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Summary

The marine environment represents a rich source
of bio- and geogenically produced organohalogens,
including the common pollutant perchloroethene
(PCE). However, diversity and function of marine
chloroethene-dechlorinating microorganisms are
largely unknown. Here, we have studied the activity
and composition of a tidal flat sediment bacterial and
archaeal community from the North Sea exposed to
low concentrations of PCE. After 2 weeks of incuba-
tion, PCE was rapidly dechlorinated via trichloroet-
hene to dichloroethene (DCE). Unexpectedly, these
microcosms produced 3.5-fold more trans-DCE than
cis-DCE. The actively dechlorinating microbial popu-
lations were traced by stable isotope probing of rRNA
with '3C-labelled acetate for 4 days. Terminal restric-
tion fragment length polymorphism fingerprinting
and clone libraries of isotopically enriched, ‘heavy’
13C-labelled bacterial 16S rRNA revealed the popula-
tions potentially involved in reductive dechlorination.
Major clone groups belonged to the Proteobacteria
(50.0%; 22.4% &, 12.1% ¥-, 6.9% -, 6.9% B- and 1.7%
e-subgroup) and Chloroflexi (29.3%). Populations rep-
resented by the two dominant terminal restriction
fragments were affiliated with the Dehalococcoidetes
(subphylum Il of the Chloroflexi), and were exclu-
sively detected in the heavy fraction of the PCE-
dechlorinating incubation. The phylogenetically
novel, larger population, designated Tidal Flat
Chloroflexi Cluster, was closely related to the re-
cently discovered PCE-dechlorinating Lahn Cluster
bacteria from anoxic river sediment but more dis-
tantly related to canonical Dehalococcoides spp. (92—
94% sequence identity). The second population was
closely related to ‘Dehalobium chlorocoercia DF-1’.
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Both populations appear to be responsible for re-
ductive dechlorination of highly chlorinated ethenes
to predominantly trans-DCE in tidal flat sediment
incubations.

Introduction

Halogenated organic compounds represent one of the
largest groups of environmentally hazardous chemicals.
Highly chlorinated ethenes such as tetrachloroethene
(perchloroethene, PCE) and trichloroethene (TCE) have
been excessively used as solvents in dry-cleaning, metal-
degreasing and paper-milling applications (Abelson,
1990). Inappropriate discharge has resulted in wide-
spread dispersal and environmental contamination, with
rivers, estuaries and coastal marine sediments as signifi-
cant temporary sinks (De Rooij et al., 1998; Mazur and
Jones, 2001; Christof et al., 2002).

While resistant to aerobic degradation, under anoxic
conditions, PCE can be reductively dechlorinated via
TCE, dichloroethene (DCE) isomers (cis-, trans- and 1,1-
DCE), and vinyl chloride (VC) to the non-chlorinated
benign end-product ethene (for reviews see Holliger et al.,
1998; Smidt and de Vos, 2004). Some bacteria are even
capable of coupling reductive PCE dechlorination to
energy conservation in a process called ‘dehalorespira-
tion’ (Holliger et al., 1998) or ‘chlororespiration’ (Loffler
etal.,, 1996). Chloroethene dehalorespirers are highly
substrate-specific and gain energy from the transfer of
electrons to PCE and/or its less chlorinated congeners
(Holliger and Schraa, 1994).

Past research efforts have largely focused on remedia-
tion of contaminated ground water aquifers and industrial
sites (US Environmental Protection Agency, 2006), and
thus, only little is known to date about reductive dechlori-
nation of PCE in marine habitats. The marine environ-
ment, however, is an important source of naturally
occurring halogenated compounds, including highly chlo-
rinated ethenes. Marine organisms, such as marine
algae, produce PCE and TCE as secondary metabolites
(Abrahamsson et al., 1995; Haggblom et al., 2003). Fur-
thermore, subsurface volcanic emissions and pyrogenic
activity contribute highly chlorinated ethenes to marine
waters (Gribble, 1994; 2003). Nonetheless, the diversity
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Fig. 1. Time-course of PCE dechlorination

in tidal flat sediment incubations.
Perchloroethene (#) dechlorination led to
accumulation of TCE (M), which was then
further transformed to predominantly trans-
(A) and small amounts of cis-DCE (O) in four
parallels of tidal flat sediment microcosms
incubated at 20°C. The arrow indicates the
time point of ['*C]-acetate addition.
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and structure of dechlorinating microbial communities in
marine habitats are yet poorly understood. A thermophilic
enrichment culture inoculated with chloroethene-
contaminated Rotterdam harbour sediments was domi-
nated by Dehalobacter restrictus and Desulfotomaculum
thermosapovorans-related populations, both potentially
involved in PCE dechlorination (Kengen et al.,, 1999). A
highly enriched culture containing the PCB-dechlorinating
strain ‘Dehalobium chlorocoercia DF-1’ from estuarine
sediments (Wu et al., 2000) also dechlorinated PCE to
DCE, however, at a ratio of trans-DCE to cis-DCE of 1.5
(Miller et al., 2005). Most known isolates capable of PCE
dechlorination to DCE preferentially produce the cis-
isomer (Holliger et al., 1993; Neumann et al., 1994; Krum-
holz etal., 1996; Sharma and McCarty, 1996; Chang
et al., 2000; De Wever et al., 2000).

Conversely, trans-DCE appears to be frequently
present at contaminated sites, for example at 39% of
current or former US Environmental Protection Agency
National Priority List Sites compared with 10% for cis-
DCE (Agency for Toxic Substances and Disease Registry,
1996). Source contamination or abiotic dechlorination
mechanisms have been implicated for these sites
(Griffin et al., 2004). However, a few enrichment studies
have proven that reductively dechlorinating bacteria are
capable to produce trans-DCE. A 1,2-dichloropropane-
dechlorinating enrichment culture from Red Cedar creek
sediment dechlorinated PCE to frans- and cis-DCE at a
ratio of 2.5 (Loffler et al,, 1997); and enrichment cultures
from river sediments containing Dehalococcoides-related
species, produced threefold more trans- than cis-DCE
(Griffin et al., 2004).

Evidence is accumulating that the diversity of dehalo-
respiring microorganisms in the environment is largely
underestimated (Kittelmann and Friedrich, 2008).
Recently, we traced dehalorespiring bacteria as a
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functional guild by RNA-based stable isotope probing
(SIP; Manefield et al., 2002; Dumont and Murrell, 2005;
Friedrich, 2006) with '*C-labelled acetate as carbon
source. RNA-based SIP allows linking the function of
certain populations to phylogeny by incorporation of the
heavier carbon isotope (*°C) into RNA of metabolically
active populations. The major actively PCE-respiring and
acetate assimilating population in a complex underlying
river sediment microbial community was a novel bacterial
cluster (Lahn Cluster) only distantly related to dehalore-
spiring Dehalococcoides spp. (Kittelmann and Friedrich,
2008).

In the present study, we identified chloroethene-
dechlorinating bacterial populations from a diverse tidal
flat sediment microbial community that produced trans-
DCE as major end-product at a ratio of ~3.5 compared
with the cis-isomer.

Results
Dechlorination of PCE to predominantly trans-DCE

Incubations with pristine North Sea tidal flat sediments
were initiated to evaluate the PCE dechlorination potential
in a marine habitat. Microcosms were kept at 20°C,
reflecting the temperature average of the sampling site
during the summer season (Képke et al., 2005). A non-
aqueous liquid phase was used to maintain PCE at low
aqueous concentration (= 5 uM), and exogenous elec-
tron donors were not added. Perchloroethene dechlorina-
tion activity was detected in tidal flat samples already after
12 days of incubation (data not shown). After transfer into
microcosms and renewed amendment with PCE (after
33 days of incubation), TCE was dechlorinated at high
rate (~750 nmol vial-' day'), and TCE rapidly accumu-
lated in microcosms (Fig. 1). In parallel, TCE was turned
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over after a lag phase of 12 days to predominantly trans-
DCE (960 nmol vial~' day~") and only small amounts of
cis-DCE (250 nmol vial"' day™). Up to 3.5-fold more
trans-DCE was produced over the cis-isomer (Fig. 1).
Sediment endogenous electron acceptors other than CO,
had been depleted almost completely (residual sulfate
concentration ~330 uM) at the end of the pre-incubation.
In the PCE-amended microcosms, methane was formed
at lower rate (~1 umolvial-' day-') than in non-PCE-
amended control microcosms (2.3 umol vial™' day).
Final CH, pool sizes were ~12 umol in the incubation
with PCE and ~27 umol in the incubation without PCE
(data not shown).

Stable isotope probing with ['°CJ-acetate

Sediment slurries with and without PCE were incubated
for altogether 47 days before SIP of rRNA was initiated by
the addition of 3C,-labelled acetate (0.5 mM) as carbon
source and potential electron donor. ['°CJ-acetate, an
important intermediate of the anaerobic food chain in
marine sediments (Jargensen, 1978; Ansbaek and Black-
burn, 1980; Sansone and Martens, 1982), was rapidly
turned over to ['°C]-CO, and ["®C]-methane (data not
shown). While in both incubation types, large fractions of
total methane were formed from ['°C]-acetate (31% and
26%, respectively, after 4 days of incubation) the total
amount of 'CH, produced in the microcosm with PCE
(~1.2 umol) was lower compared with the non-PCE-
amended control (~2.4 umol).

Addition of *C-labelled acetate stimulated the formation
of trans-DCE from mainly TCE, which was the predomi-
nant electron acceptor during SIP. Acetate was not limiting
(130 uM residual acetate) and was the predominant
carbon source either assimilated or metabolized to CO,
and CH,4 (3.4 umol consumed). In the microcosm with
PCE, small amounts of formate (0.4 umol) were con-
sumed (36 uM residual formate) and small amounts of
propionate were produced (0.5 umol; 125 uM residual
propionate). In the control without PCE, acetate was con-
sumed in similar amounts (2.2 umol; 148 uM residual
acetate), but formate concentrations did not change
during SIP (73 uM residual formate).

In PCE-amended tidal flat sediment microcosms and
in the controls, hydrogen partial pressures (pH,) were
749 and 686 Pa, respectively, indicating that syntrophic
acetate oxidation was thermodynamically unfavourable.

Terminal restriction fragment length polymorphism
(T-RFLP) fingerprinting of bacterial populations

Perchloroethene-dechlorinating bacteria were identified in
tidal flat sediment incubations by RNA-based SIP com-
bined with terminal restriction fragment length poly-
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morphism (T-RFLP) analysis, cloning and sequencing of
bacterial 16S rRNA. After 4 days of incubation in the pres-
ence of ®C-labelled acetate, total RNA was extracted
from the incubation with PCE (TfC20, tidal flat contami-
nated) and the control without PCE amendment
(TfP20, tidal flat pristine), and *C-enriched, ‘heavy’ RNA
was separated from unlabelled, ‘light’ RNA by isopycnic
centrifugation. Density resolved bacterial rRNAs from gra-
dient fractions were analysed by polymerase chain reac-
tion (PCR)-based T-RFLP fingerprinting to detect specific
members of the tidal flat sediment bacterial community
that had incorporated *C-label into their rRNA and, there-
fore, had potentially been dechlorinating PCE (Fig. 2).

Terminal restriction fragment length polymorphism
analysis revealed that distinct populations were involved
in label assimilation under the experimental conditions
prevailing (Fig. 2A). Fully labelled rRNA is typically found
in fractions with buoyant densities (BD) between 1.81 and
1.82 gml' (Lueders etal., 2004a). A shift from highly
diverse light fractions (BD < 1.80 g ml™') to a much lower
diversity in heavy gradient fractions (BD > 1.80 g ml™")
was observed only in the incubation amended with PCE
as electron acceptor. The differential incorporation of °C-
label by active bacterial populations resulted in the pres-
ence of only two major (513 and 143 bp) and two minor
terminal restriction fragments (T-RFs) (~164 and 498 bp)
in the high density fractions. These populations accounted
for altogether 70% of the total bacterial amplicon pool
based on peak heights. Two of these four populations
(T-RFs of 143 and 513 bp) were predominant in the high-
density fractions of the PCE-amended tidal flat sediment
incubation but were not present in the control (Fig. 2B).
Instead, in the control incubation the 513 bp T-RF was
represented by different populations as revealed by
cloning and sequencing (Table 1). The presence of only a
few characteristic populations in the heavy-gradient frac-
tion of the PCE-amended microcosm indicated an effec-
tive enrichment of populations able to utilize the ™C-
labelled acetate from the total bacterial community; these
populations either were not present in the light fractions at
all as suggested by the clone libraries (Table 1, T-RFs of
513 and 143 bp) or accounted for only a small proportion
of the total amplicon pool (T-RFs of ~164 and 498 bp) as
indicated by low proportions of the total heights of all
T-RFs (Table 1). In the control, a specific incorporation of
label into bacterial rRNA was not detected. All fractions
showed very similar bacterial community profiles
(Fig. 2B).

Identification of dechlorinating bacterial populations

Bacteria found to specifically incorporate '*C-label under
PCE- and TCE-dechlorinating conditions (Fig. 1), were
identified by cloning and sequencing analysis; libraries
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Fig. 2. Terminal restriction fragment length polymorphism (T-RFLP) fingerprinting of density resolved bacterial 16S rRNA from (A) a
trans-DCE-forming microcosm with PCE, and (B) a control microcosm without PCE. CsTFA buoyant densities of fractions (BDs in grams per

millilitre) are given in brackets. Clone libraries were generated from fractions TfC20H, TfC20L and TfP20L. Lengths of major T-RFs are

indicated.

with rRNA from a heavy (TfC20H, BD =1.816 g ml™")
and a light (TfC20L, BD = 1.781 g ml™") gradient fraction
of the incubation with PCE as well as a light fraction of
the control microcosm (TfP20L, BD = 1.788 g ml™') were
generated. In total, 136 clones were analysed from all
libraries.

The majority of clones obtained from the heavy-gradient
fraction (TfC20H) belonged to the Proteobacteria (50.0%)
and Chloroflexi (29.3%). The two major ['*C]-acetate-
assimilating populations that were exclusively found in the
heavy fraction under PCE- and TCE-dechlorinating con-
ditions (represented by the T-RFs of 513 and 143 bp)
were both associated with the ‘Dehalococcoidetes’, sub-
phylum Il of the Chloroflexi. The dominant clone cluster,
designated Tidal Flat Chloroflexi Cluster [TFCC; Acces-
sion No. for representative partial 16S rRNA sequence:
EU362187 (clone TfC20H06)] with a T-RF of 513 bp, was
closely related to Lahn Cluster bacteria (98% sequence

identity) previously identified to dechlorinate PCE to cis-
DCE in anoxic river sediments incubated at 15°C (Kittel-
mann and Friedrich, 2008) and was only distantly related
to Dehalococcoides isolates (92-94% sequence identity,
Fig. 3). The second major group of clones was repre-
sented by a characteristic T-RF of 143 bp length and was
closely related to the dehalorespiring ‘D. chlorocoercia
DF-1’ (98% sequence identity; Fig. 3; Miller et al., 2005).
Among the Proteobacteria representatives belonging
to the &-subgroup were most abundant (22.4%). Nine
clones (15.5%) were closely related to sulfate-reducing
d-Proteobacteria; however, similar clones were abun-
dantly present in the clone library of the control incubation
without PCE (Table 1, Fig. 4). Three clones (T-RFs of 133
and 162 bp) were related to the PCE-dechlorinating Des-
ulfuromonas michiganensis strains BB1 and BRS1 (97%
sequence identity; Fig. 4), and to the dehalorespiring Des-
ulfomonile tiedjei (1 clone, T-RF of 129 bp, 97% sequence
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Table 1. Relative abundances (in per cent) of major phylogenetic bacterial and archaeal groups in the analysed fractions of the microcosm
incubated with PCE at 20°C (TfC20H and TfC20L) and the control (TfP20L) based on frequencies in 16S rRNA clone library and T-RFLP analysis.

Analysed fraction BD (g ml™") TfP20L (1.784)

TfC20L (1.781)

TIC20H (1.816)

Characteristic
Phylogenetic lineage Clone library T-RFLP Clone library T-RFLP Clone library T-RFLP T-RF lengths (bp)?
Bacteria
Actinobacteria 5.6 - 4.8 - 5.2 - 178
Bacteroidetes —b - 24 1.6 - - 89
Chloroflexi
Anaerolinea 8.3 7.9 4.8 141 6.9 2.6 513°
Dehalobium spp. - - - - 6.9 16.5 143
TFCC bacteria - - - - 15.5 25.8¢ 513
Cyanobacteria 1.1 6.7 2.4 5.7 6.9 4.8 496-498
Deferribacteres - - - - 1.7 - 153
Firmicutes - - - - 1.7 - 148
Planctomycetes 11.1 - 2.4 - 3.4 - Diverse
Proteobacteria
o-Proteobacteria 2.8 - - - 6.9 - 130, 152, 439
B-Proteobacteria 2.8 2.6 - 22 6.9 1.9 432
y-Proteobacteria 1.1 14.9 31.0 14.0 12.1 12.2 82, 141, 432, 494
8- Proteobacteria 36.1 34.2 47.6 28.7 22.4 18.4 163-168, 513
e-Proteobacteria 8.3 - 2.4 - 1.7 - 466, 470
Spirochaetes - - 2.4 2.7 - - 162
Verrucomicrobia 2.8 - - - - - 144
Archaea
Crenarchaeota 4.7 - 2.2 - n.d.® n.d 186, 687
Methanomicrobiales
Methanocorpusculaceae 7.0 - - - n.d. n.d. 186
Methanomicrobiaceae 18.6 12.0 422 28.7 n.d. n.d. 186, 393
Methanosarcinales
Methanosarcinaceae 37.2 42.7 26.7 34.3 n.d. n.d. 186, 681, 794/5
Methanosaetaceae 25.6 34.2 15.6 19.1 n.d. n.d. 228, 284, 495
Thermoplasmatales 4.7 5.6 6.7 8.0 n.d. n.d. 381, 792
Diverse - - - - 1.7 -

. Terminal restriction fragments detected for a major number of clones within a lineage.
. No determination of relative abundance due to the lack of a distinct assignable T-RF.

. Terminal restriction fragment shared by few clones from light fractions.

Not determined, as no archaeal 16S rRNA was obtained from this fraction.

a

b

c

d. Relative abundance corrected by fractions of 8-proteobacterial clones possessing the same T-RF.
e.

(0]

nly T-RFs with a peak height > 1% of the total peak height of the electropherogrammes were considered. Major T-RFs are highlighted in bold.

identity; Fig. 4). Smaller clone groups (n = 4 clones) of
the heavy-gradient fraction belonged to the Cyanobacte-
ria (Fig. 4), Actinobacteria, Firmicutes, Planctomycetes
and Deferribacteres.

The light fraction of the incubation with PCE mainly
consisted of y- and &-Proteobacteria (78.6%), Actino-
bacteria (4.8%) and Chloroflexi (4.8%), whereas major
phylogenetic groups in the light fraction of the non-
PCE-amended control were y- and d&-Proteobacteria
(61.1%), Cyanobacteria (11.1%), Planctomycetes (11.1%)
and Chloroflexi (8.3%). Chloroflexi-associated clones
obtained from the light-gradient fractions did not cluster
within subphylum II, Dehalococcoidetes, which is formed
by various chloroethene-dechlorinating isolates and envi-
ronmental sequences, but within subphylum I, Anaero-
lineae (Table 1). Single clones retrieved from the light
fractions belonged to the Bacteroidetes, Cyanobacteria,
Planctomycetes and Spirochaetes (TfC20L), and to the
Actinobacteria and Verrucomicrobia (TfP20L).

© 2008 The Authors

Relative abundances in T-RFLP patterns and relative
clone frequencies were compared by the assignment of
the majority of clone sequences to their corresponding
T-RFs (Table 1). Differences were found with respect
to the frequencies of 16S rRNA amplicons related to
the Actinobacteria, Planctomycetes and «- and
e-Proteobacteria, which were apparently 5-8% over-
represented in clone libraries, whereas those of Dehalo-
bium spp. appeared to be under-represented. Based
on peak height, the 513 bp T-RF of the putatively
chloroethene-dechlorinating TFCC bacteria accounted for
25.8% of the total amplicon pool; however, only 15.5% of
clone sequences belonged to the TFCC (Table 1).

T-RFLP fingerprinting of archaeal populations

After SIP, the active archaeal populations in the incuba-
tions with and without PCE amendment were analysed
by T-RFLP fingerprinting of all density gradient frac-
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Fig. 3. Distribution of 16S rRNA clone sequences and phylogenetic placement of ‘Tidal Flat Chloroflexi Cluster’ bacteria as novel clone cluster
within the Dehalococcoidetes. The scale bar represents 10% sequence divergence. Thermomicrobium roseum (M34115) and Sphaerobacter

thermophilus (X53210) served as outgroup.

tions (Fig. 5). As methanogens are known anaerobic
acetate degraders, we analysed the influence of
PCE-dechlorinating conditions on the composition
of the archaeal community. Gradient fractions with a
BD > 1.81 gml™ did not yield sufficient PCR product
(concentrations were below 10 ng ul~") for performing
T-RFLP analysis. The remaining lighter fractions (BD <
1.81 g ml") of both the PCE-amended incubation and
the control showed four major T-RFs of 186, 228, 284
and 393 bp. The 186 bp T-RF was dominant in both
incubations. In contrast, the T-RF of 393 bp was abundant
only in the presence of PCE and the T-RF of 284 bp was
only detected in the control microcosm without PCE.

Phylogenetic affiliation of archaeal populations

To identify the archaeal populations present in the tidal flat
sediment incubations, clone libraries were constructed
of a light fraction of both the PCE-amended micro-
cosm [TfC20L, 1.781 g mI-'] and the control [TfP20L,
1.788 g mI']. A total of 88 clones were phylogenetically
analysed. Clone sequences belonged to four different

classes within the Euryarchaeota, and to a class
represented only by sequences of yet uncultivated
Crenarchaeota (Fig. 6, Table 1). The majority of clones
from the incubation with PCE fell into the Methanomicro-
biales (42.2%; T-RF of 393 bp) and Methanosarcinales
(42.2%; T-RFs of 186, 228 and 284 bp). In the control,
however, the Methanosarcinales were predominant
(62.8%) and the Methanomicrobiales only played a minor
role (25.6%). The proportion of Methanosarcinaceae
(~60%; 186 bp) and Methanosaetaceae (~40%; 228 and
284 bp) from total Methanosarcinales clones was almost
equal in both incubations. A small number of clones clus-
tered within the euryarchaeal Thermoplasmatales and
Crenarchaeota (Fig. 6, Table 1). Terminal restriction frag-
ment abundance and clone frequencies observed in the
libraries were in good agreement except for the
Methanomicrobiales. Their high frequency according to
the clone library was not confirmed by relative abun-
dances in T-RFLP due to the ambiguity of the 186 bp
T-RF, which is representative of mostly Methanosarci-
naceae but also some Methanocorpusculaceae and
Methanomicrobiaceae (Table 1, Fig. 6).
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® TfC20H60/74/92, 166, 78, 166 bp

O TfC20L43/61, 166, 512 bp

< TfP20L01/08/10/16, 187, 166, 187, 166 bp
Desulfobacterium indolicum, AJ237607

O TfC20L04, 129 bp

® TfC20H66/75, 513 bp

O TfC20L21, 513 bp

Desulfosarcina variabilis (T), M26632

< TfP20L24, 166 bp

< TfP20L30, 166 bp

Desulfococcus multivorans, AF418173
Desulfobacter vibrioformis B54 (T), U12254
O TfC20L11, 135 bp

O TfC20L28, 135 bp

OTfC20L24, 493 bp

O TfC20L32/37/59, 164 bp
< TfP20L19, 164 bp
Desulfobacterium catecholicum (T), AJ237602

O TfC20L56/57, 164 bp

< TfP20L23/29, 164 bp

O TfC20L22, 509 bp

® TfC20H57, 510 bp

@ TfC20H78, 936 bp

O TfC20L10, 69 bp

Desulfobacterium anilini (T), AJ237601

@ TfC20H19, 155 bp

@ TfC20H46, 127 bp

® TfC20H21, 129 bp
Desulfomonile tiedjei DCB-1, M26635

@ TfC20H51/84, 162 bp

O TfC20L30/42/46/52,162 bp

< TfP20L17/20, 162 bp

® TfC20H02,133 bp

O TfC20L23/38, 509 bp, 185 bp

< TfP20L34, 509 bp

Desulfuromonas michiganensis BB1, AF357915

Desulfuromonas michiganensis BRS1, AF357914

Desulfuromonas chloroethenica TT4B, U49748
[ Geobacter lovleyi SZ (T), AY914177

Trichlorobacter thiogenes (T), AF223382

O TFP20L73, 493 bp

@ TfC20H37, 498 bp

@ TfC20H81, 498 bp

<O TfP20L21, 496 bp

<O TfP20L31, 498 bp

Nonionella stella, AF495756

O TfC20L06, 497 bp

® TfC20H59, 498 bp

Haslea salstonica, AF51485

Haslea wawrikae, AF514855

Haslea crucigera, AF514849

0.10

Haslea ostrearia, AF514852
@ TfC20H56, 519 bp

< TfP20L66, 497 bp
< TfP20L69, 496 bp

J

o-Proteobacteria

Cyanobacteria

Fig. 4. Phylogeny of clones within the 3-subgroup of the Proteobacteria and Cyanobacteria based on 16S rRNA. Clone libraries from which
the clones were obtained are marked as follows: TfC20H (®), TfC20L (O), TfP20L (<). The scale bar indicates 10% sequence divergence.
Archaeal sequences of Methanosarcina spp. and Methanogenium spp. served as outgroup for tree construction.

Diversity of bacterial and archaeal communities

The diversity of the microbial communities in microcosms
with and without PCE was compared using standard
indices of diversity based on T-RF lengths and peak

© 2008 The Authors

heights. Despite the fact that the PCE-amended micro-
cosm was incubated differently for a considerable period
of time (51 days), the underlying overall bacterial diversity
was not affected much, as indicated by Simpson’s domi-
nance index (SDI), a statistical means for the estimation
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A T-RF (bp)
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B T-RF (bp)
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186a | 228 284 TfP20L [1.788]

Relative fluorescence

[1.769]

[1.776]

Fig. 5. Terminal restriction fragment length polymorphism (T-RFLP) fingerprinting of density resolved archaeal 16S rcRNA from (A) a
trans-DCE forming microcosm amended with "*C-labelled acetate, and (B) a control microcosm only amended with '*C-labelled acetate.
CsTFA buoyant densities (BDs) of fractions (in grams per millilitre) are given in brackets, and clone libraries were constructed from fractions
TfC20L and TfP20L. Terminal restriction fragment lengths of major peaks are indicated.

of diversity in an environmental sample (Dollhopf et al.,
2001). Both light fractions TfC20L and TfP20L were highly
diverse bacterial communities (SDI of 0.06). Archaeal
diversity was considerably lower but similar in both analy-
sed fractions with SDI of 0.23 for TfC20L and 0.26 for
TfP20L. The Morisita index of community similarity (h),
which takes into account not only diversity but also
species abundance, revealed that despite the long pre-
incubation bacterial communities of the two different
treatments still shared a similarity of 78%. Archaeal com-
munities of the incubations with and without PCE were
even more identical (88%).

Screening for known reductive dehalogenase genes

In order to evaluate whether reductive dechlorination of
PCE in tidal flat incubations was catalysed by known
reductive dehalogenases (RDases) such as PceA- or
TceA-related enzymes, we carried out a PCR targeting
reductive dehalogenase genes. The degenerate primers
used are mainly based on amino acid sequences encod-
ing for two highly conserved iron-sulfur (FeS) cluster-
binding motifs typically found in reductive dehalogenases
of Sulfurospirillum multivorans (pceA), Desulfitobacterium
dehalogenans (cprA) and Dehalococcoides ethenogenes
195 (tceA; Rhee etal., 2003). No amplicons were
obtained for the tidal flat sediments incubated in the pres-
ence of PCE and TCE; however, despite their high degree
of sequence degeneracy the used primer combination
obviously did not cover the full range of so far known
reductive dehalogenases. Alternative RDase gene-
specific primers available may allow for a more thorough
screening of our samples in future.

Discussion

Using SIP of rRNA, we identified novel bacteria within the
phylum Chloroflexi that are apparently dechlorinating

PCE reductively in anoxic tidal flat sediment incubations.
The predominant population, designated TFCC bacteria,
is phylogenetically novel, yet closely related to previously
identified Lahn Cluster bacteria (98% 16S rRNA
sequence identity; Kittelmann and Friedrich, 2008) and
only distantly related to the well-studied Dehalococcoides
isolates (92-94% sequence identity). A second, albeit
smaller population, shares 98% sequence identity with
‘D. chlorocoercia DF-1’ (Miller et al., 2005). Both popula-
tions are likely responsible for dechlorination, because
they were exclusively detected in incubations amended
with PCE but were undetectable in the control and in the
light fraction of the PCE-amended incubations. Unexpect-
edly, the trans-isomer of DCE was the major end-product
of PCE dechlorination in tidal flat incubations at very high
trans- to cis-DCE ratios (compare Giriffin et al.,, 2004;
Miller et al., 2005), whereas typically cis-DCE has been
reported as the predominant intermediate or end-product
for most enrichments studied so far (Smidt and de Vos,
2004).

Stable isotope probing of chloroethene-reducing
bacteria in marine sediment

Recently, we have shown that dehalorespiring bacteria
can be targeted as a functional guild by RNA-based SIP
with ['®CJ-acetate (Kittelmann and Friedrich, 2008). As
chlorinated ethenes are not assimilated into biomass of
dehalorespiring bacteria, *C-labelled acetate was used to
trace dehalorespiring bacteria, when highly chlorinated
ethenes were the predominant electron acceptors in Lahn
river sediment incubations. This labelling strategy capital-
izes on the fact that dissimilatory acetate oxidation is
thermodynamically unfavourable under anoxic conditions
in the absence of a suitable electron acceptor. Under
these conditions, the novel Lahn Cluster bacteria became
heavily labelled from ['*C]-acetate, which suggested that
these populations were in fact dechlorinating and most
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Methanosarcina semesiae (T), AJ012742
TfC20L03/10/13/26/38/42/45Ar
TfP20L02/04/08/11/17/21/26/28/29/33/35/37Ar
Methanosarcina barkeri (T), AJ012094
TfC20L41Ar
TfC20L51Ar | 194 bP
Methanococcoides alaskense (T), AY941802
TfC20L24Ar
TfP20L25/41Ar | 795bp
Methanococcoides methylutens (T), M59127
TfC20L01/32Ar
TiP20L39/50Ar | 981 PP

186 bp

Methanohalobium evestigatum (T), U20149
TfC20L16/19/23/46Ar
TfP20L06/12/34/36/40/43/47/53Ar
Methanosaeta concilii (T), X16932
Methanosaeta soehngenii (T), X51423
TfC20L08/29Ar

TIP20L18/20/52Ar | 228 PP, 495 bp
Methanosaeta harundinacea (T), AY970347
TfC20L31Ar, 495 bp
TfC20L09/15Ar

TfP20L19Ar | 381 bp
clone WCHD3-16 from hydrocarbon- and chlorinated-
solvent-contaminated aquifer, AF050618

TfP20LO07Ar, 381 bp

284 bp

0.10

clone FenC1-16S from boreal oligotrophic fen , AJ548941

4|:Red Sea clone KTK 9A, AJ133622
TfC20L37Ar, 792 bp

TfC20L04/05/12/18/20/21/25/27/28/30/34/43/49Ar

393 bp

TfP20L15Ar
TfC20L36Ar

J

Methanosarcinaceae

Thermoplasmatales Methanosaetaceae

TfP20L14/23Ar
TfC20L06Ar
TfC20L07Ar | 393 bp 8
Methanogenium organophilum (T), M59131 3
Methanogenium marinum (T), DQ177344 S
TfP20L45Ar, 393 bp g
TfP20L42/48/51Ar, 186 bp 'g
TfP20L10Ar, 186 bp 3
Methanoplanus limicola (T), M59143 %
TfP20L44Ar S
TFC20L40Ar | 186 bp
Methanomicrobium mobile (T), M59142 g
TfC20L11/17/50Ar, 393 bp §
TfP20LO03Ar 83
TiP20L27Ar | 186 PP § 8
Methanocorpusculum parvum (T), M59147 % I
TfP20L32Ar, 186 bp S8
marine benthic deep-sea archaeal clone CRA9-27cm, AF119129 ©
186 bp g
marine benthic deep-sea archaeal clone APA3-11cm, AF119137 §
TfP20L09Ar, 687 bp g
o
O

Fig. 6. Phylogenetic distribution of archaeal 16S rRNA clone sequences obtained from fractions TfC20L (with PCE, light) and TfP20L
(control, light). The scale bar represents 10% sequence divergence. Sequences of cultivated bacterial dehalorespiring Dehalococcoides spp.
(AF004928, AY323233, AY914178, AF357918 and AY165308) served as outgroup.

likely also dehalorespiring PCE and TCE (Kittelmann and
Friedrich, 2008).

In this study, the same labelling approach with ['3C]-
acetate was used to identify chloroethene-dechlorinating
bacteria in marine tidal flat sediment incubations. During
the pre-incubation phase, microbial respiratory processes
were exclusively fuelled by sediment endogenous elec-
tron donors until endogenous electron acceptors were
almost depleted, and chloroethene-reducing bacteria had
been enriched sufficiently thriving on sediment endo-

© 2008 The Authors

genous carbon sources. When SIP was started, PCE had
been reduced to a large extent and TCE was the most
abundant chlorinated ethene (Fig. 1). The addition of '*C-
labelled acetate resulted in effective label incorporation by
bacterial populations. Tidal Flat Chloroflexi Cluster bacte-
ria and Dehalobium spp. accounted for a large part of the
['®C]-acetate-assimilating populations based on combined
T-RFLP and cloning/sequencing analysis (~42.3%) in the
heavy-gradient fraction of the microcosm with PCE. Most
importantly, however, these populations did not occur in
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the control microcosm, and not even in the light fraction of
the microcosm with PCE. Therefore, it is very likely that
both populations are involved in catalysing dechlorination
in the sediment incubations.

Potentially involved in dechlorination were also small
populations related to &-proteobacterial Desulfuromonas
and Desulfomonile spp.; however, these isolates are
known to dechlorinate PCE to TCE and cis-DCE, not to
trans-DCE (Shelton and Tiedje, 1984; Fathepure et al.,
1987; Krumholz et al., 1996; Loffler et al, 2000; Sung
et al., 2003). Moreover, clones retrieved from the light
fraction of the PCE-amended microcosm and the non-
PCE-amended control fell into the same cluster (Fig. 4).

Other populations involved in '*C-acetate assimilation
were detected that are not directly linked to dechlorination
activity including sulfate-reducing bacteria (SRB) and
methanogens. Typically, tidal flat sediments are domi-
nated by sulfate reduction as terminal electron accepting
process in the upper sediment layers (Jorgensen, 1982;
Llobet-Brossa et al., 2002). In our enrichments, sulfate
was depleted almost entirely in the course of the pre-
incubation phase (~300 uM at the beginning of SIP);
during "®C-probing only a small amount of sulfate
(1.74 umol) was reduced compared with reductive
dechlorination of chlorinated ethenes (7.62 umol of PCE
and TCE). Nevertheless, SRB assimilated '*C-labelled
acetate to some extent while most likely reducing re-
sidual sulfate, and were detected in heavy rRNA
(6-proteobacterial SRB clones; 15.5% frequency).

In tidal flat sediments, methanogens are numerically
less important in upper layers due to substrate competi-
tion with SRB (Oremland and Taylor, 1978; Wilms et al.,
2007). In our experiment, a significant amount of ['*C]-
methane was formed from ['3C]-acetate, yet heavy
archaeal rRNA was detected only up to intermediate
density fractions (BD =1.80 g mI™'), indicating that the
population of methanogens was probably small or not
active enough for label incorporation at higher level. It
appears that the PCE-amended incubations favoured
Methanosarcinaceae and Methanomicrobiaceae,
whereas in the control Methanosarcinaceae and Metha-
nosaetaceae were assimilating ['*C]-acetate to some
extent (BDs ~ 1.803; Fig. 5).

Besides microorganisms involved in terminal electron-
accepting processes, syntrophically acetate-oxidizing
bacteria might have assimilated acetate, and could have
become labelled during SIP. When hydrogen partial pres-
sures are thermodynamically permissive, syntrophic
acetate-oxidizing bacteria might be involved in interspe-
cies hydrogen transfer to hydrogen-oxidizing populations,
e.g. chloroethene-respiring bacteria (L6ffler and Sanford,
2005). In fact, syntrophic acetate oxidation was implicated
in anaerobic dechlorination in a number of studies (He
et al., 2002; Becker et al., 2005; Kittelmann and Friedrich,

2008). However, in tidal flat incubations the pH, was high
(~750 Pa), and thus an involvement of syntrophic pro-
cesses seems unlikely.

Although certain limitations are inherent to SIP
(see above and for detailed discussion Kittelmann and
Friedrich, 2008), our data showed that SIP with ['*C]-
acetate specifically allowed for tracing chloroethene-
dechlorinating populations in tidal flat sediment
incubations.

Microorganisms involved in trans-DCE production

In tidal flat sediment incubations from Dangast, North
Sea, PCE was dechlorinated via TCE to preferentially
trans-DCE and only small amounts of cis-DCE at a ratio of
~3.5. Tidal Flat Chloroflexi Cluster bacteria and Dehalo-
bium spp. likely were involved in the formation of predomi-
nantly trans-DCE. At the beginning of '*C-labelling, PCE
had been turned over almost completely to TCE, which
therefore was the predominant electron acceptor. Acetate
addition stimulated dechlorination of TCE to trans-DCE
(Fig. 1). The TFCC bacteria were the most abundant
active population (with relative abundances of 25.8% and
15.5% according to T-RFLP analysis and clone library
respectively). Thus, TFCC bacteria were very likely
involved in the production of major amounts of trans-DCE
in the tidal flat sediment incubations. The second poten-
tially dehalorespiring population detected in tidal flat sedi-
ments related to ‘D. chlorocoercia DF-1’ may contribute to
trans-DCE production as well; however, strain DF-1 has
been found before to form trans-DCE at a considerably
lower ratio of ~1.5 only. Nevertheless, a possible role of
other microorganisms present in the incubations cannot
be ruled out completely.

The involvement of methanogens in trans-DCE forma-
tion is unlikely. Co-metabolic dechlorination of PCE to
TCE, cis-DCE or even small amounts of VC and ethene
by cofactor Fs3 has been observed in Methanosarcina
spp. (Fathepure and Boyd, 1988; Gantzer and Wackett,
1991; Jablonski and Ferry, 1992); however, cometabolic
chloroethene dechlorination is slow and approximately
3-5 less effective than dehalorespiration (El Fantroussi
etal., 1998). F430 has not been found to be involved in
production of the trans-DCE isomer.

Conclusions

Besides its role as a sink for anthropogenic pollutants, the
marine environment is a rich source of naturally produced
halogenated compounds. Consequently, microbial capa-
bilities to degrade these compounds under aerobic
and anaerobic conditions have evolved, but the diversity
of marine chloroethene dehalorespirers is yet largely
unknown. Using SIP of RNA we found novel uncultured
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Chloroflexi populations, the TFCC bacteria, capable of
reductive chloroethene dechlorination in anoxic tidal flat
sediment incubations. Their predominance in the SIP
enrichment suggests that TFCC bacteria are mainly
responsible for trans-DCE formation from TCE at high
ratio (~3.5) of trans- to the cis-isomer of DCE. Enrichment
efforts are made in our lab, to elucidate the role of TFCC
bacteria in tfrans-DCE formation. A highly enriched or pure
culture will also help to gain insight into reductively
dechlorinating enzyme complexes that favour trans-DCE
over cis-DCE production. The data are needed to better
understand the accumulation of certain chlorinated
ethenes at contaminated sites.

Experimental procedures
Materials

All chemicals and analytical standards were purchased from
Sigma-Aldrich Chemie GmbH (Steinheim, Germany) at the
highest purity available.

Sediment sampling and pre-incubation

The sampling site was located in a meso- to macrotidal
embayment, the ‘Jadebusen’ (Jade Bay), which is situated on
the North Sea coast of Lower Saxony (Germany) south-west
of the Weser estuary. Sediment samples were collected from
tidal flats approximately 2 km west of the small town of
Dangast in June 2006 (distance from shore-line ~20 m, salin-
ity 26—28%o) (Llobet-Brossa et al., 2002; see also for further
geochemical parameters of the sampling site). A total volume
of 100 ml sediment slurry was pre-incubated with 1250 ul of a
1:1250 mixture of neat PCE in heptamethylnonane as
organic carrier phase (Kittelmann and Friedrich, 2008). A
control without PCE was incubated under the same
conditions. Upon complete dechlorination of PCE via TCE to
DCEs (after ~33 days), 6 ml of sediment slurry was trans-
ferred into 13.5 ml serum bottle microcosms, and the head-
spaces were flushed with N,:CO, (80:20; vol:vol). Four
microcosms were again amended with PCE (=5 uM
aqueous concentration). From the pre-incubation without
PCE four microcosms were set up as described above and
further incubated without PCE. All microcosms were kept at
20°C in the dark with occasional shaking. After trans- and
cis-DCE production had resumed (day 47), the PCE-
amended microcosms and the non-PCE-amended controls
were spiked with 0.5 mM 'C,-labelled acetate. Microcosms
were sacrificed after 1, 2, 3 and 4 days, immediately trans-
ferred into 2 ml reaction tubes and stored at —80°C until
further processing.

Analytical measurements

Dechlorination of PCE and formation of the degradation prod-
ucts TCE and cis-/trans-DCE were tracked gas chromato-
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graphically by headspace analysis (Kittelmann and Friedrich,
2008). Total amounts of PCE and its dechlorination products
were determined from headspace measurements according
to calibration curves of all analysed chlorinated compounds.
Standards of chlorinated ethenes were prepared with exactly
the same volumes of aqueous, gas and organic phase as
used for microcosm set-up. The available Henry constant
[Peng and Wan, 1997; corrected by 30% to account for
salting-out effects (Schwarzenbach etal., 2003)] and
hexadecane-water partitioning coefficient of PCE at 20°C
(Abraham et al., 1994) were used to estimate the approxi-
mate starting concentration of PCE in our marine system
(= 5 uMm).

Methane formation was measured gas chromatographi-
cally on a GC-8A gas chromatograph (Shimadzu, Japan) in
100 pl of headspace samples using a packed column (2 m by
1/8” inner diameter, Porapak Q, Alltech, Germany) at 80°C
and an FID heated to 230°C (Shimadzu, Japan). CO,
was measured upon reduction to CH, with a methanizer
(Ni-catalyst at 350°C, Chrompack, the Netherlands; Conrad
et al., 1987). The proportion of '*CO, and '*CH4 was analy-
sed by gas chromatography combustion isotope ratio mass
spectroscopy (GC-c-IRMS; Brand, 1996; Conrad etal.,
2000).

Liquid samples for ion chromatography and high-
performance liquid chromatography (HPLC) were filtered
through 0.2 um filters (Schleicher & Schuell, Dassel,
Germany). Chloride, nitrate, nitrite and sulfate concentrations
in the pore waters were analysed by ion chromatography
(Bak etal., 1991). Acetate concentrations before and after
8C-probing were measured by HPLC with an Aminex HPX-
87H ion exclusion column (Bio-Rad Laboratories, Hercules,
CA) with a refraction index detector (RI12000; Sykam, Gilch-
ing, Germany) and a UV detector (UVIS 205; Linear Instru-
ments, Reno, NV). Chromatogrammes were analysed with
the Peak Simple software (SRI Instruments, Torrance, CA).

Density separation of total RNA and bacterial SSU
RNA fingerprinting

Nucleic acids were extracted from ["*C]-acetate-amended
incubations with and without PCE of day 4 after a published
protocol (Lueders et al., 2004b). After DNase | digestion and
RNA quantification with RiboGreen stain (Molecular Probes),
500 ng of RNA was mixed with gradient buffer and trans-
ferred into gradient medium consisting of cesiumtrifluoroac-
etate and formamide. Density gradient centrifugation was
carried out in an ultracentrifuge at 39 000 r.p.m. (130 000 g)
and 20°C for 72 h (Lueders et al., 2004a). After fractionation
of the gradient, refractory indices were measured for each
fraction. RNA in fractions was precipitated from the gradient
medium with isopropanol (1 vol.) and 0.5% sodium acetate
(pH 5.2), washed with 70% ethanol and eluted in 40 ul EB
buffer (10 mM Tris-HCI, pH 8.5). Amplification of 16S rRNA
was carried out with the Access one-tube reverse transcrip-
tion polymerase chain reaction (RT-PCR) system (Promega)
and primers Ba27f-FAM (6-carboxyfluorescein-labelled) and
Ba907r (Bacteria) and Ar109f and Ar912rt-FAM (Archaea).
After initial transcription at 48°C for 45 min, rcDNA was dena-
tured at 94°C for 2 min followed by 23 cycles of denaturing
(94°C, 30 s), primer annealing (52°C Bacteria, 55°C Archaea,
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30 s) and elongation (68°C, 1 min) and a final 10 min exten-
sion at 68°C. 16S rcDNA amplicons were purified using
MinElute columns (Qiagen, Hilden, Germany). PCR product
(120 ng) was used for digestion with the restriction enzyme
Mspl (37°C, Bacteria) or Taql (65°C, Archaea) after (Lueders
and Friedrich, 2002). Subsequent desalting with AutoSeq
G50 columns (Amersham Pharmacia Biotech) and mixing of
1 ul of digest with 11 ul of Hi-Di formamide (Applied Biosys-
tems) and 0.25 ul of Rox-labelled Map Marker 1000 ladder
(Bio-Ventures, Murfreesboro, Tennessee) were performed.
Then the samples were denatured for 4 min at 95°C, cooled
on ice and analysed on an ABI 310 genetic analyser (Applied
Biosystems). Electrophoresis parameters were selected
as described in Kittelmann and Friedrich (2008). Analysis
of T-RFLP electropherogrammes was performed with the
Genescan 2.1 software (Applied Biosystems).

Construction of bacterial and archaeal 16S rRNA
clone libraries

For cloning and sequence analysis of bacterial populations a
high- and a low-density fraction were selected from the incu-
bation with PCE together with a low-density fraction from the
control. Amplicons were amplified with non-labelled primers
Ba27f and Ba907r-TES (RT-PCR conditions as described
above). Archaeal populations were amplified with primers
Ar109f and Ar912rt from a light fraction of both the incubation
with and without PCE. 16S rRNA genes were cloned using
the pGEM-T Vector System Il (Promega) and sequences
were obtained from randomly selected clones by analysis at
the core facility ADIS (Max Planck Institute for plant breeding
research, Cologne). A total of 24 putative bacterial and 4
putative archaeal chimeric sequences were detected by Bel-
lerophon (Huber et al., 2004) and Mallard (Ashelford et al.,
2006) analysis, confirmed by fractional treeing (Ludwig et al.,
1997) and excluded from corresponding libraries. Phyloge-
netic analysis was carried out with 136 bacterial sequences
[TfC20H (58), TfC20L (42), TfP20L (36)] and 88 archaeal
sequences [TfC20L (45), TfP20L (43)]. Sampling coverage of
clones was checked on the level of major bacterial lineages
by rarefaction analysis with the DOTUR software using the
furthest neighbour sequence assignment (Schloss and Han-
delsman, 2005). Phylogenetic affiliation of clones was deter-
mined with the ARB software package (http://www.arb-home.
de; version corrected January 2004, released January 2005;
Ludwig et al, 2004) using the neighbour joining and fast
parsimony methods for tree construction. For correlation of
clones with their corresponding T-RFs the ‘T-RF-cut’ tool
was used (Ricke etal., 2005). Sequence data have been
deposited with GenBank under Accession No. EU362185—
EU362408.

Screening for known reductive dehalogenases in
trans-DCE-producing incubation

In order to evaluate the presence of genes with known deha-
logenase motifs primers Dhar1000f and Dhu1350r (Rhee
et al., 2003) were used to screen for dehalogenase genes in
DNA extracts of the trans-DCE-producing incubation TfC20.
DNA from S. multivorans (DSM 12446) served as positive

control. PCR amplification was performed with a standard
protocol (Kittelmann and Friedrich, 2008) applying an anneal-
ing temperature of 46°C and 35 cycles.
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