
tion the cellulose fibers were heavily colonized with cellulolytic
bacteria and fungi. However, later stages were characterized by
the growth of noncellulolytic microorganisms, probably cross-
feeding on cellulose hydrolysates as well as the metabolites and
cell debris of the cellulose degraders.

We cannot completely exclude the possibility that the nitro-
gen-limitation response of DF57-N3 has also, in part, been due
to competition between DF57-N3 and the indigenous popula-
tion for a decreased pool of inorganic nitrogen: nitrogen could
be assimilated during the early phase of straw degradation by
rapidly responding microbes which utilize water-soluble sub-
strates (5, 20, 34). These rapidly responding organisms are

generally short lived (5, 17), and nutrients, including nitrogen,
could be immobilized in microbial residues for extended peri-
ods (31). However, we observed comparable nitrogen limita-
tion responses in natural soil and in our simple model system
including only DF57-N3 and Trichoderma harzianum. Hence,
we find the above explanation less likely and suggest that, by
reporter gene technology, we have been able to address more
specifically the role of hydrolytic enzymes in altering the phys-
iology of a nonhydrolytic subpopulation.

DF57-N3 reporter gene expression in the rhizosphere. The
complexity of the soil system was increased by introducing a
plant root that may act both as a source of carbon substrates
and as a sink for mineral nutrients (30). The root delivers
substantial amounts of carbon, in the form of exudates and
sloughed root cells, to the rhizosphere (4). The microbial uti-
lization efficiencies of plant-derived carbon are found to be
suboptimal in the rhizosphere (10, 30), pointing to factors
other than the carbon supply being significant in limiting
growth.

In the rhizosphere of barley grown in natural soil, the
DF57-N3 reporter gene was expressed at a level of ca. 1077
RLU CFU™'. With straw treatment, expression was further
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enhanced (P < 0.05). The DF57-N3 population reached 7 X
10° CFU cm of root™ ! after 6 to 7 days (Fig. 4B), while the
presence of barley straw resulted in a 10-fold stimulation of the
DF57-N3 population under natural soil conditions (P < 0.05).

The data indicate that, through interactions with the plant
root and indigenous microorganisms, DF57-N3 became re-
stricted by the lack of nitrogen in the barley rhizosphere. The
presence of straw enhanced the DF57-N3 reporter signal,
while the population in fact increased 10-fold compared to
unamended rhizosphere, observations that may seem conflict-
ing. However, the single-point sampling performed prevents
identification of gradually occuring transitions in growth con-
ditions. Hence, in spite of differences in the DF57 growth
potential under unamended and straw-amended conditions, it
appears that at harvest of DF57, the physiologies of the pop-
ulations were comparable with respect to nitrogen status. Thus,
if DF57 growth and limitation are viewed as sequential events,
a tentative explanation of the results could be that an initial
growth phase leads to nitrogen-limited conditions.

At the community level, nitrogen-limited conditions in the
rhizosphere have been supported by other workers’ observa-
tions of increased microbial numbers (2, 25) and nitrogen
assimilation (2) in response to supplementation of the rhizo-
sphere with inorganic nitrogen. However, such amendments
also increase root exudation (25), making these results less

conclusive. Root exudates are known to contain amino acids
(4, 39), and the presence of proline in the root exudate of
wheat was demonstrated with a lacZ-tagged P. fluorescens bi-
osensor (45) while the presence of tryptophan in the oat rhi-
zosphere was determined with an inaZ-tagged Erwinia herbi-
cola biosensor (13). However, since auxotrophic Pseudomonas
strains in general are found to have decreased colonization
abilities (39, 40, 42), the pool of amino acids appears to be
limited.

As opposed to the situation in bulk soil, where straw degra-
dation was responsible for decreased nitrogen availability, it
seems that other factors were as important for this develop-
ment in the rhizosphere, as DF57-N3 was nitrogen limited in
both straw-amended and unamended systems. In accordance
with our observations, Jinggou and Bakken found that straw
had a negative effect on microbial nitrogen status, with en-
hanced severity in the presence of plants (18, 19).

Images of bioluminescence obtained by a photonic camera
from intact root systems colonized by DF57-N3 support the
results found by luminometry (Fig. 4A), with bioluminescence
being expressed at the highest level in the straw-amended
natural rhizosphere. Emission of bioluminescence was variable
along the root (Fig. 5A). Zooming in on single root segments
(ca. 3 cm per field of view) confirmed this heterogeneity (Fig.
5B). The bioluminescence from DF57-11D1 resembled that
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B

FIG. 5. Bright-field (left) and bioluminescence (right) images of the root system of a 7-day-old barley seedling grown in natural straw-amended soil colonized by
P. fluorescens DF57-N3. (A) Entire root system (total length, 48 cm). (B) Seed and basal part of a selected root segment (length, ca. 3 cm).

from DF57-N3 in being patchy (not shown). Since the rhizo- However, we cannot exclude the possibility that expression of
sphere competences of the strains were comparable, variations bioluminescence was affected by the metabolic heterogeneity
along the root most likely represented an uneven distribution which has been found to prevail among microorganisms along
of DF57; no hotspots for nitrogen limitation were disclosed. a root (22, 41).
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In the gnotobiotic rhizosphere, DF57-N3 developed a pop-
ulation with a mean size of ca. 4 X 107 CFU cm of root ™ * with
or without straw amendments (Fig. 4B). Bioluminescence was
expressed at ca. 3 X 10°® RLU CFU ' in the unamended
sterile rhizosphere, with reporter activity being repressed to
baseline levels (2 X 107 RLU CFU ') when straw was
present in the soil (Fig. 4A). Hence, compared to the natural
rhizosphere, nitrogen limitation probably affected a smaller
fraction of the DF57-N3 population under gnotobiotic condi-
tions. Instead, results from studies with Pseudomonas reporter
strains induced by phosphate starvation point to the restricted
availability of this nutrient in the gnotobiotic rhizosphere (6,
22).

Conclusions. Using reporter bacteria in model communities
of varying complexity, we have demonstrated how the activities
of one functional group of organisms, in this case the cellulo-
lytic microorganisms, may affect the availability of energy and
nutrients to an organism lacking this hydrolytic potential.
These results demonstrate the complexity of microbial inter-
actions during the cycling of organic matter. Degradation of
straw polymers not only involves enzyme-producing organisms
but also includes neighboring populations via diffusive trans-
port of extracellular enzymes and hydrolysates (47) or growth
on the dead biomass of the primary degraders (37). These
interactions were condition specific (straw amendment) and
were of varied significance in different environments (bulk soil
versus rhizosphere). Hence, the nutritional status of the
Pseudomonas model strain in soil was intimately linked to the
structure and function of the microbial community.
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