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We investigated the effectiveness of different inoculation approaches in enhancing the mineralization of
[U-14C] labeled 1,2,4-trichlorobenzene (1,2,4-TCB) in soil. Inoculation was conducted with a soil-borne
1,2,4-TCB mineralizing microbial community (MC) as well as the Bordetella sp. strain F2 originally isolated
from this community as the key degrader organism (IS). Both were applied either via liquid medium (LM)
or attached on clay particles (CP). Fluorescence in-situ hybridization in combination with 14C-1,2,4-TCB
mineralizationmeasurements as well as measurements of 14C-residues in soil were used to investigate the
bioaugmentation efficiency of the different approaches. Bordetella sp. cell numbers increased about 2e5
times during the incubation process, indicating that the bacteria could survive and develop in the new soil
habitat. While the native soil showed negligible 1,2,4-TCB mineralization rates, soil inoculated with the
MC attached on CP showed the highest 1,2,4-TCB mineralization rate per Bordetella cell, whereas the other
inoculum approaches showed an increased but lower contaminant mineralization. Additionally, the
MC-CP approach showed the highest cumulative 1,2,4-TCBmineralization as well as the highest formation
of bound 14C-residues which ismost likely equivalent to 14C incorporated into themicrobial biomass. Thus,
our results allow the conclusion that the application of a specific microbe-clay-particle-complex is the
most promising approach for an accelerated in-situ mineralization of chemicals in agricultural soils.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Contamination of soils with persistent compounds like pesticides
or chlorinated industrial chemicals is a wide spread problem arising
from the extensive use of pesticides in agriculture or from industrial
chemical wastes. Chlorinated compounds like chlorobenzenes are
wide spread in the environment and 1,2,4-TCB is one of the most
widely used chlorobenzenes. Contaminants in soil have thepotential
to leach down to groundwater and persist there for several decades
(Wenderoth et al., 2003), threatening drinking water supplies.
Therefore, it is of great importance to develop strategies for accel-
erated mineralization of chemical residues in top soils.

Mineralization of chemicals in soils often occurs at low rates due
to insufficient mineralization capacity and slow adaptation of the
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indigenous microorganisms (Schroll et al., 2004). Bioaugmentation
by inoculation of contaminated soils with specialized microor-
ganisms thus could be an approach for enhancing contaminant
mineralization (El Fantroussi and Agathos, 2005). Several bio-
augmentation studies have already been conducted by inoculating
isolated strains, microbial communities and activated soil inocula
to enhance the degradation of persistent compounds, for example
chlorobenzenes, atrazine, isoproturon and PAHs (Rapp and Timmis,
1999; Goux et al., 2003; Gentry et al., 2004; Grundmann et al.,
2007; Jacques et al., 2008).

In previous experiments, we have shown that active bacterial
communities can be successfully established on clay particles (CP),
and, when applied to soils, these “microbial hot spots” enhanced
the mineralization of the herbicide isoproturon by an uncharac-
terized microbial community (Grundmann et al., 2007).

The objectives of the present study were to: (i) further examine
the potential of the CP approach for the delivery of biodegrading
inocula to soil; and, (ii) investigate themechanisms for the improved
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biodegradative performance of CP-delivered inocula. We focus
on 1,2,4-trichlorobenzene (1,2,4-TCB), a previously characterized
(Wanget al., 2007) 1,2,4-TCBmineralizingmicrobial community (MC)
and a pure strain (Bordetella sp. strain F2; IS) isolated from the MC.

2. Materials and methods

2.1. Chemical and soil

[U-14C]1,2,4-TCB obtained from International Isotope (Munich,
Germany) was mixed with non-labeled 1,2,4-TCB (Dr. Ehrenstorfer,
Augsburg, Germany) for all experiments resulting in a specific
radioactivity of 30.85 Bq mg�1.

A soil from the agricultural research farm Scheyern, about 40 km
north of Munich (48.150 latitude, 11.467 longitude, 478 m elevation)
with low native capacity of 1,2,4-TCB mineralization was used for
the bioaugmentation experiments (Wang et al., 2007). The soil was
classified as Mollic Gleysol according to the “Lecture notes on the
major soils of theworld” (FAO, 2001). Soilmaterialwas collected from
a soil depth of 0e20 cm,mixed homogeneously, sieved (<2mm) and
stored at 4 �C. The soil characteristics are as follows: clay (<2 mm)
22%, silt (2e63 mm) 60%, sand (63 mme2mm) 18%, pH 5.4, org. C 1.5%.
The pore size distribution was calculated from the water tension
curvewhichwasmeasuredwith the sieved soil recompacted to a soil
density of 1.3 g cm�3: wide macropores (>50 mm) 11%, small mac-
ropores (50e10 mm) 16%, middle pores (10e0.2 mm) 37%, small pores
(<0.2 mm) 36%. Prior to starting the laboratory experiments, soil
samples were equilibrated for one week at 20 � 1 �C at a water
tension of �100 kPa.

2.2. Bacteria and inoculum preparation

Both, the 1,2,4-TCB degrading MC and IS were originally isolated
from a site polluted with chlorobenzenes (Wang et al., 2007). The
1,2,4-TCB degrading MC was phylogenetically characterized (Fig. 1).

The IS as well as the MC were inoculated to soil by two different
approaches: (i) LM: microbes dissolved in liquid medium (homoge-
neous distribution in soil resulting in lowdensity per g soil) and (ii) CP:
microbes attached on expanded clay particles (hot spots with high
cell density). The IS and the enriched MC were cultivated in 50 mL
sterilemineral saltmediumwithnon-labeled 1,2,4-TCB (750mg) as the
sole carbon and energy source at 20� 1 �C for twoweeks in darkness
(Wang et al., 2007). For establishment of microbes on CP the LM
culture was spiked with 5 g sterile CP (average pore size 10e50 mm)
with a diameter of 2.0e4.0 mm (Grundmann et al., 2007) under the
above described conditions for a time period of at least two weeks.

2.3. Quantification of Bordetella sp. F2 via fluorescent
in-situ hybridization (FISH)

Probes, specific for Bordetella sp. F2 were designed using the
tool probe_design implemented in the software package ARB
(www.arb-home.de) (Ludwig et al., 2004) and were purchased
form Thermo Electron Corporation GmbH (Ulm, Germany), and are
summarized in Table 1. Probe FW_iso_62 had the narrowest range
of specificity. Thus, FW_iso_62 and FW_iso_62-comp were used
in this study. FISH and subsequent DAPI staining was done as
described previously (Stein et al., 2005; Levy et al., 2007). Briefly,
bacteria were extracted by ultrasonication and shaking in the
presence of polyvinylpolypyrrolidone. The upper phase (1.5 mL)
was removed, centrifuged for 3 sec at 3800� g and the supernatant
was transferred to a microcentrifuge tube containing 1 mL Nyco-
denz (1.3 g mL�1, Gentaur, Belgium). The cell suspension gradient
was centrifuged for 45 min at 20 800 � g and 4 �C, and then the
upper phase was transferred on polycarbonate membrane filters
(GTTP 0.2 mm, Millipore, Eschborn, Germany) for cell immobiliza-
tion and subsequent hybridization (Stein et al., 2005; Levy et al.,
2007). After hybridization cells were counterstained with DAPI
following standard protocols and enumerated using a Zeiss Axio-
plan II epifluorescence microscope (Zeiss, Oberkochen, Germany).

2.4. Augmentation tests

The 1,2,4-TCB mineralization experiments were conducted in
a closed test system which was previously described (Schroll et al.,
2004; Wang et al., 2007). The soil samples were aerated thrice per
week (1 L h�1) and the volatile 14C-1,2,4-TCB and 14CO2 were trapped
in 4 consecutive traps. The first two traps were filled with ethyl-
eneglycolmonomethylether and cooled to �10 �C for an effective
trapping of volatilized 14C-1,2,4-TCB. The 14CO2 originating from the
mineralization of 14C-1,2,4-TCB was trapped in the third and fourth
trap, filled with 15 mL 0.1 M NaOH. After each aeration period the
liquids in the traps were collected, mixed with scintillation cocktail
(trap1þ2:UltimaGold XR; trap 3þ 4: Ultima Flo, Packard, Germany)
and the radioactivity was subsequently measured in a scintillation
counter (Tricarb, 1900 TR, Packard, Germany). Microcosms contained
50 g (dry weight) non sterile soil spiked with 5.0 mg g�1 [U-14C]1,2,4-
TCB (150 Bq g�1). All experiments were started in parallel and thus it
was not possible to realize the application of an identical number
of Bordetella cells for all tests. Thus, to overcome this disadvantage,
we applied the microbes for most approaches with two different
amounts of LM and CP. For bioaugmentation, soil was inoculated
with: (1) IS via 1 mL LM (IS-LM1), (2) IS via 2.5 mL LM (IS-LM2), (3) IS
via 1 g CP (IS-CP1), (4) IS via 2.5 g CP (IS-CP2), (5) MC via 1 mL LM
(MC-LM1), (6) MC via 2 mL LM (MC-LM2), and (7) MC via 2.5 g CP
(MC-CP2). The LM was dropped onto the soil surface and carefully
mixed with a spatula; the CPs were also mixed inwith the soil and in
both cases the soil was subsequently compacted to a soil density of
1.3 g cm�3. The cell numbers of Bordetella sp. F2 in soils were counted
at the beginning and at the end of the experiment. Control experi-
ments with and without sterile CP were conducted without any
inocula. All experimentswere performed in triplicates at a soil density
of 1.3 g cm�3, a soil water potential of �15 kPa (Schroll et al., 2006),
a soil temperature of 20 � 1 �C, and the samples were incubated for
30 days in darkness. At the end of the experiments, the CPs were
separated from the bulk soil for further 14C-residue and FISH analysis.
The extractable and non-extractable 14C-residues in soil and on CP
were determined by accelerated solvent extraction and by combus-
tion as described by Schroll et al. (2004).

2.5. Statistical analysis

For pairwise or grouped comparisons of mean values of cell
counts, mineralization parameters and residues of the diverse soil
treatment regimes, Duncan�s Multiple Range Test (MRT) was carried
out (SAS 9.1, PROC GLM). This test controls the Type I comparison-
wise error rate and allows a grouping and ranking of the observed
treatment effects. The MRT is a multiple comparison procedure to
compare sets of means.

3. Results

3.1. Microbial growth

In the native soil no Bordetella sp. F2 cells were detectable as
can be seen from the control measurements (Table 2). To avoid any
disturbance of the test system the cells were counted only at the
beginning and end of the experiment. Therefore, we do not have any
information on the population dynamics during the incubation time.
Nevertheless, in all inoculation approaches higher Bordetella cell
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Fig. 1. Phylogenetic dendrogramm based on maximum likelihood tree calculation. Bar indicates 10% sequence divergence. All sequences of 16S rRNA coding gene fragments
obtained for the MC in this study were deposited at the National Center for Biotechnology Information (NCBI, http://www.ncbi-nlm.nih.gov).

Table 1
rRNA-targeted oligonucleotide probes used for hybridization.

Probe Binding position in E. coli Specificity Sequence (50�30) Reference

FW_iso_62 16S-rRNA, 62e80 Bordetella petrii and closely related species and clones AGTCCGCGCTGCCGTTCGA This study
FW_iso_62-comp. Competitor of probe FW_iso_62 AGTCCGCGCTGCCGTTCCA This study
FW_iso_761 16S-rRNA, 761e778 Bordetella spp. and closely related species and clones CTCCCCACGCTTTCGTGC This study
EUB-338-I 16S-rRNA, 338e355 Bacteria (except * and **) GCTGCCTCCCGTAGGAGT (Amann et al., 2001)
EUB-338-II 16S-rRNA, 338e355 *Planctomycetales GCAGCCACCCGTAGGTGT (Daims et al., 1999)
EUB-338-III 16S-rRNA, 338e355 **Verrucomicrobiales GCTGCCACCCGTAGGTGT (Daims et al., 1999)
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Table 2
Total Bordetella sp. cell numbers at the beginning and at the end of the experiments with different inoculation approaches.

Inoculation approach Total cell counts (�107)

Beginning of experiment After 30 days

In bulk soil On clay particles

Control No inoc. 0 ND NA
No inoc. þ CP2 0 ND ND

Isolated strain (IS) 1 ml LM (IS-LM1) 5.6 � 0.7b 17.0 � 2.6b NA
2.5 ml LM (IS-LM2) 14.0 � 1.7a 28.7 � 5.1a NA
1 g CP (IS-CP1) 2.5 � 0.1cd ND 8.3 � 0.2b
2.5 g CP (IS-CP2) 6.3 � 0.3b 0.4 � 0.1c 19.2 � 0.8ab

Microbial community (MC) 1 ml LM (MC-LM1) 1.4 � 0.1d 4.1 � 1.6c NA
2 ml LM (MC-LM2) 2.8 � 0.3c 13.3 � 4.5b NA
2.5 g CP (MC-CP2) 6.0 � 0.3b 0.7 � 0.1c 26.7 � 5.1a

Values are means � SD; n ¼ 3. ND: below the detection limit of 6.6 � 103 cells per gram soil. NA: not available. LM: cells in liquid medium. CP: cells on clay particles. Different
letters indicate significant differences between different inoculation approaches according to Duncan's test at P < 0.05.
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numberswere detected at the end of the experiment comparedwith
the cell numbers at the beginning, showing that inoculated Borde-
tella microbes grew in the new soil habitat (Table 2). Although
the highest amount of Bordetella cells was applied with treatment
IS-LM2, this approach showed the lowest growth enhancement of
2-fold. In the treatments MC-CP2 and MC-LM2 a growth enhance-
ment of about 5-foldwas observed and the other treatments showed
a growth enhancement of about 3-fold.

3.2. Effect of inoculation approach on 14C-1,2,4-TCB mineralization

In the control treatment, negligible 1,2,4-TCB mineralization in
native soil was detected (Table 3). In contrast, significant 1,2,4-TCB
mineralizationwas observed in soilswith inocula, indicating that the
1,2,4-TCB mineralization was induced by the inoculated microbes.
The maximum mineralization rate per Bordetella cell was selected
as the best indicator for the description of microbial function and
effectiveness in the different approaches. This indicator excludes
the falsifying effects of different parameters on the cumulative
mineralization, like unequal cell counts of the various approaches,
substrate limitationwith time,1,2,4-TCB volatilization and formation
of non-extractable residues. The highest maximum mineralization
rate was detected in treatment MC-CP2, followed by the treatments
MC-LM1 and MC-LM2 (Table 3 and Fig. 2). The treatments with
IS showed generally lower mineralization rates and did not differ
significantly in the various inoculation approaches. Treatment MC-
CP2 not only showed definitely the highest maximum mineraliza-
tion rate but also the highest cumulativemineralization of 1,2,4-TCB.
For this approachwe also found the lowest volatile losses, the lowest
Table 3
Maximum mineralization rate, cumulative mineralization, volatile substances, extractab
inoculation approaches (after 30 days of incubation).

Inoculation approach Maximum
mineralization rate
per cell (10�14 g d�1)

Control No inoc. NA
No inoc. þ CP2 NA

Isolated strain (IS) 1 ml LM (IS-LM1) 8.6 � 2.9c
2.5 ml LM (IS-LM2) 7.9 � 0.5c
1 g CP (IS-CP1) 8.8 � 0.9c
2.5 g CP (IS-CP2) 9.1 � 0.0c

Microbial community (MC) 1 ml LM (MC-LM1) 16.6 � 0.2b
2 ml LM (MC-LM2) 13.9 � 0.7b
2.5 g CP (MC-CP2) 53.5 � 4.4a

Values are means � SD; n ¼ 3. NA: not available. LM: cells in liquid medium. CP: cells
inoculation approaches according to Duncan's test at P < 0.05.
extractable residues, but highest non-extractable residues. In
contrast, the highest volatile losses, the highest extractable residue,
but lowest non-extractable residues aswell as lowestmineralization
were observed in the control.

3.3. Distribution of Bordetella cells in bulk soil and CP

By applying the inocula attached on CP, the microorganisms
remained on the CP and did not spread into the bulk soil, since at
the end of the incubation period more than 97% of the total amount
of Bordetella cells were detected on the CP, whereas less than 3% of
the Bordetella cells were detected in the bulk soil (Table 2).

3.4. Distribution of 14C in bulk soil and CP

At the end of the experiment, the 14C-residues in bulk soil
and CP were quantified and characterized (Table 4). We assume
that non-extractable 14C-residues are predominantly a result of
turnover by the microbial biomass. Because the structural nature
of the non-extractable 14C proportion could not be characterized
we express the data for such residues in 1,2,4-TCB equivalents.
In the inoculated soils the non-extractable 14C-residues on CP
were considerably higher than the 14C-residues in bulk soil. The
lowest extractable residues in bulk soil and the absolutely highest
non-extractable residues on CP were observed in treatment MC-
CP2. In contrast, the highest extractable residues in bulk soil and
the lowest non-extractable residues on CP were observed in the
control, while the soil inoculated with IS was in between these
two extremes.
le residues, and non-extractable residues of [U-14C]1,2,4-TCB in soil with different

14C in % of applied 14C

Cumulative
mineralization

Volatile
substances

Extractable
residues

Non-extractable
residues

2.0 � 0.2f 35.7 � 5.2a 19.9 � 4.9a 5.6 � 0.2e
2.2 � 0.2f 35.3 � 5.1a 19.8 � 4.7a 5.3 � 0.2e

23.7 � 3.5d 23.4 � 7.4ab 14.1 � 3.3 b 12.2 � 2.1 c
39.1 � 1.5b 9.8 � 0.7cd 8.7 � 0.3c 18.2 � 0.3b
13.1 � 2.4e 27.4 � 4.9 ab 14.4 � 1.7 b 7.9 � 2.0de
30.9 � 3.0c 19.9 � 12.3 bc 10.4 � 3.0 bc 13.4 � 2.7c

13.8 � 0.4e 27.4 � 4.9ab 14.7 � 0.9b 8.5 � 1.0d
28.2 � 2.1c 19.3 � 9.1bc 10.1 � 1.3bc 12.0 � 0.7c
66.7 � 2.3a 2.7 � 2.5d 2.9 � 0.4d 24.5 � 1.2a

on clay particles. Different letters indicate significant differences between different
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Fig. 2. [U-14C]1,2,4-TCB mineralization rate in soil per initially inoculated Bordetella
cell with different application approaches. a: isolated strain, b: microbial community.
IS-LM1: isolated strain in 1 mL liquid media; IS-LM2: isolated strain in 2.5 mL liquid
media; IS-CP1: isolated strain in 1 g clay particles; IS-CP2: isolated strain in 2.5 g clay
particles; CM-LM1: microbial community in 1 mL liquid media; CM-LM2: microbial
community in 2 mL liquid media; CM-CP2: microbial community in 2.5 g clay particles.
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4. Discussion

4.1. Site of 1,2,4-TCB mineralization

Increased microbial conversion capacities can only lead to
higher biotransformation rates when mass transfer towards the
degrading microbes is not the limiting factor (Bosma et al., 1997). In
the approaches, where the microorganisms were inoculated via CP,
more than 97% of Bordetella cells were found on CP at the end of the
experiment (Table 2), showing that the inoculated microbes did not
Table 4
14C-concentrations calculated as 1,2,4-TCB equivalents (mg g�1) in bulk soil and clay part

Inoculation approach Extractable re

bulk soil

Control No inoc. þ CP 0.69 � 0.19a

Isolated strain (IS) 1 g CP (IS-CP1) 0.48 � 0.08ab
2.5 g CP (IS-CP2) 0.37 � 0.14b

Microbial community (MC) 2.5 g CP (MC-CP2) 0.11 � 0.02c

Values are means � SD; n ¼ 3. LM: cells in liquid media. CP: cells on clay particles. Differ
according to Duncan's test at P < 0.05.
migrate from CP into the bulk soil. Additionally most of the
14C-residues were found in the CP with a very high portion of
non-extractable 14C residues which indicates an intensive 1,2,4-TCB
turnover. All these findings, combined together, indicate that the
chemicals mineralization occurs mostly in these CP “microbial hot
spots”. Moreover, our study indicates that 1,2,4-TCB mass transfer
by diffusion towards these “microbial hot spots” is a key process for
1,2,4-TCB mineralization. In a previous study (Grundmann et al.,
2007) we could show that herbicide transfer rates towards applied
“microbial hot spots” were directly correlated with isoproturon
mineralization rates. According to the high volatile 1,2,4-TCB losses
especially in the controls, we can assume that this compound can
diffuse easily in porous media like soil or CP and that the diffusion
process towards the degrading microbes on CP plays an important
role in 1,2,4-TCB mineralization. When applying the microbe-clay-
particle-complex to soil, 1,2,4-TCB mineralization was significantly
increased and the amount of volatile substances was drastically
reduced (Table 3).

Gonod et al. (2003) have reported that indigenous pesticide-
mineralizing microorganisms are not homogeneously distributed in
soils butmayalso be organized in hot spots. Althoughmore evidence
regarding the universality of Gonod's observations across different
compounds and soil types is needed, it can be speculated that the CP
inoculation approach deployed here may mimic a microbial spatial
arrangement that occurs naturally in soils.
4.2. Effect of inoculation approach on 1,2,4-TCB mineralization
efficiency and microbial sustainability

There is a clear increase in the Bordetella cell numbers from the
beginning to the end of the inoculation experiments, indicating that
the Bordetella cells can survive and establish in the new environ-
ment. When applying the IS, the inoculation technique e via LM or
CP - had just aminor impact on themineralization efficiency. The cell
growth was nearly identical for the variants IS-LM1 and IS-CP2, and
only a tendency for an increased maximum mineralization rate per
Bordetella cell in such variants could be observed where microbes
had been attached on clay particles. Nevertheless, most likely the
result of the IS-CP2 variant seems to reflect the maximum potential
of the isolated Bordetella sp. F2 for mineralizing 1,2,4-TCB when
being applied to soil within a protected habitat which is formed by
the clay particles.

In contrast, a highly significant carrier effect could be observed
in the MC-CP2 treatment. Although (i) nearly identical Bordetella
cell numbers were applied in the IS-CP2 and MC-CP2 variants, and
although (ii) a nearly identical cell growth could be determined
for both variants, the effectiveness of the MC-CP2 approach in
mineralizing 1,2,4-TCB was much higher.

What are the mechanisms behind this successful remediation
approach? Van Dyke and Prosser (2000) already could show that pre-
incubation of selected microbes in a sterile soil carrier led to greater
microbial survival in soil than inoculation of a liquid cell suspension.
icles in soil with different inoculation approaches (after 30 days of incubation).

sidues Non-extractable residues

clay particles bulk soil clay particles

0.17 � 0.02b 0.24 � 0.01b 0.15 � 0.02c

0.20 � 0.04b 0.30 � 0.07b 4.34 � 1.40b
0.19 � 0.02b 0.48 � 0.15a 3.65 � 0.31b

0.37 � 0.11a 0.61 � 0.03a 14.27 � 3.12a

ent letters indicate significant differences between different inoculation approaches
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Microbes can establish intensively in the pores of such a carrier espe-
cially when selecting a longer pre-incubation period before the inoc-
ulation into a contaminated soil. Aggregation of different bacteria into
complex microbial consortia confers special advantages that are not
enjoyed by discrete bacteria; for example, organisms within biofilms
can withstand shear forces, nutrient deprivation, pH changes and
antibiotics in amore pronouncedmanner; cells in biofilms have a bet-
ter chance of survival especially in periods of stress as they are pro-
tected within a matrix and can utilize cooperative benefits in a
community (Jefferson, 2004; Bhinu, 2005; Singh et al., 2006). More-
over, according to Singh et al. (2006) gene transfer is promoted
in biofilms due to the density of the microbial population and packed
structure which enables an increased local gene and plasmid transfer.
It was shown by Dejonghe et al. (2000) that the transfer of genetic
information from inoculated donor cells to indigenous bacteria can be
detectedundera certain selectionpressure (100mg2,4-Dg�1 soil) in an
agricultural soil resulting in an enhanced degradation of the pesticide
2,4-D. The effectiveness of theBordetella sp. F2wasmuchhigherwhen
being applied within the consortia attached on the clay particles.
This might be due to a biofilm effect: either the Bordetella cells were
supported with additional nutrients by other members of the con-
sortia,or theBordetellacells couldretoolotherconsortiamemberswith
mobilegeneticelementsenabling themtomineralize1,2,4-TCBaswell.
We could not isolate a second member of the consortia as a 1,2,4-TCB
degrader,butwealsocannotexclude thatmembersof theconsortiaare
able for partially 1,2,4-TCB degradationwhich finally could result in an
additionally enhanced mineralization.

Although we could not determine any interaction among the
various microbes, the high effectiveness of the MC-CP approach is
most likely an indication for such biofilm phenomena. In this context,
it also should be mentioned that the experiments were conducted at
a relatively low contaminant concentration of 5 mg g�1. Thus, it can be
speculated that such interactions can occur in protected biofilms
like in the CP also at low contaminant concentrations. Therefore,
we propose that application of Bordetella sp. in MC attached on CP
(“microbe-clay-particle-complexes”) seems to be a protective habitat
for the key degraders and the interaction of differentmicrobial strains
seems to support this mineralization function.
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