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Dehalococcoides ethenogenes is the only known cultivated organism capable of complete dehalogenation of
tetrachloroethene (PCE) to ethene. The prevalence of Dehalococcoides species in the environment and their
association with complete dehalogenation of chloroethenes suggest that they play an important role in natural
attenuation of chloroethenes and are promising candidates for engineered bioremediation of these contami-
nants. Both natural attenuation and bioremediation require reliable and sensitive methods to monitor the
presence, distribution, and fate of the organisms of interest. Here we report the development of 16S rRNA-
targeted oligonucleotide probes for Dehalococcoides species. The two designed probes together encompass 28
sequences of 16S rRNA genes retrieved from the public database. Except D. ethenogenes and CBDB]1, all the
others are environmental clones obtained from sites contaminated with chlorinated ethenes. They are all
closely related and form a unique cluster of Dehalococcoides species. In situ hybridization of probe Dhel1259t
with D. ethenogenes strain 195 and two enrichment cultures demonstrated the applicability of the probe to
monitoring the abundance of active Dehalococcoides species in these enrichment samples.

Tetrachloroethene (PCE) and trichloroethene (TCE) are
common groundwater contaminants. Under anaerobic condi-
tions, these compounds can be reductively dehalogenated to
less-chlorinated ethenes or innocuous ethene by microorgan-
isms through dehalorespiration, which provides a promising
approach for the bioremediation of contaminated sites. A
number of bacteria have been identified that are capable of
reductive dehalogenation of PCE and TCE (summarized in
reference 13). Of these, Dehalococcoides ethenogenes is the
only known cultivated organism capable of complete dehalo-
genation of PCE to ethene. Since its identification, numerous
Dehalococcoides-like species have been found in enriched lab-
oratory cultures and contaminated aquifers where complete
anaerobic dehalogenation of PCE and TCE occurs (12, 15, 18).
This suggests that Dehalococcoides species play an important
role in natural attenuation of chloroethenes and that they are
promising candidates to be used in engineered bioremediation
of these contaminants. To monitor the progress of bioreme-
diation, it is necessary to develop reliable and sensitive detec-
tion techniques for Dehalococcoides species.

To date, 16S ribosomal DNA-based PCR assays are the
major tools available for the detection of Dehalococcoides spe-
cies. Loeffler et al. (15) reported a nested PCR assay which
allowed the detection of Dehalococcoides strain FL2. One to
ten copies of strain FL2’s 16S rRNA gene was found sufficient
to yield the expected PCR product. Another study showed that
as few as 10° cells of D. ethenogenes per 0.5 g of soil were
sufficient to allow detection through a direct PCR assay (9). A
combination of molecular assay and microcosm and site data
was used to assess the indigenous reductive dechlorinating
potential of a TCE-contaminated aquifer (9). More recently,
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Hendrickson et al. (12) designed seven sets of primers for
Dehalococcoides species and used them to investigate the wide
distribution of these bacteria in the environment. However,
despite the sensitivity and applicability of these PCR assays, it
is still very difficult to correlate PCR results with the actual
number and activity of Dehalococcoides species with respect to
the total microbial community due to the qualitative nature of
PCR techniques (19).

During the last decade, rRNA-targeted nucleic acid probes
have been increasingly used in the field of microbial ecology
and demonstrated to be a readily applicable technique for
detection of microbes and analysis of microbial community
structures (3, 4). Compared with the 16S ribosomal DNA-
based PCR assays, nucleic acid probes and probe technologies
such as fluorescence in situ hybridization (FISH) allow for
quantitative measurement of active microbes. However, a re-
cent attempt to use FISH to detect Dehalococcoides species
failed to give detectable signals (18). Here we report novel
oligonucleotide probes targeting 16S rRNA of Dehalococ-
coides species and use of FISH for detection and quantification
of these bacteria in two enrichment cultures.

MATERIALS AND METHODS

Organisms and culture conditions. The applicability of the probe for in situ
hybridization of Dehalococcoides species was tested with (i) a pure culture of D.
ethenogenes strain 195 as a positive control (17), (ii) a dehalogenating enrichment
culture from Cornell University, Ithaca, N.Y., from which strain 195 was origi-
nally isolated (6, 7, 17), and (iii) a dehalogenating enrichment culture originally
from a PCE-contaminated site (11, 20). The cultures were grown as described in
the corresponding references.

Cell fixation. Samples were fixed in 4% paraformaldehyde—phosphate-buff-
ered saline (PBS) (containing 0.13 M NaCl, 7 mM Na,HPO,, and 3 mM
NaH,PO, [pH 7.2]) at 0°C for 12 h, subsequently washed twice in PBS, and
stored in 50% ethanol in PBS at —20°C (21, 22).

Oligonucleotide probes and stains. Sequences and target sites of the probes
used in this study are given in Table 1. Oligonucleotides synthesized with 5 Cy3
label were purchased from MWG-Biotech (Ebersberg, Germany).

The DNA-intercalating dye 4’,6'-diamidino-2-phenylindole (DAPI; Sigma,
Buchs, Switzerland) was stored as a solution of 200 ng/wl and used to stain
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TABLE 1. Probes used in this study
Probe Target organism(s) Sequence (5'-3")* E. coli positions Formamide concn (%) Reference
Eub338 Bacteria GCTGCCTCCCGTAGGAGT 338-355 30 4
Dhe1259t Some Dehalococcoides spp. AGCTCCAGTTCACACTGITG 1,259-1,278 0-30 This study
Dhe1259¢ Some Dehalococcoides spp. AGCTCCAGITCGCACTGITG 1,259-1,278 0-30 This study
Non338 Negative control ACTCCTACGGGAGGCAGC 338-355 30 4

“ Boldface indicates a difference in nucleotides between Dhe1259t and Dhe1259c.

bacterial cells nonspecifically. Staining was performed by the addition of DAPI
to the hybridization reaction mixture (final concentration, 20 ng/pl) and was
always included as a control stain to detect all bacteria present in the prepara-
tion.

Hybridizations. Whole-cell hybridization was performed based on the protocol
of Zarda et al. (21, 22). Eight-well, Teflon-coated slides (Erie Scientific Co.,

Portsmouth, N.H.) were used in the study. Just before hybridization, each well
was coated with a thin layer of gelatin [0.1% gelatin, 0.01% KCr(SO,),]. The
fixed samples were spotted on single wells, air dried, and dehydrated in an
ethanol series (50, 80, and 96%) for 3 min each. After applying a mixture of 1 .l
of probe (25 to 30 ng/pl), 1 ul of DAPI stock solution, 8 pl of hybridization buffer
(0.9 M NaCl, 20 mM Tris-HCI, 5 mM EDTA, 0.01% sodium dodecyl sulfate [pH

E.coli, X80724
T. roseum, M34115

82
81

64
62

»  Dehalococcoide sp. FL2, AF357918 ﬁ
DuPont clone DHC-Inz, AF388543

DuPont clone DHC-kb1P, AF388540
Bacterium CBDB1, AF230641
DuPont clone DHC-kafb, AF388537

Dhe1259¢

DuPont clone DHC-nftx, AF388546

DuPont clone DHC-chd, AF388534
DuPont cione DHC-pin, AF388548

]

DuPont clone DHC-dab, AF388535

DuPont clone DHC-bmtp, AF388532

> o athenogenes, AF004928

84

DuPont clone DHC-asd, AF388530

52

DuPont clone DHC-kb1C, AF388539
DuPont clone DHC-bmtv, AF388533

»  Bacterium DCEH2, AJ249262

100

DuPont clone DHC-plk, AF388549
Berkeley clone 5H, AF427937
Berkeley clone 9F, AF427910
Berkeley clone 5G, AF427908
DuPont clone DHC-bmtc, AF388531

Dhet259t

Berkeley clone 8a, AF427912

68

DuPont clone DHC-kIf, AF388541
Berkeley clone 4D, AF427907
DuPont clone DHC-1f13, AF388542
DuPont clone DHC-dll, AF388536
DuPont clone DHC-vic, AF388550
DuPont clone DHC-nrk, AF388547

Berkeley clone 12G, AF427909

\/

FIG. 1. Phylogenetic relationship of Dehalococcoides species and the coverage of designed probes. The tree was inferred by the maximum-
likelihood method from approximately 1,400 nucleotide bases by using PHYLIP. Bootstrap values were determined from 100 iterations of the
maximum-likelihood calculation. All sequences were labeled with their original names (name of research group and submission name in case of
environmental clones) followed by GenBank accession numbers. E. coli and T. roseum were used as references. The black arrows in front of some

sequences indicate the organisms and/or clones whose 16S rRNA sequen

ces were used for the probe design. Probe Dhe1259c is fully comple-

mentary to the first 7 sequences, and probe Dhe1259t is fully complementary to the other 21 sequences.
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7.2], and a specific amount of formamide according to the probe used) (Table 1)
on each well, the slides were incubated for 2 h in a humid chamber at 42°C.
Subsequently the slides were washed in prewarmed buffer for 15 min at 48°C,
rinsed with deionized water, and air dried. The washing buffer contained 20 mM
Tris-HCI (pH 7.2), 10 mM EDTA, 0.01% sodium dodecyl sulfate, and 102 mM
NaCl (when 30% formamide was used during hybridization).

Microscopy. Slides were mounted with Citifluor (London, United Kingdom)
solution and examined at X400 magnification (Zeiss Plan-Neofluar 40X, 1.30
numerical aperture, in oil; Oberkochen, Germany) and X1,000 magnification
(Zeiss Plan-Neofluar 100, 1.30 numerical aperture, in oil) with a Zeiss Axio-
phot microscope equipped with the filter sets 02 (Zeiss) for DAPI-conferred
fluorescence and HQ-Cy3 (Cy3) (AHF Analysen Technik, Tuebingen, Germany)
for Cy3-conferred fluorescence.

DAPI- and Cy3-labeled images were captured separately from the same ex-
amining field (exposure time, 0.64 and 1.20 s, respectively) with a cooled digital
video camera C5810 (Hamamatsu Photonics KK, Hamamatsu-city, Japan).

Phylogenetic analysis. Twenty-eight 16S rRNA gene sequences of Dehalo-
coccoides species and two control sequences (Escherichia coli and Thermo-
microbium roseum) (Fig. 1) were retrieved from the public domain databases
RDP-IT (http://rdp.cme.msu.edu) (16) and GenBank (http://www.ncbi.nlm
.nih.gov/GenBank/) (2) and were aligned with ClustalW (http://www.bork.embl
-heidelberg.de/Alignment/). Phylogenetic analyses were performed by the max-
imum-likelihood method by using PHYLIP software package modules (8). In-
ferred trees (Fig. 1) were viewed and edited with Tree Explorer, version 2.12,
from the MEGAZ2 software package (14).

RESULTS AND DISCUSSION

Design of 16S rRNA-targeted probes. Currently D. etheno-
genes is the only cultivated organism in the group of Dehalo-
coccoides capable of PCE dehalogenation. In spite of the nu-
merous environmental clones extracted from either laboratory
cultures or contaminated sites, direct evidence of association
of these clones with complete PCE dehalogenation only ex-
isted for two of these clones, Dehalococcoides strain FL2 (15)
and bacterium DCEH2. Therefore, the initial design of the
probe was based on an alignment of 16S rRNA gene sequences
of these three Dehalococcoides species (D. ethenogenes, De-
halococcoides strain FL2, and bacterium DCEH2). Probe de-
sign was carried out by using the PROBE_DESIGN program
of the ARB software package (http://arb-home.de) (3).

The resulting probe candidates were screened first by assess-
ing sequence specificity with PROBE_MATCH from RDP
(16) and BLAST from GenBank (2), since both databases are
updated frequently.

In the second screening step, the accessibility of the probes
was evaluated by comparing the 16S rRNA targeting position
of the probes with the E. coli probe accessibility table devel-
oped by Fuchs et al. (10). For that purpose, the secondary
structure of the 16S rRNA of T. roseum (5), which is also a
green nonsulfur bacterium, was used as a template for Dehalo-
coccoides due to the lack of that for Dehalococcoides species.
Several target regions appeared to be very specific and diag-
nostic for Dehalococcoides species, which were mainly around
helices 10 (183 to 192 [E. coli 16S rRNA positions]), 20 (537 to
555), 23 (658 to 675), and 46 (1,259 to 1,278) (E. coli positions
are given in parentheses). Three probe candidates in helices
10, 20, and 46 were experimentally evaluated, and only the
probe in helix 46, Dhel1259, resulted in an ideal signal. The
failure of the other two probes might be caused by poor ac-
cessibility, especially for the probe in helix 10, of which the
secondary structure is very different from that of E. coli. The
probe candidate in helix 23 was not tested due to technical
problems encountered when synthesizing the probe. Although
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FIG. 2. Probe dissociation curve of Dhel259t under increasingly
stringent hybridization and washing conditions. Each data point rep-
resents the mean value of fluorescence intensity of 100 cells. Sigmoidal
fitting of the melting curve was carried out with Prism 3 (GraphPad
software). Error bars indicate the standard deviations. a.u., arbitrary
units.

this site has relatively low accessibility in E. coli 16S rRNA,
reasonably good probes for bacteria other than E. coli were
designed based on this region (10); therefore, it would be
worthwhile to further test the usefulness of this probe.

Dhel259 is a mixture of two oligomers (Dhel259t and
Dhe1259c) with 1 base difference. The degenerate site is the
12th base from the 5’ end (A or G). Besides the 16S rRNA
gene sequences of the three Dehalococcoides species (D. ethe-
nogenes, bacterium DCEH2, and Dehalococcoides species FL2)
used for probe design, 25 other 16S rRNA gene sequences
were found that were complementary to Dhel259; only one
belonged to a cultivated organism, bacterium CBDBI, a chlo-
robenzene-degrading bacterium (1), the other 24 belonged to
environmental clones all interestingly obtained from micro-
cosms or sites where complete anaerobic dehalogenation of
chlorinated ethenes were occurring. All these sequences were
then retrieved from GenBank, aligned, and phylogenetically
analyzed. The results indicated a close phylogenetic relation-
ship of these sequences (>95% similarity in 1,400 bp), forming
a unique Dehalococcoides species cluster (Fig. 1). All other 16S
rRNA gene sequences currently in the public database had at
least 4 mismatches with the probe sequence.

Specific detection and quantification of Dehalococcoides spe-
cies. Due to the unavailability of any culture that can suppos-
edly hybridize with Dhe1259c, only Dhe1259t was tested in this
study. The optimal hybridization stringency was determined
with a pure culture of D. ethenogenes strain 195 by increasing
the formamide concentration in the hybridization buffer in
increments of 10% at a constant hybridization temperature of
42°C. Probe-conferred signals remained at the same level fol-
lowing the addition of formamide up to 30% and then de-
creased rapidly (Fig. 2). Therefore, 30% formamide was used
in the later hybridization. The in situ hybridization results are
displayed in Fig. 3. As shown in Fig. 3D, Dhe1259t allowed us
to successfully visualize D. ethenogenes strain 195 cells as irreg-
ular cocci. The hybridized cells varied in sizes, a lot of which
were extremely small, <0.5 wm in diameter.

Subsequently, probe Dhel1259t was applied to different en-
richment cultures. In the mixed culture from which D. etheno-
genes 195 was originally isolated (6, 7, 17), Dehalococcoides
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FIG. 3. FISH microscopic images of D. ethenogenes strain 195 (rows 1 and 2), the enrichment where strain 195 was isolated (row 3), and the
enrichment originally from a PCE-contaminated groundwater site (row 4). Panels A, C, E, and G are micrographs of DAPI staining; panel B is
a micrograph of the same field shown in panel A when hybridized with probe Non338; panels D, F, and H are micrographs of the same fields shown
in panels C, E, and G, respectively, when hybridized with newly designed probe Dhe1259¢t. Scale bar, 5 pm.

species accounted for 32% * 7% of the total DAPI-stained
cells (Fig. 3F). Dehalococcoides species were also detected in a
culture which was originally retrieved from a groundwater site
contaminated with PCE and later maintained in the laboratory

in a closed continuous stirred-tank reactor with continuous
feed of sodium benzoate and PCE (11, 20). About 5% * 3%
of the total DAPI-stained cells hybridized with probe
Dhe1259t in the closed continuous stirred-tank reactor culture
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(data not shown). Serial transfers were performed to enrich the
culture by using PCE and hydrogen as the energy source.
During the enrichment process, the percentage of Dehalococ-
coides species with respect to the total DAPI-stained cells
steadily increased and eventually reached 38% = 7% in 3
months after three transfers (Fig. 3H). The presence of De-
halococcoides species in this culture was consistent with the
fact that it was capable of complete dehalogenation of PCE to
ethene, although it cannot be excluded that other species may
also play a role in the process. In contrast, when tested with a
few cultures incapable of dehalogenation, the signals obtained
were no better than those of the background controls (data not
shown).

Interestingly, the recently developed probe DhEth for
D. ethenogenes and relatives (18) is only 2 bp upstream of
Dhe1259. While Dhel1259t could successfully detect Dehalo-
coccoides species, DhEth only gave very weak signals (data not
shown). Besides the small size of the bacteria, this might also
be a result of the poorer accessibility of DhEth (about 30%
relative accessibility according to the E. coli probe accessibility
table) (10) or the difference in microscopic setup.
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