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Fungal mycelia serve as effective dispersal networks for bacteria in water-unsaturated environments, thereby allowing bacteria
to maintain important functions, such as biodegradation. However, poor knowledge exists on the effects of dispersal networks at
various osmotic (¥,) and matric (W) potentials, which contribute to the water potential mainly in terrestrial soil environ-
ments. Here we studied the effects of artificial mycelium-like dispersal networks on bacterial dispersal dynamics and subsequent
effects on growth and benzoate biodegradation at AW and AW, values between 0 and —1.5 MPa. In a multiple-microcosm ap-
proach, we used a green fluorescent protein (GFP)-tagged derivative of the soil bacterium Pseudomonas putida KT2440 as a
model organism and sodium benzoate as a representative of polar aromatic contaminants. We found that decreasing AW, and
AW values slowed bacterial dispersal in the system, leading to decelerated growth and benzoate degradation. In contrast, dis-
persal networks facilitated bacterial movement at AW _and AW, values between 0 and —0.5 MPa and thus improved the abso-
lute biodegradation performance by up to 52 and 119% for AW and AW, respectively. This strong functional interrelationship

was further emphasized by a high positive correlation between population dispersal, population growth, and degradation. We
propose that dispersal networks may sustain the functionality of microbial ecosystems at low osmotic and matric potentials.

opulation dispersal is considered a key factor of ecosystem

functioning, enabling bacteria to invade new habitats and to
harness new pools of resources (1). Consequently, it is also a pre-
requisite for efficient biodegradation in soils because it increases
the contact probability for bacteria and contaminants (2). How-
ever, in terrestrial environments, bacterial surface motility is usu-
ally restricted due to limited water availability, which is antici-
pated to become an even more important constraint in future due
to prolonged drought periods (3, 4). Water availability is de-
scribed by the concept of the water potential (W,,), which is a
measure of the energetic state of water in a system (5). In water-
saturated soils, W, is determined almost exclusively by the os-
motic potential (¥,), which refers to the amount of solutes in the
aqueous phase. In unsaturated environments, the matric potential
(W) also becomes important due to increasing capillary and ad-
sorptive forces between water and the soil matrix (5, 6). Several
studies evaluated the effects of different water potentials on the
biodegradation performance of bacteria, mainly over time, with-
out consideration of spatial processes (7, 8). However, both the
spatial and temporal dynamics are crucial for a system’s biodeg-
radation performance, as substrates and bacteria in soil are typi-
cally distributed heterogeneously (2, 9). In a sand matrix adjusted
to different W, values, degradation has been shown to depend
strongly on the initial distribution and the dispersal of degrading
bacteria (10). Researchers have revealed various bacterial strate-
gies to cope with the direct physiological effects of low water po-
tentials by, for example, accumulating compatible solutes or
changing the lipid content of the membranes (11), but mecha-
nisms to overcome the motility restrictions in thin water films are
still poorly understood.

In contrast to bacteria, fungi do not rely on continuous water
pathways to grow through the soil matrix. They can bridge air-
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water interfaces due to efficient resource translocation in the my-
celium, thus connecting fragmented soil habitats (12, 13). Flagel-
lated bacteria can actively move in the liquid films surrounding
hydrophilic hyphae and thus overcome motility restrictions in
unsaturated environments (14). Different studies using soil col-
umn experiments and simulation modeling showed that this phe-
nomenon can enhance biodegradation of phenanthrene and glu-
cose, respectively (15-17). However, studies to assess the benefits
of dispersal networks were carried out with culture plates with
different agar concentrations routinely used in standard bacterial
motility assays (18-20). Indeed, these concentrations represent
only a narrow range of W values, which is insufficient for study-
ing relevant environmental conditions, in particular in soils,
where W, often falls to —1.5 MPa (21). Salt accumulation caused
by irrigation or fertilization is a major threat in agricultural soils,
and globally, 10® ha (5%) of arable land are affected by salt at a
level that causes osmotic stress (22). Furthermore, soil drying and
soil surface proximity are often accompanied by high solute con-
centrations (9), which have been shown to cause a repression of
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FIG 1 Scheme of the multiple-microcosm setup to assess the effects of five
different W, values on bacterial dispersal, growth, and biodegradation. The
water potential in each column was adjusted with different concentrations of
NaCl or PEG 8000. P. putida KT2440-gtp was inoculated into the center (X) of
each well, and one column served as an abiotic control.

motility genes, leading to an impairment of movement in Pseu-
domonas and Bacillus strains (23, 24). However, no study has yet
evaluated the effects of dispersal networks at different ¥ values.

In the present study, we tested the hypothesis that dispersal
networks facilitate bacterial dispersal over a broad range of envi-
ronmentally relevant W, values and hence improve the ecosy-
stem’s functional performance in terms of bacterial biodegrada-
tion. To obtain a mechanistic understanding of the effects of
different water potentials and dispersal networks on bacterial
population dispersal, we developed highly controlled laboratory
microcosms in which we measured the radial colony expansion at
different W, values in both the presence and absence of an artifi-
cial dispersal network. By varying either ¥, or ¥, we aimed to
disentangle the different modes of action as well as the capability
of dispersal networks to improve the systems’ performance for the
two main descriptors of W, in soil. The systems’ performance was
assessed by following population growth of a green fluorescent
protein (GFP)-tagged derivative of the well-studied soil bacterium
Pseudomonas putida KT2440 and the biodegradation of benzoate
as a model for water-soluble and therefore well-accessible sub-
strates.

MATERIALS AND METHODS

Organisms and culture conditions. A benzoate-degrading, GFP-tagged
derivative of the soil bacterium Pseudomonas putida KT2440 was chosen
for the experiments because of its well-known motility behavior (4, 25). It
was cultivated in FAB minimal medium (26) supplemented with 50 mM
sodium benzoate (FAB-50; Sigma-Aldrich, Munich, Germany) at room
temperature with rotary culture flask movement at 150 rpm. For long-
term cultivation, bacteria were transferred weekly to FAB-50 plates con-
taining 1.5% (wt/vol) agar and incubated at room temperature.

Multiple-microcosm approach. Laboratory systems were designed to
investigate bacterial motility behavior at five water potentials in a minia-
turized system allowing parallel and semicontinuous microscopic obser-
vation of 24 microcosms. Therefore, we used clear, sterile, flat-bottom
24-well microtiter plates covered with low-evaporation lids (Orange Sci-
entific, Braine-I’Alleud, Belgium) and filled the wells of each column with
0.3% (wt/vol) FAB agar. The whole system contained four replicates per
AW, treatment and for the abiotic control (Fig. 1).

Adjustment of AW _and AW, . To change the W value of the FAB-50
medium by —0.25, —0.5, —1, or —1.5 MPa, we added 3.2, 6.4, 12.8, or
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192¢g liter ! of sodium chloride, respectively, to the agar prior to auto-
claving (7). Agar without sodium chloride served as a control treatment
(AW, = 0 MPa). Each well was then filled with 1 ml molten agar in a
laminar flow cabinet. Comparable changes of the ¥, value were obtained
by overlaying 1 ml FAB double-strength agar containing 100 mM sodium
benzoate directly in the well with 1.5 ml polyethylene glycol (PEG) solu-
tion containing 250, 392, 584, or 704 g PEG 8000 (Carl Roth, Karlsruhe,
Germany) per liter of distilled water (27). For controls (AW, = 0 MPa),
the agar was overlaid only with distilled water. After 72 h of equilibration,
solutions were discarded and residues were carefully removed by pi-
petting. Before use, all plates were dried with open lids in a laminar flow
cabinet for 5 min.

Microcosm inoculation. Cells were harvested from liquid culture by
centrifugation at 8,000 X g for 10 min after 16 h of cultivation. The pellet
was washed once with 10 mM potassium phosphate buffer (PB) at pH 7.2
and adjusted to an optical density of 50. Microcosms were inoculated with
a 0.2-pl bacterial suspension (approximately 2.44 X 10° CFU) in the
center of each well by use of a microliter syringe. Abiotic controls were left
uninoculated. In experiments with the abiotic dispersal networks, a glass
fiber mat (Mithlmeier Composite, Barnau, Germany) with an area weight
of 14 g m™~* was cut into circular pieces with a diameter of 1.2 mm, heat
sterilized at 450°C for 4 h in a muffle furnace, and placed on top of the agar
in the microcosms before inoculation with bacteria. The addition of the
glass fiber mat had no effect on water volumes in the microcosms. Plates
were incubated in plastic containers at room temperature in the dark.

Bacterial dispersal measurement. Directly after inoculation, a plate
was placed under a microscope equipped with an Hg vapor lamp and a
black-and-white camera (AZ 100 Multizoom; Nikon, Amsterdam, Neth-
erlands). Colony images were captured at intervals of 30 min for 24 h at
respective x-y positions, using the 4D module and GFP filter settings.
Picture stacks were imported into ImageJ (28) and converted to binary
images after applying an intensity threshold of 40. Original image size
information was included via the set scale command before the colony
area was measured.

Bacterial growth measurement. Cell numbers in replicate plates were
determined after 6, 24, 30, and 48 h. The agar in each well was suspended
in 2 ml PB and transferred to a sterile Falcon tube. Detachment was car-
ried out by vortexing and subsequent ultrasonication treatment for 1 min.
Culturable cells were analyzed by the number of CFU. Therefore, bacteria
were spread on FAB-50 plates by using the drop plate method as described
earlier (29). Briefly, 10-fold dilution series of the supernatants were pre-
pared directly in 96-well microtiter plates, and 5-ul samples of consecu-
tive dilutions were dropped on an agar plate. Plates were incubated at
25°C for 48 h. Droplets containing between 5 and 30 single colonies were
used to determine CFU numbers.

For further analyses, 1.5 ml of supernatant obtained from cell detach-
ment was fixed by incubation with 500 pl of a 12% (wt/vol) formaldehyde
solution for 24 h at 4°C. To verify the results obtained from the CFU
counts, we tested whether the change in W' or ¥, had an influence on the
culturability of P. putida KT2440. Therefore, 0.5-pl droplets of the fixed
samples obtained from treatments giving AO and A—1.5 MPa after 48 h
were spotted on individual boxes of a cellulose acetate grid filter (0.45 pm;
Sartorius, Goettingen, Germany). Afterwards, cells were stained by em-
bedding the filter in 4'-6-diamidino-2-phenylindole (DAPI)-amended
mountant containing 9 parts Citifluor mountant (Citifluor, Leicester,
United Kingdom), 1 part PB,and 1 pgml~ ' DAPI (30). Filters were stored
at —20°C until analysis. For cell number determination, the size of each
sample drop was first measured under transmission light by using a 1X
objective. Subsequently, images of the bacteria were recorded at 5 random
positions within the same drop by using a 20X objective and DAPI filter
settings. Cells were counted using NIS Elements software (Nikon, Amster-
dam, Netherlands). Therefore, an appropriate threshold was chosen to
separate cells from background fluorescence. The ratios of the numbers of
cells and CFU were calculated and compared by performing a two-sample
t test for the two different water potentials and for ¥ and ¥, ..
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FIG 2 Relative dispersal (A and B), growth (C and D), and degradation (E and F) of P. putida KT2440-gfp for the different AW, (A, C, and E) and AV (B, D,
and F) values in the presence (triangles) and absence (circles) of dispersal networks, as determined by AUC calculation (see Material and Methods for details).
Dispersal was measured microscopically by following the colony expansion based on the GFP signal in the single wells every 30 min for 24 h. Growth and
degradation were assessed by the increase in the number of CFU per milliliter and the decrease in benzoate concentration after 6, 24, 30, and 48 h. Performance
is given as the AUC relative to the AUC for the control (AW, = 0 MPa) without dispersal networks.

Bacterial degradation measurement. One milliliter of fixed superna-
tant obtained from the detachment procedure was filtered through a
0.22-pm syringe filter (Carl Roth, Karlsruhe, Germany) to remove bacte-
ria. The benzoate concentration was determined with a high-pressure
liquid chromatography (HPLC) system equipped with a C,g reverse-
phase column (250 by 4 mm) and a photodiode array detector (PDA) set
at 271 nm. The system was operated at a flow rate of 1.2 ml min !, with a
10-pl injection volume and a mobile phase consisting of 80% sodium
acetate (50 mM; pH 4.5) and 20% methanol (MeOH) (31). Benzoate had
a retention time of 13.8 min under these operation conditions.

Evaluation of dispersal, growth, and degradation data. For evalua-
tion of the dispersal, growth, and degradation data for P. putida KT2440-
¢fp, we calculated the areas under the curve (AUC) for the time span over
which the respective data were experimentally obtained (24 h for dispersal
and 48 h for growth and degradation). The AUC rises when a curve in-
creases either earlier or to a higher level. Hence, it serves as an aggregate
measure of the extent and temporal performance of the respective char-
acteristics. The AUC values were calculated using the trapezoidal method.
This numerical approximation of the time integral allows for nonequidis-
tant time data and thus is not hampered by missing measurements for
certain points in time. Relative AUC values were calculated by dividing the
respective value by the AW _ (0 MPa) or AV, (0 MPa) AUC value for the
control treatment without network presence. To evaluate the correlation
strength between population dispersal, population growth, and benzoate
degradation, we calculated pairwise Pearson’s product moment correla-
tion coefficients (p) between AUC values at the different AW and AV,
values. Therefore, we combined the AUC values for the experiments with
and without dispersal networks.

RESULTS

Population dispersal at different AW, and AW, values in the
presence and absence of dispersal networks. The radial colony
expansion graph revealed two-phasic behavior for most of the
AW treatments without a network presence. The initial phase is a
result of the accumulation of cells due to growth taking place
within the clearly delimited droplet on the agar surface formed
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during the inoculation procedure. The second phase reflects the
swimming of the cells through the pores of the agar matrix away
from the injection site. In the presence of dispersal networks, the
biphasic behavior vanished because bacterial cells did not accu-
mulate in a colony on the surface but immediately used the net-
work to move away from the injection site. This dispersal, how-
ever, was not measured during the first hours of the experiments
because we needed to adjust the detection threshold for image
analysis to a constant value for all experiments, and we selected a
value optimized for measuring the bulk of cells dispersing, which
we consider to be responsible for efficient degradation (see Fig. S1
in the supplemental material). The population dispersal perfor-
mance characterized by the AUC remained nearly constant (94%
of the control) ata AW of —0.25 MPa but decreased continuously
atlower AW values (Fig. 2A). Ata AW, of —1.5 MPa, only 2% of
the AUC compared to that of the control (AW, = 0 MPa) re-
mained. In contrast, changing the AW diminished the AUC for
population dispersal by at least 90% for all treatments, due to a
complete repression of bacterial movement through the agar ma-
trix (Fig. 2B). The remaining 8 to 10% of the AUC for the AY |
treatments stemmed from bacterial colony growth on the surface
of the agar resulting in a passive push-forward effect.

A glass fiber mat was used as an abiotic model of mycelium-like
dispersal networks to test whether they could maintain bacterial
dispersal processes. This glass fiber network accelerated the dis-
persal of P. putida KT2440 between AW, and AW, values of 0 and
—0.5 MPa (Fig. 2A and B). The highest benefits compared to the
treatments without network presence were found at a AW  value
of 0 MPa and a AW, value of —0.25 MPa, with 46% and 83%
absolute differences of the AUC, respectively.

Population growth at different AW _and AW, values in the
presence and absence of dispersal networks. Bacterial popula-
tion growth was analyzed after detachment of the cells from the

May 2016 Volume 82 Number 10


http://aem.asm.org

TABLE 1 Pairwise Pearson’s product moment correlation coefficients
(p) and corresponding P values

Data for ¥, Data for ¥,
Pairwise combination p value Pvalue p value P value
Growth vs degradation 0.86 0.002 1 <0.001
Growth vs dispersal 0.87 0.001 0.93 <0.001
Degradation vs dispersal 0.88 <0.001 0.92 <0.001

agar matrix at the four different time points. The AUC for CFU-
based population growth of P. putida KT2440 remained nearly
stable at a AW value of —0.25 MPa but dropped at lower water
potentials, by up to 92% ata AW value of —1.5 MParelative to the
control (0 MPa) (Fig. 2C). For AW, population growth was re-
duced by 94% relative to the control treatment at all potentials
tested (Fig. 2D). The presence of dispersal networks resulted in an
increase of the AUC for population growth for all treatments, with
an absolute difference of 110% for a AW value of —0.25 MPa and
76% fora AW value of —0.25 MPa compared to the correspond-
ing treatments without network presence (Fig. 2C and D). How-
ever, the networks’ effects ata AW value of —1.5 MPaand a AWV,
value of —1 MPa and below were negligible (between 4 and 6%
differences in the AUC values) (see Fig. S2 in the supplemental
material).

We further tested if a change of the water potentials led to
different proportions of culturable cells in all cells. We did this in
order to exclude biases potentially occurring due to a viable but
not culturable state of the bacteria, which is often related to the
occurrence of environmental stressors (32). Therefore, we micro-
scopically counted cells obtained from the incubations at AW  and
AW _ values of 0 MPa and —1.5 MPa and compared the propor-
tions of CFU in all cells for the two water potentials. There was no
significant difference in these proportions for AW, (32.4% =
4.6% at a AW value of 0 MPa and 30.1% = 4.6% at a AW value
of —1.5MPa) and AW, (36.7% = 3.3% ata AW_, value of 0 MPa
and 33.2% =+ 8.6% ata AW, value of —1.5 MPa), which supports
the results obtained from the measurement of culturable cells.

Benzoate degradation at different AW, and AW, values in
the presence and absence of dispersal networks. Sodium benzo-
ate was the sole carbon and energy source in the agar, and its
decrease in concentration was monitored by HPLC analysis. Deg-
radation performance was not affected at a AW  value of —0.25
MPa (99% of the AUC remained), decreased by 47% at a AW
value of —0.5 MPa, and almost disappeared at a AW _ value
of —1.5 MPa (1% of the AUC remained) (Fig. 2E) relative to the
performance ata AW value of 0 MPa. In contrast, ata AW value
of —0.25 MPa, the degradation performance had already de-
creased by 44%, but at a AW value of —1.5 MPa, it decreased by
only 78% (Fig. 2F). The presence of dispersal networks was bene-
ficial for biodegradation for all treatments. For AW treatments,
absolute AUC improvements ranged from 21% at 0 MPa to 52%
at —0.5 MPa compared to the corresponding treatments without
network presence (Fig. 2E). For AW treatments, AUC values
varied much more, leading to increases of 2% at —1 MPa and
119% at 0 MPa (Fig. 2F). Population dispersal, population
growth, and benzoate degradation were found to be positively
correlated for both AW, (p > 0.86) and AW, (p > 0.92) (Table 1).
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DISCUSSION

Effects of dispersal networks on bacterial dispersal at different
AW and AW, values. In this study, we tested the hypothesis that
network-based dispersal increases the functional performance of
bacterial population growth and biodegradation by facilitating
bacterial motility at environmentally relevant AW and AWY_ val-
ues. The motile soil bacterium P. putida KT2440 was chosen for
the experiments because its motility under unsaturated condi-
tions has been studied extensively (4, 33).

In the absence of the dispersal networks, colony expansion
was found to decrease with lowering AW values, down to —1.5
MPa. A similar effect was reported for Pseudomonas and Bacillus
strains at salt concentrations which correspond to AW values
between —1.8 and —2.3 MPa (23, 24), likely as a result of
downregulation of motility genes to avoid energetic disadvan-
tages due to flagellar system formation. In contrast to AW, a
reduction of AW, to —0.25 MPa (as induced by PEG 8000
addition) already resulted in drastically reduced dispersal,
which is in good agreement with several studies pointing out
that bacterial motility is restricted to a narrow range of high
matric water potentials (4, 9, 33, 34). Dechesne et al. also re-
ported a drastically reduced lateral colony expansion in re-
sponse to insufficient water film thickness for P. putida KT2440
at W, values as low as —0.0036 MPa on a porous surface model
system (25).

The use of PEG 8000 to change the matric component of AW
is still debated, as different gene expression profiles were observed,
unlike the case with directly applied AW (35). However, for plant
cells, PEG 8000 was shown to evoke the same effects as soil drying,
causing cytorrhysis rather than plasmolysis, without toxic effects
of the PEG itself (27). Furthermore, the method of adjusting the
W, by adding PEG 8000 has a distinct advantage over the use of
different agar concentrations (36), as the latter imposes a physical
hindrance rather than a decrease of the ¥, (37).

The presence of glass fiber networks clearly improved bacterial
dispersal until the AW, and AW values reached —0.5 MPa. Glass
fibers were used to simulate hyphae surrounded by liquid films
(16, 18) and to exclude effects of hyphal activities on bacterial
growth and nutrition (38-41) to avoid additional complexity that
might mask effects attributable to the promotion of bacterial dis-
persal at a lowered V..

From the experimental data, we cannot infer that —0.5 MPa is
a critical threshold below which dispersal along the glass fibers is
completely restricted. Population dispersal was observed for 24 h
because the microscopic observation area for the control treat-
ments without network presence was completely colonized in this
time span. Most, but not all, scenarios with lower AW values
showed an improvement by use of dispersal networks within this
time span. However, the shape of the population dispersal curves
for the remaining three scenarios (see Fig. S1 in the supplemental
material) suggests that benefits from the dispersal networks would
probably occur soon after 24 h. We hypothesize that the dispersal
network-mediated benefits for bacteria may compensate the en-
ergetic costs of flagellar maintenance and hence prevent the
downregulation of motility genes. Moreover, our results indicate
that bacterial dispersal in soil in the presence of dispersal-enabling
mycelia is probably more dynamic than previously assumed and
may not be restricted to the generally accepted W, of —0.05 MPa,
a water potential which corresponds to high soil humidity (21).
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Effects on bacterial growth and biodegradation. The pres-
ence of dispersal networks resulted in an increase in population
growth relative to the situation without network presence for
AW values down to —1 MPa. This points to a dispersal network-
mediated benefit also occurring at values below —0.5 MPa, which
occurred with a delay of more than 24 h but within the 48-h
observation period used for growth analysis. Such an observation
is consistent with a previous study showing that faster dispersal is
accompanied by increased bacterial abundance (10).

Biodegradation activity was assessed by following the con-
sumption of sodium benzoate in the microcosms (see Fig. S3 in
the supplemental material). The good water solubility of benzoate
makes it a suitable model compound for highly accessible and
bioavailable contaminants. With the developed microcosm sys-
tem, we could clearly demonstrate that the network-mediated
benefit for bacterial dispersal also led to an accelerated biodegra-
dation over a wide range of AW, and AW, values. This is highly
relevant for soil, for which bacterial dispersal was identified as one
of the key factors for efficient biodegradation (17, 42—44). Inter-
estingly, the observed negative influence of salt exposure on bio-
degradation is inconsistent with a study showing no influence of
W, on degrading activity in liquid culture experiments (7). This
discrepancy is presumably a consequence of the completely differ-
ent conditions of the experimental test systems. Shaken liquid
culture systems are virtually homogeneous regarding bacterial cell
and substrate distribution, leading to short diffusion pathways. In
contrast, in the agar systems applied here, bacteria are initially
concentrated at the inoculation spot (Fig. 1), and restricted dis-
persal causes diffusion-limited degradation. Moreover, differ-
ences may arise from the use of degradation rates to compare
effects at different AW, rates for liquid culture experiments. Deg-
radation rates are probably not a robust measure for comparing
effects at different AW, values because abrupt osmotic shifts are
known to increase lag times (45), which are not considered for rate
calculation but are well represented by the AUC.

Relevance for soil ecological functions. The dispersal of mi-
croorganisms is recognized as a key factor for soil ecological func-
tions (1, 46—48), such as the promotion of microbial diversity or
the turnover of chemicals. Bacterial dispersal along fungal mycelia
has been shown for numerous bacterial species and fungi (18, 49,
50) and hence may be of special relevance in unsaturated soil
systems. Fungi constitute up to 75% of the soil microbial biomass,
with a length of 10* to 10* m hyphae per g of soil (12, 51). More-
over, fungi have a unique lifestyle that is adapted to environmental
changes, and they were shown to possess a marked resistance to
desiccation in the field (52, 53). Because of the ubiquity, high
abundance, and adaptive capacity of fungi, interactions between
fungi and bacteria may substantially affect soil environmental dy-
namics and should therefore not be neglected (54).

The overall level and spatiotemporal variability of soil mois-
ture have long been described as some of the primary environ-
mental regulators of soil microbial activity (55, 56). Indeed, des-
iccation is a frequent physiological stress for soil microbial
communities and is anticipated to gain further importance during
future climate change (21). Simulation models predict an in-
creased risk of drought in the 21st century (57). Furthermore, soil
salinization is also a rising problem, especially in agriculture, due
to irrigation and fertilizer amendment (58). However, the steadily
increasing global population necessitates land use changes toward
agriculture, which will also increase the amount of pesticides ap-
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plied to the soil. Thus, to remain efficient in future, bioremedia-
tion approaches have to consider the effects of drought and salts
on bacterial dispersal, growth, and degradation performance,
which were shown to react drastically to changes in ¥, and ¥ in
this study.

Obviously, the developed microcosm system reflects natural
conditions in a highly simplified manner. However, such simpli-
fications are also a strength of microbial model systems, which are
necessary to better understand single aspects of natural systems
(59, 60), such as the observed beneficial effects of dispersal net-
works on bacterial degradation performance at various water po-
tentials.

The use of gel media to study bacterial dispersal in soil is dis-
cussed controversially (33). Scanning electron microscopy pic-
tures revealed that soil surfaces, on top of which bacterial dispersal
occurs, are not just bare mineral surfaces but rather are covered by
patchy materials most likely originating from broken cell enve-
lopes (61). The role of these sponge-like structures on bacterial
motility in soils is completely neglected. However, they are prob-
ably better represented by agar matrices than by ceramic or quartz
surfaces. Further investigations, in particular with fungi in a real
soil system, are advisable to extrapolate our findings and to further
elucidate the combined effects of fungal-bacterial interactions on
contaminant degradation. Nevertheless, our findings strongly in-
dicate that fungi may act as promoters of biodegradation under
low-hydration and high-salinity conditions, thus improving the
functional performance of microbial ecosystems.
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