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Abstract Limitations in the availability of oxygen
restrict aerobic biodegradation of chloroaromatic
compounds in groundwater ecosystems. In this context
the activity of ring-cleaving chlorocatechol dioxygen-
ases (CC120) is crucial for effective mineralization.
Previously we demonstrated that oxygen-related
enzyme characteristics of CC120 can vary widely
among the Proteobacteria (Balcke et al. submitted).
Here, we investigated how strains with different ability
to transform intermediary 3-chlorocatechol integrate
into biodegradation of chlorobenzene (CB) under low
or high oxygen availability. Pseudomonas veronii UFZ
B549 and Acidovorax facilis UFZ B530, which had
differing oxygen affinities for CC120, were mixed
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together at different proportions (20:80; 80:20), and
compared for degradation of chlorobenzene under oxic
(215 pM 02) and hypoxic (11 uM O2) conditions.
Changes in community composition in binary mixed
cultures were determined and compared with an
indigenous groundwater community, cultivated under
comparable conditions. Community shifts were deter-
mined by FISH (fluorescent in situ hybridization) in
our model system and SSCP (single stranded confor-
mation polymorphism) fingerprinting in the
groundwater community, as well as by analysis of
respiratory quinones of taxonomic value. Hypoxia led
to enrichment of Acidovoracae in the groundwater and
binary cultures. Under hypoxic conditions cis,cis-2-
chloromuconate released to the medium by A. facilis
allowed for concomitant growth of P. veronii, although
its low-affinity type CC120 would not imply growth
on CB. Vice versa, increasing abundance of P. veronii
induced intermediary 3-chlorocatechol accumulation,
which was reduced by growth of A. facilis. Thus,
reduced oxygen availability caused syntrophic rather
than competitive interactions.

Keywords Chlorobenzene - Hypoxic -
Kinetics - Microaerophilic - Catechol dioxygenase

Abbreviations
CB Chlorobenzene
CC Chlorocatechol
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Cmuc Chloromuconate
CC120 Chlorocatechol-1,2-dioxygenase

Introduction

CB can become rapidly degraded by a number of
microorganisms via formation of 3-chlorocatechol
(3CC) and ring cleavage to cis,cis-2-chloromuconate
(2CMuc) (Reineke 2001). However, efficient degra-
dation of CB in the natural environment is supposed
to be limited by the availability of oxygen, whereas
the provision of microorganisms with oxygen can
strongly vary over time or space. This contributes to
distinct ecological niches for bacteria with different
metabolic activities and enzymatic characteristics
adapted to e.g. high or low concentrations of
dissolved oxygen (DO). Because oxygen is inade-
quately provided in subsurface compartments,
formation of metabolites, i.e. toxic 3-chlorocatechol
in the case of CB, is often observed as a direct
consequence of oxygen limitation (Vogt et al. 2004).
On the other hand, microaerophilic strains can repress
low-affinity type community members and mineralize
CB upon persisting oxygen deficiency within a short
time scale (Nestler et al. 2007). Limitations in the
oxygen availability (hypoxic conditions) therefore
have far-reaching consequences for aerobic microor-
ganisms degrading (chloro-)aromatic compounds.

When bioremediation strategies put large amounts
of oxygen into contaminated aquifers the availability
of oxygen will change. This significantly alters the
composition of the indigenous microbial community,
adapted to the respective natural conditions, by
promoting or disadvantaging certain members (Bal-
cke et al. 2004). In turn, this influences the
biodegradation efficiency, since the metabolic activ-
ity of individual strains, which preferentially grow
under aerobic conditions, may become insufficient
under hypoxic conditions.

In case of CB, efficient biodegradation under
oxygen-deficient conditions parallels enzyme charac-
teristics of the oxygen-dependent key enzyme
chlorocatechol-1,2-dioxygenase (CC120) in different
pure microorganisms, e.g. widely differing oxygen
half-saturation constants (Balcke et al. submitted).
For this reason, specifically the activity of ring-
cleaving dioxygenase is expected to drive the biode-
gradability of CB and also the abundance of key
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organisms in a microbial community exposed to
oxygen limitation.

Thererfore, in the present study binary cultures of
Pseudomonas veronii UFZ B549 and Acidovorax
facilis UFZ B530 served as model community to
analyze how strains with different enzyme character-
istics (Balcke et al. submitted) interact in the CB
degradation under hypoxic (oxygen-deficient) com-
pared to oxic (oxygen-saturated) conditions. A. facilis
possesses a high-affinity type CC120 and was
demonstrated recently to be capable of transforming
3-chlorocatechol under oxygen limitation, whereas P.
veronii has a low-affinity type CC120 and accumu-
lates toxic 3CC as oxygen is limiting (Vogt et al.
2004). Thus, it can be hypothesized that prevalent
growth of A. facilis will be associated with successful
biodegradation of CB under oxygen limitation. Bio-
degradation and community composition were
surveyed during the course of the experiment by
combining metabolite profiling with FISH probing
(fluorescent in situ hybridisation) capable of resolv-
ing both species by rRNA hybridization. The results
on the binary mixtures were compared to those
obtained on a complex groundwater community,
obtained from a CB-polluted aquifer, and equally
cultivated. The community structure at the beginning
and at the end of the experiments was described by
single stranded conformation polymorphism (SSCP)
fingerprinting (16S rDNA and rRNA) and
sequencing.

Microorganisms from different phylogenetic gen-
era can synthesize quinones differing in the length of
the isoprenoid side chain (n = 6-14) (Geyer et al.
2004; Hedrick and White 1986; Hiraishi 1999). Since
PCR-based data cannot be interpreted without bias in
terms of quantitative abundances of certain commu-
nity members, additionally profiles of isoprenoid
quinones served as quantitative biomarkers for both
model organisms and microbial taxa of the ground-
water community. We used the number of isoprenoid
units as a criterion to distinguish between Pseudo-
monas (y-proteobacteria) and Acidovorax (f-
proteobacteria) characterized by the ubiquinones
UQ-9 (Yamada et al. 1982) and UQ-8 (Busse et al.
1992) (unpublished results), respectively, when
grown under oxic conditions. Quinones are involved
in the transport of electrons in the cell membrane,
whereas different quinone species are formed
depending on the type of the terminal oxidase active
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under the respective conditions, i.e. aerobic or
anaerobic. As the formation of ubiquinones (UQ) is
typically associated with aerobic respiration, forma-
tion of menaquinones (MK) and deoxymenaquinones
(DMK) is found to relate to anaerobic processes.
Thus, quinone profiles were recorded to additionally
deliver insights into the microbial respiratory chains
that are active at the applied oxygen levels.

Materials and methods
Site description and sample collection

The Bitterfeld aquifer and its physicochemical char-
acteristics were described in detail elsewhere
(Heidrich et al. 2004; Kaschl et al. 2005). Ground-
water was collected from a depth of 19.5 m from a
well with average annual CB concentrations of 15—
20 mg 1! and <0.1 mg 1"' dissolved oxygen. About
12 1 groundwater were filtered through sterile 0.2 um
Isopore cellulose acetate filters (Millipore) for
enrichment of the indigenous microbial community
and further cultivation as described (Balcke et al.
submitted). For analysis of the indigenous ground-
water community by SSCP and respiratory quinones
cells were collected by filtration of 250 ml ground-
water through 0.22 pm Durapore filters (Millipore,
Bedford, MA, USA). For analysis of the culture
compositions centrifugation of 5.0 ml culture med-
ium (2,822g, 5 min, 4°C) was taken at the end of each
cultivation. For FISH probing 2.0 ml aliquots of the
culture media were sampled over the course of the
cultivations, fixed with 4% paraformaldehyde, and
filtered through 0.22 pm filters as above. Cells were
immediately frozen and stored at —20°C until further
use.

Culture conditions

A cell concentrate of the groundwater community
and binary mixtures from Acidovorax facilis B530
and Pseudomonas veronii B549 were cultivated in
duplicates on CB as substrate (600 puM initial
concentration). Details of the oxidostat fed batch
cultivation have been described elsewhere (Balcke
et al. submitted). Briefly, permanently stirred culture
media were kept under an atmosphere containing a

nearly constant level of oxygen either at concentra-
tions of 0.75% (corresponding to 11 uM dissolved
oxygen; hypoxic) or of 14.4% (215 pM dissolved
oxygen; oxic). Oxygen levels were adjusted in the gas
phase by periodical spikes with sterile oxygen gas
while the headspace and the DO levels were moni-
tored non-invasively (optode) (for details see Balcke
et al. submitted). Pre-cultivation of A. facilis BS30
and P. veronii B549 was made under oxic conditions
prior to inoculation into batches kept under the
hypoxic and oxic conditions, respectively. Cells of
the pure strains concentrated to approximately
5x 107 cells mlI™' were mixed in proportions of
80:20 and 20:80 (A. facilis:P. veronii) before spiking
the batches. Colony forming units were not analyzed
because plate cultivation with a definite amount of
CB as a substrate is impossible. The calculation was
done by separate cultivation of pure cultures of both
strains, measurement of optical densities (OD600)
and calculation of the cell ratio according to a
calibration curve. These data were the basis for
mixing of both cultures in a definite ratio.

Metabolic analysis

Analysis of CB and oxygen consumption as well as of
3-chlorocatechol (3CC), 2-chloromuconate (2Cmuc)
and Cl" have been described in detail elsewhere
(Balcke et al. submitted).

Isoprenoid quinones

Duplicate samples were extracted with a single-phase
solvent system (Bligh and Dyler 1954) modified to
include a phosphate buffer (White et al. 1979). Total
lipids were extracted in 19 ml chloroform/methanol/
potassium phosphate buffer (1:2:0.8 by volume at pH
7.4) for 6 h including three intervals of ultrasonica-
tion for 2 min. Chloroform (5 ml) and nanopure
water (5 ml) were added in order to promote phase
separation. After clear separation the organic phase
was transferred to a new tube and dried by ultra pure
nitrogen at <37°C. The total lipid extract was
separated into neutral-, glycol- and polar-lipids by
silica acid column chromatography with chloroform,
acetone, and methanol as described elsewhere
(Guckert et al. 1985). The neutral lipid fractions
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were analysed for major respiratory quinone species
by HPLC in conjunction with detection by atmo-
spheric pressure chemical ionization tandem mass
spectrometry (HPLC-APCI-MS/MS) using an Agi-
lent capillary LC 1100 system and a 4000QTrap
tandem MS (MDS SCIEX, Concord, Canada). The
total amount of ubiquinones (UQ) with 6-10 iso-
prenoid units, menaquinones (MK) with 4-10
isoprenoid units as well as demethylmenaquinone
(DMK) with eight isoprenyls in the side chain were
quantified using authentic standards and their relative
amounts calculated (Geyer et al. 2004).

Whole-cell fluorescence in situ hybridization
(FISH)

Following the description by Glockner et al. (1996)
the hybridization was first optimized for both pure
cultures with the probes BETA42a (Manz et al. 1992)
and GAMA42a (Manz et al. 1992) labelled with
indocarbocyanine fluorescent dye CY3 (MWG-Bio-
tech AG, Ebersberg, Germany) and used for FISH
analysis of the binary mixed cultures. Additionally,
the filters were stained with DAPI (final concentra-
tion, 2-5 mg ml_l), embedded in Citifluor solution
(Citifluor Ltd., London, UK) for whole cell counts.
Samples of the binary cultures were analyzed there-
after in the same manner. Stained cells were
inspected by epifluorescence microscopy (Axioscop
20; Zeiss, Jena, Germany) and amounts of hybridized
cells calculated as in Kirchman et al. (1993).

For pre-cultures of A. facilis B 530 repeat counts
(n = 21) resulted in a cell number of 4.45 x 107 cell
ml™' (DAPI counts) and 3.1 x 107 cells ml™" after
hybridization with the BET42a probe (standard
deviation 0.9%). In the P. veronii B549 pure culture
(repeat counts n = 13) we found 5.3 X 107 cells ml™
by DAPI staining and 3.03 x 107 cells ml~' with the
GAMA42a probe (standard deviation 1.6%). Aliquotes
of the pure cultures were the used for the binary
mixed cultures in the experiments.

Nucleic acid extraction and amplification
DNA of frozen cells were extracted in duplicates by a

bead beating method using the Fast DNA® SPIN Kit
for Soil and the protocol therein (QeBIOgene,
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Germany). For efficient lysis, 10 pl f-mercaptoeth-
anol was added per tube. DNA concentrations were
calculated with the NanoDrop™ ND-1000 Spectro-
photometer  (Peqlab  Biotechnologie = GmBH,
Germany), the DNA was stored at —20°C. PCR was
carried out in a PTC-200 Thermal Cycler (MJ
Research, MA, USA) with PCR Taq polymerase
Master Mix (Promega, Madison, USA) and oligonu-
cleotides from MWG-Biotech AG (Ebersberg,
Germany). For all reactions the PCR master mixes
were used with 1.5 mM MgCl,, 0.3 uM of each
primer, 2.5 pl DMSO (SIGMA, Deisenhofen, Ger-
many) and corresponding DNA aliquots. The PCR
conditions for total 16S rDNA amplification with the
primer pair UniBac 27f and Univ1492r (Lane 1991)
were: 94°C, 3 min (initial denaturation); 94°C, 25 s.
(denaturation); 53°C, 30 s (annealing); 72°C, 75 s
(elongation) for 35 cycles followed by a 5 min
completion at 72°C. For amplification of a highly
variable region (V4/V5) of the 16S rDNA the primers
UniBac 515f and UniBac 927r (with a 5'-terminal
phosphate group) (Lane 1991) were used at an
annealing temperature of 53°C for 15 cycles only.
The PCR products were checked for size on 1.5% (w/
v) agarose gels (Cambrex Bio Science, Rockland,
USA) with a 100 bp ladder (TaKaRa Biomedicals,
Japan) as standard. Phosphorylated products were
purified using the E.Z.N.A. Cycle Pure Kit (Pequlab
Biotechnologie GmbH, Erlangen, Germany).

SSCP analysis and DNA reamplification

SSCP for molecular fingerprinting instead of the
widely used Denaturising Gradient Gel Electropho-
resis (DGGE) was used, since in contrast to DGGE,
the products for SSCP analysis do not need GC-
clamps, a step making the choice of primer pairs for
SSCP easier. The removal of one of the complemen-
tary strands in SSCP additionally avoids the problem
of heteroduplex formation, a problem often encoun-
tered with DGGE.

The amplified and purified V4-V5 regions of the
16S rDNA were digested with A-exonuclease (New
England Biolabs, Germany) at 37°C for 2 h, mixed
with one volume of SSCP loading buffer (95%
formamide, 10 mM NaOH, 0.025% bromophenol
blue — xylene cyanol), denatured by heating to 95°C
for 2 min and immediately placed on ice for at least
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5 min as recommended by Dohrmann and Tebbe
(2004). The SSCP electrophoresis was performed on
a TGGE Maxi System (Biometra, Germany) at 400 V
and 28°C for 12 h. The gel matrix (0.4 x MDE stock
solution (Biozym, Germany) in 1 x TBE buffer
(Sambrook and Russell 2001) was polymerized with
0.04% TEMED and 0.69% ammonium. Gels were
silver stained (Bassam 1991) dried for at least 24 h at
room temperature and then scanned.

Interesting bands were excised, rehydrated within
150 pl sterile water, reextracted with 150 pl elution
buffer (0.5 M ammonium-acetate, 10 mM magnesia-
acetate, | mM EDTA, 0.1% SDS) by incubation at
37°C for 3 h, followed by ethanol precipitation
(Tebbe et al. 2001). The extracted DNA was ream-
plified as described above, but without
phosphorylation. PCR products were purified with
the E.Z.N.A.® Cycle-Pure Kit and sequenced.

DNA sequencing and phylogenetic analysis

Sequencing was performed using a BigDye RR
Terminator AmpliTaq™, FS Kit version 3.1 (Applied
Biosystems, Germany) and the same V4-V5 uni-
versal primers (without phosphorylation) following
supplier recommendations. Electrophoresis and data
collection were carried out on an ABI PRISM™ 3100
Genetic Analyzer (Applied Biosystems, Germany).
Data were analyzed by the ABI PRISM®™ DNA
Sequencing Analysis software, and sequences of both
complementary strands were assembled by the ABI
PRISM®™ Autoassembler software. The BLASTN
program (http://www.ncbi.nlm.nih.gov/blast/; ver-
sion 2.0; (Altschul et al. 1990) was used to search for
similar sequences in the nucleotide sequence dat-
abases, and the Sequence Match tool (version 2.7) to
search for similar sequences in the Ribosomal Data-
base Project II  (http://rdp.cme.msu.edu/html/)
(Maidak et al. 1999).

Results and discussion

Based on our results on pure isolates of Acidovorax
facilis B530 and Pseudomonas veronii B549 (Balcke
et al. submitted) we used both strains here in binary
culture as model community to evaluate how two
chlorobenzene (CB) degrading species integrate into

the biodegradation of CB as a function of the oxygen
availability. The observed shifts in the abundance of
each individual strain in response to different oxygen
availability were compared to a more complex
microbial community, obtained from a CB-contam-
inated aquifer.

CB degradation under hypoxic and oxic
conditions

Binary cultures of P. veronii and A. facilis (mixed at
ratios of approx. 80:20 and 20:80) were cultivated
and analyzed for their capability to degrade 600 uM
CB under oxic or hypoxic conditions (whereas
oxygen concentrations in the headspace were
adjusted by periodical spikes with oxygen to give
an equivalent to 215+ 10 pM or 11 £2 uM dis-
solved oxygen). Since inter-phase mass transfer of
oxygen may lack behind the oxygen consumption,
dissolved oxygen concentrations actually achieved in
solution can become lower, depending on the activity
of oxygen requiring transformations.

At high and at low oxygen availability CB was
transformed by the binary cultures (Figs. 1 and 2).
The time required for CB degradation was higher for
hypoxic than for oxic growth conditions, whereas
oxygen consumption rates (mol oxygen per hour; data
not shown) as well as the total amount of oxygen
consumed were lower (Table 1). Under oxic condi-
tions all cultures readily released chloride (82—-100%
within 5 days) verifying the rapid transformation and
dechlorination of CB. No excessive accumulation of
the metabolites 3CC or 2Cmuc was observed. By
contrast, hypoxic cultivations showed strong differ-
ences in the metabolism of CB, depending on which
strain initially dominated. Rapid intermediary 3CC
accumulation (180 pM, 42 h) besides moderate for-
mation of 2Cmuc was measured for the P. veronii
surplus culture. The culture turned first pink, later
black, indicating intracellular accumulation of toxic
3CC. CB was transformed incompletely within
10 days, and only 35% of the theoretically possible
chloride was released.

By contrast, no accumulation of 3CC but a steadily
increasing 2Cmuc concentration (maximum at the
late stage of cultivation 430 pM, 160 h) indicated
higher activity of CC120s in the consortium initially
dominated by A. facilis. CB was completely
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Table 1 End point analysis of CB degradation, formation of extracellular metabolites and CI” in a groundwater community and two
binary mixtures cultivated under high and low oxygen concentrations

Sample O,-Regime CB* Degradation O, consumption CI release 3-Chloro-catechol 2-Chloro-muconate
(%) hours (mmol I'")° (%)

P. veronii: A. facilis 80:20 Hypoxic 73 216 1.2 35 Yes Yes

A. facilis: P. veronii 80:20 Hypoxic 100 163 1.9 72 No Yes

Groundwater community  Hypoxic 100 204 1.9 75 No No

P. veronii: A. facilis 80:20 Oxic 100 84 3.9 82 No Yes©

A. facilis: P. veronii 80:20 Oxic 100 98 3.2 90 No No

Groundwater community  Oxic 100 100 4.0 100 No No

2 0.6 mM CB applied; "calculated from integral oxygen data pairs (headspace/aqueous phase) measured before and after oxygen gas

spikes; ‘maximum <10 uM

transformed within 9 days, but the chloride release
amounted to only 72%, showing a lower mineraliza-
tion compared to oxic conditions. Incomplete
dechlorination was also shown by chloromuconate
excretion, which suggests a bottleneck in A. facilis
chloromuconate cycloisomerase. Obviously, hypoxic
conditions caused different accumulation of interme-
diary metabolites in both hypoxic cultures. Since
chloride and metabolites were measured only in cell-
free media, the fate of chloride or chlorinated
metabolites, which were not released from the cells,
remains unsolved. They are, however, anticipated to
close the gap in the chloride mass balance. As for
both strains the clc operon is involved (Balcke et al.
submitted), lactonization of 2-chloromuconate might
not lead to spontaneous elimination of chloride.
Instead, S-chloromuconolactone may accumulate (see
Reineke 2001 for details). This intermediate also
might account for the lack of chloride balance but
was not considered. Also, further increase of chloride
in the media would be expected as the experimental
course had been prolonged.

Composition of binary cultures under oxic
conditions

After oxic cultivation (100 h, A. facilis surplus, 85 h,
P. veronii surplus) the strain present at the beginning
with the higher inoculum density was still dominant
(Fig. 1C, D). The dissolved oxygen (DO) concentra-
tions remained above 150 pM most of the time
assuring full saturation of the CC120s of both strains.
Notably, as the dissolved oxygen level dropped to
values <100 pM an intermediary increase in the

abundance of A. facilis in batches initially dominated
by P. veronii was detected via specific FISH counts
(Fig. 1D). Thereafter (90 h), when CB as the sub-
strate was no longer available cell numbers of A.
facilis declined and only the P. veronii cell counts
increased further to 8 x 107 cells mlfl, thus, resulting
in a dramatic change in the relative abundance (5%/
95%). By contrast, in the A. facilis surplus culture cell
numbers of P. veronii significantly increased. The
high abundance (27% of all cells) is attributed to
growth on 2CMuc, as this expected metabolite,
observed for pure A. facilis, never accumulated
(Balcke et al. submitted; Nestler et al. 2007).

Composition of binary cultures under hypoxic
conditions

Hypoxic cultivation conditions promoted competition
between the strains for the available oxygen neces-
sary to perform the dioxygenase reactions and
respiration. More pronounced effects of accumulating
metabolites promoting shifts in the community com-
position were expected. Indeed, depending on the
starting ratio, the binary cultures exhibited different
efficacy in the degradation of CB and accumulated 3-
CC or 2CMuc to a different extent (Fig. 2).

As anticipated, preferential growth of A. facilis was
observed from 0 to 68 h after inoculation with a surplus
of A. facilis over P. veronii. Concomitantly the CB
concentration decreased by 50%, about 15% chloride
was released, and the DO concentration in the culture
medium dropped from 11 to <1 pM (irrespective of
the constant headspace oxygen concentration of
0.75%). As for hypoxic growth of pure A. facilis, only
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accumulation of 2-chloromuconate (up to 100 pM)
was noted (Balcke et al. submitted). During the
following 2 days strong oxygen consumption pre-
vailed. However, although the DO remained at levels
below 1 puM further CB degradation, chloride release
and 2CMuc accumulation stagnated. Interestingly,
during this phase the community composition strongly
shifted towards P. veronii being more abundant than A.
facilis after 89 h, for unknown reasons. Between 100
and 120 h, paralleled by an increase of the DO
concentration to 4-6 pM, metabolic activities and
community composition changed again. CB degrada-
tion, chloride release and 2Cmuc accumulation
reconstituted. After the complete disappearance of
CB at about 160 h, intermediary accumulated 2Cmuc
was transformed and more chloride released. During
this phase the community composition shifted back
towards dominance of A. facilis.

Starting with a predominance of P. veronii, the
hypoxic conditions resulted in 3CC accumulation
(intermediary release of up to 200 uM) (Fig. 2D)
which presumably for more than 150 h confined
further bacterial growth and oxygen demand. Trans-
formation of 3CC dissolved in the culture medium
after 60 h was associated with preferential growth of
A. facilis. Higher steady state dissolved oxygen
concentrations (10-12 pM), close to the half-satura-
tion constant of P. veronii (Balcke et al. submitted),
were observed after 150 h. As for pure P. veronii
(Balcke et al. submitted) less than 40% of chloride
was released upon an 80% conversion of CB.
However, by contrast to the pure culture of P.
veronii, accumulating 3CC was rapidly degraded
with A. facilis present. This suggests A. facilis to
suppress the level of toxic 3CC. Thus, by contrast to
the hypothesis that only microorganisms with cate-
chol dioxygenases favorable to function under
oxygen limitation will grow under hypoxic condi-
tions, syntrophic rather than competitive growth of
both strains determines the composition of the binary
mixture, as is reflected by an almost uniform
composition of both strains after 9 days. Oxygen
limited growth conditions require dominance of a
microorganism with an active (chloro)catechol diox-
ygenase having a high affinity towards oxygen. This
enables a complete conversion of CB in the ground-
water system, as it avoids accumulation of
chlorocatechol. Acidovorax species possess such
high-affinity 3-CC dioxygenases (Nestler et al.
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2007) and can therefore grow on CB over a wide
range of oxygen tensions. However, incomplete
dechlorination and chloromuconate excretion associ-
ated with the growth of A. facilis under oxygen
limitation suggest that P. veronii could grow in the
mixture on excreted metabolites such as 2CMuc
irrespective of its inability to maintain a high
transformation rate for 3-CC under oxygen limitation.

Development of the groundwater community

Although not assigned in detail here, the high number
of bands (>30) in our SSCP profiles (Fig. 3, lane 1)
pointed to a high phylogenetic diversity in the
original groundwater community as analyzed earlier
by Alfreider et al. (2002) and Balcke et al. (2004).
In both cases, oxic as well as hypoxic cultivation
resulted in a significant reduction in diversity relative
to the composition of the original groundwater com-
munity. Upon growth on CB under limited oxygen
availability the phylogenetic analyses of the commu-
nity revealed high abundance of Acidovoracae (Fig. 3
and Table 2) with two bands in the DNA-based SSCP

DNA

Fig. 3 DNA and RNA (cDNA) based SSCP pattern of a
groundwater community upon cultivation under different O2
pressures. Lane 1, concentrated groundwater community
(inoculum); lane 2, pattern after hypoxic cultivation; lane 4,
pattern after oxic cultivation. (Lane 3 is from a culture with an
oxygen concentration between the oxic and hypoxic level not
discussed here)
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Table 2 Results of the identification of SSCP bands by sequence analysis and correlation with public data bases

Band Nearest relative Taxonomy Accession number BLAST RDP

A Acidovorax sp. 7078 f-Proteobacteria AF078767 99 0.980

B Acidovorax sp. 7078 p-Proteobacteria AF078767 100 1,000

C Acidovorax sp. 7078 p-Proteobacteria AF078767 100 1,000

D Flavobacterium sp. Flavobacteria AF433173 99 0.949

E* A. facilis UFZ B530 p- Proteobacteria AF235013 99 0.980
P. veronii UFZ B549 7- Proteobacteria AF539745 99 0.969
Pseudomonas sp. y- Proteobacteria AF134704 99 0.953
Acidovorax sp. 7078 - Proteobacteria AF078767 99 0.955
Stenotrophomonas sp. y-Proteobacteria AJ002814 99 0.977
Uncultured Bacterium f-Proteobacteria AY444982 99 0.932
P. veronii UFZ B549 y-Proteobacteria AF539745 99 0.965
Pseudomonas sp. y-Proteobacteria AY748440 92 0.523
Uncult(y-Proteobacterium y-Proteobacteria AY395373 99 0.967

F Acidovorax sp. 7078 p-Proteobacteria AF078767 99 0.987

*Mixed band: result only after cloning

gels (Fig. 3, lanes 4) after oxic cultivation and three
(DNA-based) to four bands (RNA-based) (Fig. 3,lanes
2) after hypoxic cultivation. Besides the occurrence of
several strains of this genus, additional bands may also
be attributed to different rDNA operons in a single
host. We also detected sequences closely related to a
gram-negative, non-spore forming Flavobacterium
(Fig. 3, band D and Table 2), clearly seen in the
RNA-based pattern. The band E was found to be a
mixture comprised of DNA or rRNA of several strains,
among these A. facilis B5S30 and 7y-Proteobacteria
closely related to P. veronii B549 (Table 2). As
separation by SSCP is based on the folding of a
linearized single strand of DNA, a disadvantage of this
method is that occasionally a single strand may fold
into more than only one conformation. These confor-
mational isomers may result in more than one band per
DNA sequence in a community profile and/or in
overlapping bands with different sequences but similar
conformation.

Community structure based on quantitative
quinone profiles

The aerobically grown pre-cultures of P. veronii and
A. facilis contained either ubiquinone-9 (UQ-9) or
ubiquinone-8 (UQ-8) as the dominant electron carrier
molecules, characteristic for the y-proteobacteria

Pseudomonas (Collins 1985) and the f-proteobacte-
ria Acidovorax (Busse et al. 1992), respectively. The
relative abundances of UQ-9 and UQ-8 in the mixed
cultures were in accordance with the ratio of Pseu-
domonas and Acidovorax determined by specific cell
counts based on group specific FISH probes at the
end of the experiments. The ratio of UQ-9 to UQ-8
showed a clear dominance of P. veronii under oxic
conditions, whereas growth of A. facilis was favored
under hypoxic conditions (Table 3).

Unexpected were the significant amounts of men-
aquinones (MK-7, MK-10 and DMK-8) produced
under hypoxic conditions in the culture dominated by
P. veronii. The occurrence of MK-7 has been reported
for one other Pseudomonas strain (Rutherford et al.
1991), but not for P. veronii, while the occurrence of
MK-10 or DMK-8 was not described before, to the best
of our knowledge. Presence of MK and DMK is
generally attributed to respiratory processes occurring
under reduced redox conditions. As oxygen is limiting,
slight reduction in the redox potential would seem
reasonable. However, the type of respiration activated
remains elusive, since only sulphate as potential
alternative electron acceptor was present in the media,
but hydrogen sulphide formation was not noted (by
organoleptic tests after acidification).

Remarkably, the total microbial biomass (quinone
content) for A. facilis under hypoxic conditions was
comparable to that of P. veronii under oxic conditions
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UQ & MK pmol flask™

Menaquinones (%)

Table 3 Relative distribution of respiratory quinones in artificial mixtures of Pseudomonas veronii UFZ B549/Acidovorax facilis UFZ B530 starting at a estimated ratio of 20:80
Ubiquinones(%)

and 80:20, followed by cultivation under oxic and hypoxic culture conditions. Quinone profiles were acquired at the beginning and at the end of CB degradation. The enriched

groundwater community from the Bitterfeld aquifer was cultivated under the same oxic and hypoxic conditions with CB as the sole source of carbon and energy

@ Springer

UQ7 UQ8 UQ9 UQI0 MK4 MKS MK6 MK7 MKS MK9 MKIO DMKS

Q6

0.4 0.6 0.3 869
0.5 0.8 1,123

0.6
0.9
25.2

0.6

0.6
0.8

35 15.0 74.5 1.9 0.1 0.6
37 0.3

1.3
0.6

80% P. veronii t,

04
3.8

0.8

4.2 0.1 0.5
9.4

86.4

80 % A. facilis tg
GW community t

75
13,939

4.4

6.1

11.7
0.3

7.1

4.0
0.1

1.6
0.0
0.1

53

18.8

2.0
2.7

2.1

0.6

0.2

0.1

0.3

0.2

1.1 12.5 80.0 23

0.6

80% P. veronii oxic

5,107

0.5
0.5

5.8

1.1
1.3

14.0

1.8
24
22

23 0.8
0.3

0.5

0.3

23.9 0.9

65.1

80 % A. facilis oxic

7,931

1.7
3.0

24
0.4

16.5

0.6
7.9

24 24.7 60.8 2.0 0.1 0.2
1.2 2.8

22
2.6

0.7
0.5

GW community oxic

5,220
17,543

8.4
0.3

0.7

28.0

8.8
67.4

80% P. veronii hypoxic
80 % A. facilis hypoxic

0.3

0.5

0.7

0.4 0.1 14
7.8

1.5

25.3

0.8

9,299

4.4 24

0.8

29

6.5

2.4

0.5

15.3

52.5

0.5

GW community hypoxic

(Table 3). This indicates an efficient metabolic
transformation of CB by A. facilis/P.veronii even at
very low dissolved oxygen concentrations
(<0.4 uM). The ratios UQ-8 to UQ-9 and UQs/
MKSs clearly indicated aerobic respiration for Acido-
vorax even under hypoxic conditions.

The quinone profiles of the groundwater commu-
nity were similar to profiles of the respective binary
culture favored under either oxic or hypoxic condi-
tions (Table 3). Based on the quantitative quinone
data and the SSCP profiles, the groundwater com-
munity shifted to Pseudomonas-related species (high
content of UQ-9) under oxic conditions. An increased
abundance of UQ8 under hypoxic conditions indi-
cated that an Acidovorax species dominated the
community. The relative abundance of the Flavo-
bacterium in the GW community could be estimated
from the quinone profiles as well. Flavobacterium
usually contains menaquinone-6 (MK-6) as the major
respiratory quinone (Wang et al. 2006), although
other quinone species have also been reported
(WFCC-MIRCEN  2004). Flavobacterium  spp.
degraded a variety of chlorinated compounds accord-
ing to various reports summarized by Saber and
Crawford (1985). Whether these species contributed
to the effective conversion of CB directly or use
intermediates for growth needs to be investigated
further. As in the binary cultures, high UQ/MK ratios
clearly indicated aerobic respiration dominating in
the GW community also under hypoxic conditions.
This indicates, together with the SSCP profiles, that
Acidovorax and Pseudomonas species are indeed key
organisms in the GW community enriched from the
Bitterfeld aquifer. The GW community responds to
the applied oxygen levels in a similar manner as A.
facilis and P. veronii formerly isolated from the same
aquifer, proving the feasibility of the binary cultures
as model systems. The function of the Flavobacte-
rium sp. also abundant in the GW community
remains unknown. Quinone profiles and SSCP pat-
terns both indicate that under conditions of oxygen
limitation, Acidovorax spp. are more effective CB
degraders in the groundwater community.

Conclusions

Under hypoxic conditions the speed of CB degrada-
tion may be reduced in a microbial community
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(binary culture or more complex) but can otherwise
be almost as effective as under strictly oxic condi-
tions. We conclude that in binary cultures under low
oxygen concentrations, A. facilis plays a key role in
3CC conversion, as the potential metabolite was not
detectable throughout the course of the experiments
with A. facilis being highly abundant. This finding
parallels the identification of a high-affinity type
catechol 1,2-dioxygenase towards oxygen (Balcke
et al. submitted). Differently from our hypothesis,
also P. veronii (with low-affinity type CCI120)
sustained enduring hypoxia and integrated into CB
biodegradation by growth on chloromuconate, which
was accumulated and partly released by A. facilis.
These different metabolic preferences may be the
major reason for the community shifts observed
under hypoxic conditions and may explain why
growth of P. veronii on CB is observed under severe
oxygen limitation, although its enzyme characteris-
tics and pure culture experiments would not imply
such behavior.

Under oxic conditions the community composition
is mainly determined by strain-specific maximum
growth rates, in this case clearly promoting the
Pseudomonas (Balcke et al. submitted). Comparing a
complex groundwater community with the binary
mixtures very similar adaptation towards a domi-
nance of Acidovoracae besides a lower share of y-
Proteobacteria under hypoxic conditions and prefer-
ential growth of a limited number y-Proteobacteria
and Bacteriodetes under oxic conditions is noted.

The availability of dissolved oxygen is limited in
almost all natural subsurface environments. Hence,
focussing on the support of hypoxic degradation may
be the most suitable strategy for enhanced natural
attenuation approaches in CB-contaminated aquifers
like Bitterfeld. With a dominant fraction of hypoxic
Acidovorax spp., CB can be degraded efficiently at
oxygen concentrations as low as 1 uM omitting the
accumulation of toxic 3CC. As under oxygen limi-
tation 3CC is accumulated by microorganisms that
prevail at high oxygen availability (Vogt et al. 2004),
remediation approaches should be adapted or devel-
oped that provide consistent hypoxic conditions.

Acknowledgements We thank Kilian Smith for useful
suggestions and Anett Heidtmann for skilled technical
assistance in the laboratory.

References

Alfreider A, Vogt C, Babel W (2002) Microbial diversity in an
in situ reactor system treating monochlorobenzene con-
taminated groundwater as revealed by 16S ribosomal
DNA analysis. Syst Appl Microbiol 25:232-240

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990)
Basic local alignment search tool. J] Mol Biol 215:403—
410

Balcke G, Turunen LP, Geyer R, Wenderoth DF, Schlosser D
(2004) Chlorobenzene biodegradation under consecutive
aerobic—anaerobic conditions. FEMS Microbiol Ecol
49:109-120

Balcke GU, Wegener S, Kiesel B, Dietrich J, Benndorf D,
Schlémann M, Vogt C (submitted with this paper)
Kinetics of chlorobenzene biodegradation under reduced
oxygen levels. Biodegradation

Bassam BJ, Caetano-Anolles G, Gresshoff PM (1991) Fast and
sensitive silver staining of DNA in polyacrylamide gels.
Anal Biochem 196:80-83

Bligh EG, Dyer WJ (1954) A rapid method of total lipid
extraction and purification. Can J Biochem Physiol
37:911-917

Busse HJ, El-Banna T, Oyaizu H, Auling G (1992) Identifi-
cation of xenobiotic-degrading isolates from the beta
subclass of the Proteobacteria by a polyphasic approach
including 16S rRNA partial sequencing. Int J Syst Bac-
teriol 42:19-26

Collins MD (1985) Isoprenoid quinone analyses in bacterial
classification and identification. In: Goodfellow M, Min-
nikin DE (eds) Bacterial systematics. Academic Press,
London, pp 267-285

Dohrmann AB, Tebbe C (2004) Microbial community analysis
by PCR-single-strand conformation polymorphism (PCR-
SSCP). In: Kowalchuk GA, Bruijn FJ de, Head IM (eds)
Molecular microbial ecology manual. Berlin: Springer,
809-838

Geyer R, Peacock AD, White DC, Lytle C, Van Berkel GJ
(2004) Atmospheric pressure chemical ionization and
atmospheric pressure photoionization for simultaneous
mass spectrometric analysis of microbial respiratory
ubiquinones and menaquinones. J Mass Spectr 39:922—
929

Glockner FO, Amann R, Alfreider A, Pernthaler A, Psenner J,
Trebesius KH, Schleifer KH (1996) An in situ hybrid-
ization protocol for detection and identification of
planctonic bacteria. Syst Appl Microbiol 19:403-406

Guckert JB, Antworth CP, Nichols PD, White DC (1985).
Phospholipid, ester-linked fatty acid profiles as repro-
ducible assays for changes in prokaryotic community
structure of estuarine sediments. FEMS Microbiol Ecol
31:147-158

Hedrick DB, White DC (1986) Microbial respiratory quinones
in the environment. I. A sensitive liquid chromatographic
method. J Microbiol Meth 5:243-254

Heidrich S, WeiBl H, Kaschl A (2004) Attenuation reactions in
a multiple contaminated aquifer in Bitterfeld (Germany).
Environ Pollut 129(2):277-288

@ Springer



446

Biodegradation (2008) 19:435-446

Hiraishi A (1999) Isoprenoid quinones as biomarkers of
microbial populations in the environment. J Biosci Bioeng
88:449-460

Kaschl A, Kopinke FD, Schirmer M, Weifl H (2005) In situ
treatment of large-scale sites contaminated by chlorinated
compounds. In: Piet Lens, Tim Grotenhuis, Grzegorz
Malina, Henry Tabak (eds) Soil and Sediment Remedia-
tion—Mechanisms, technologies and applications.
Chapter 10; pp. 176-199. Ed. By. Integrated Environ-
mental Technology Series. IWA Publishing, London, UK

Kirchman DL, Keil RG, Simon M, Welschmeyer NA (1993)
Biomass and production of heterotrophic bacterioplankton
in the oceanic subarctic Pacific. Deep-Sea Res
40:967-988

Lane DJ (1991) 16S/23S rRNA sequencing. In: Stackebrandt
E, Goodfellow M (eds) Nucleic acid techniques in bac-
terial systematics. Wiley, Chichester

Maidak BL, Cole JR, Parker CT, Garrity GM., Larsen N, Li B,
Lilburn TG, McCaughey MIJ, Olsen GJ, Overbeek R,
Pramanik S, Schmidt TM Tiedje JM, Woese CR (1999) A
new version of the RDP (Ribosomal Database Project).
Nucleic Acids Res 27:171-173

Manz W, Amann R, Ludwig W, Wagner M, Schleifer KH
(1992) Phylogenetic oligonucleotide probes fort the major
subclasses of proteobacteria: Problems and solutions. Syst
Appl Microbiol 15:593-600

Nestler H, Kiesel B, Kaschabek SR, Mau M, Schlémann M,
Balcke GU (2007) Biodegradation of chlorobenzene
under hypoxic and mixed hypoxic-denitrifying conditions.
Biodegradation DOI 10.1007/s10532-007-9104-z

Reineke W (2001) Aerobic and anaerobic biodegradation
potentials of microorganisms. In: Beek B (ed) The hand-
book of environmental chemistry, biodegradation and
persistence, Vol 2K. Springer, Heidelberg, Berlin, pp
1-161

@ Springer

Rutherford AJ, Williams D, Bilton RF (1991) Isolation of
menaquinone 7 from pseudomonas N.C.LLB. 10590: a
natural electron acceptor for steroid A-ring dehydroge-
nations. Biochem Soc Trans 19:64

Saber DL, Crawford RL (1985) Isolation and characterization
of Flavobacterium strains that degrade pentachlorophenol.
Appl Environ Microbiol 50:1512-1518

Sambrook J, Russell DW (2001) Molecular cloning: a labora-
tory manual. Third Edn, Cold Spring Harbor Edition, Cold
Spring Harbor, New York

Tebbe CC, Schmalenbergen A, Peters S, Schwieger F (2001)
Single strand conformation polymorphism (SSCP) for
microbial community analysis. Horizon Scientific Press,
Wymondham, UK

Vogt C, Simon D, Alfreider A, Babel W (2004) Microbial
degradation of chlorobenzene under oxygen-limited con-
ditions leads to accumulation of 3-chlorocatechol.
Environ Toxicol Chem 23:265-270

Wang Z, Liu Y, Dai X, Wang B, Jiang C, Liu SJ (2006)
Flavobacterium saliperosum sp. nov., isolated from
freshwater lake sediment. Int J Syst Evolution Microbiol
56:439-442

WFCC-MIRCEN World Data Centre for Microorganisms
(2004) ‘WDCM original’: Quinone database: http://
wdcm.nig.ac.jp/simple_search.html, update 12 Feb 2004;
use March 2007

White D, Bobbie R, Heron J, King J, Morrison S (1979) Bio-
chemical measurements of microbial mass and activity
from environmental samples, In: Costerton JW, Colwell
RR (eds) Native aquatic bacteria: enumeration, activity,
and ecology, ASTM STP 695. American Society for
Testing and Materials. Philadelphia, PA, pp 69-81

Yamada Y, Takinami-Nakamura H, Tahara Y, Oyaizu H,
Komagata K (1982) The ubiquinone systems in the strains
of Pseudomonas species. J Gen Appl Microbiol 28:7-12



	Microbial community shifts as a response to efficient degradation of chlorobenzene under hypoxic conditions
	Abstract
	Introduction
	Materials and methods
	Site description and sample collection
	Culture conditions
	Metabolic analysis
	Isoprenoid quinones
	Whole-cell fluorescence in situ hybridization (FISH)
	Nucleic acid extraction and amplification
	SSCP analysis and DNA reamplification
	DNA sequencing and phylogenetic analysis

	Results and discussion
	CB degradation under hypoxic and oxic conditions
	Composition of binary cultures under oxic conditions
	Composition of binary cultures under hypoxic conditions
	Development of the groundwater community
	Community structure based on quantitative quinone profiles

	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


