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Abstract

Understanding the spatial distribution of Dehalococcoides and its reductive dehalogenase genes in sediment is
important for bioremediation of sites contaminated with chlorinated ethylenes. A total of 56 sediment samples
were collected from four contaminated sites in Japan, and quantified copies of Dehalococcoides 16S rRNA and
reductive dehalogenase genes: fced, bvcA, and verd, as well as chlorinated ethylenes. Dehalococcoides was
detected from 22 sediment samples with various geological formations, textures and saturation conditions. The
detected Dehalococcoides 16S TRNA gene ranged from 6.4 x 102 to 2.5 x 107 copies g. In the 22 samples, the
dehalogenase genes: tced, bvcA, and verA were contained 1.4 x 10° to 1.6 x 104, 1.0 x 10° to 2.0 x 10°, and
2.7 x 10% to 8.5 x 10° copies g, respectively. Statistical analysis revealed that the distribution of dehalogenase
genes depends on site and depth, but not existence of vinyl chloride. To estimate potential for bioremediation of
contaminated sites, quantification of dehalogenase genes according to sediment depth is important and thus
recommended.
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1. Introduction
1.1 Contaminated Sites with Chlorinated Ethylenes

Chlorinated ethylenes, such as tetrachloroethylene (PCE) and trichloroethylene (TCE), have been widely used
throughout the world as industrial solvents for several decades. Major applications include dry-cleaning,
degreasing, refrigeration, lubrication, processing of textiles, and production of chlorofluorocarbons. Given
improper handling and/or a lack of adequate regulations, many industrial sites have been contaminated by these
solvents (Zhang & Yoshikawa, 2016). A statistical survey in Japan has estimated that over 130,000 sites may be
contaminated by chlorinated ethylenes and that appropriate countermeasures are required for remediation of these
polluted sites (GEPC, 2000). In other industrialized countries, such as the United States, the extent of the problem
is similar (Moran, Zogorski, & Squillace, 2007). Most of the hazardous-waste sites in the United States listed in
the National Priority List (NPL) are also contaminated by chlorinated ethylenes, including TCE (e.g., US EPA,
2017). The contaminated sites require remediation because chlorinated ethylenes are carcinogenic or probably
carcinogenic to humans (IARC, 2016).

1.2 Biodegradation of Chlorinated Ethylenes

Bioremediation of sediments contaminated with chlorinated ethylenes is a prospective technology for remediation.
This technology has the advantages of being environmentally friendly, cost-effective and applicable in situ (Zhang
& Yoshikawa, 2016). Taking into account concentration rebound of contaminants after remediation of permeable
media due to contaminants absorbed onto low permeability media (US EPA, 2013b), bioremediation of whole
sediment is necessary.

Under anaerobic conditions, PCE and TCE can be sequentially dechlorinated to produce the intermediate products
cis-dichloroethylene (cis-DCE) and vinyl chloride (VC), which can be further dechlorinated to ethylene (e.g.,
Freedman & Gossett, 1989; DiStefano, Gossett, & Zinder, 1991). The by-product VC is of particular concern
because it is carcinogenic to humans (Kielhorn, Melber, Wahnschaffe, Aitio, & Mangelsdorf, 2000), whereas the
completely dechlorinated final product, ethylene, is harmless.
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Various genera of microbes, such as Sulfurospirillum (Scholz-Muramatsu, Neumann, Messmer, Moore, & Dickert,
1995), Desulfitobacterium (Gerritse et al., 1996), Dehalococcoides (Maymo-Gatell, Chien, Gossett, & Zinder,
1997), Dehalobactar (Holliger et al., 1998), and Geobacter (Sung et al., 2006), are able to dechlorinate PCE and
TCE using reductive dehalogenase encoded by pceA, though only Dehalococcoides can completely dechlorinate
these compounds to ethylene. Several reductive dehalogenases of Dehalococcoides, including those encoded by
the tceA (Magnuson, Romine, Burris, & Kingsley, 2000), verd (Miiller et al., 2004), and bveA4 (Krajmalnik-Brown
et al., 2004) genes, can contribute to dechlorination. TceA dechlorinates TCE to VC, BvcA dechlorinates VC to
ethylene, and VcrA dechlorinates cis-DCE to ethylene. In practical remediation, quantitative PCR of the reductive
dehalogenase genes in addition to Dehalococcoides 16S TRNA genes can powerfully support the design of a
bioremediation plan (ITRC, 2013; US EPA, 2013b). The potential for bioremediation of sites contaminated with
chlorinated ethylenes using Dehalococcoides strains can be examined by means of quantitative PCR.

1.3 Spatial Distributions of Dehalogenase Genes in Sediment

Quantitative information for reductive dehalogenase genes is a prospective indicator for bioremediation of
contaminated sediment, though the spatial distribution of the genes has been clarified mainly in groundwater. Van
der Zaan et al. (2010) quantified reductive dehalogenase genes in groundwater samples at 11 sites, and indicated
that fced and bvcA gene copy numbers correlate with oxidizing conditions, whereas verd gene copy number
correlates with VC and other chlorinated ethylene concentrations. Although groundwater samples have been
collected at one contaminated site, the presence/absence of reductive dehalogenase genes differed between samples
(Mészaros, Imfeld, Nikolausz, & Nijenhuis, 2013).

1.4 Object of this Study

The objective of this study was to enhance our understanding of the spatial distribution of genes encoding reductive
dehalogenases as well as Dehalococcoides 16S TRNA in contaminated subsurface environments. We collected 56
sediment samples from four contaminated sites in Japan and subjected the samples to quantitative PCR analyses
targeting the 16S rRNA gene of Dehalococcoides in addition to the dehalogenase genes fced, verAd, and bved, the
most important indicators of ethylene formation and necessary information for judging whether complete
biodegradation of PCE, TCE and/or cis-DCE would be possible or not.

2. Method
2.1 Sampling Locations

Samples were collected from four sites originally contaminated with PCE. These sites were located in Tokyo (site
A), Chiba prefecture (sites B and C), and Osaka (site D) in Japan (Figure 1). Preliminary investigations at these
sites showed the presence of TCE, cis-DCE and VC, indicating that these sites were considered to be undergoing
sequential reductive dechlorination.

Site A was a vacant lot formerly occupied by a dry-cleaning plant in a coastal area. The entire surface of the vacant
lot was covered by the concrete foundation of the former plant. The groundwater level at site A was —1.9 m. Core
boring was performed at five locations (Aa to Ae) located 10-20 m apart. Site B was a yard next to an old, small
dry-cleaning plant located in an inland area. The groundwater level at site B was —1.3 m. Core boring was
performed at two locations (Ba and Bb), both downstream of the plant and 1 m apart from each other. Site C was
a vacant lot formerly occupied by a plant producing PCE that was built on reclaimed land in a coastal area. The
groundwater level at site C was —0.9 m. Core boring was performed at two locations (Ca and Cb), which were 60
m apart from each other. Site D was a metal-processing plant, with a groundwater level of —2.8 m. Core boring
was performed at one location (Da), which was 380 m away from a high concentration source of contamination
on the downstream side of the plant.

2.2 Sediment Sampling

Sediment samples were taken from undisturbed, boring cores drilled at the above sites. The boring cores were
classified by texture, namely as alluvium sandy soil (AS), alluvium silt (AM), alluvium peat (APt), reclaimed sand
(RS), reclaimed silt (RM), embankment sand (ES) and embankment silt (EM) (Table 1). The 56 samples
categorized by texture were treated as sediment samples. The samples were used for microbial analysis and
detection of chlorinated ethylenes. For microbial analysis, 20 ml of each sediment sample were placed in a sterile
tube from the center of the sample. For detection of chlorinated ethylenes, 10 g of each sediment sample was
placed in a nominal 100 ml glass crimp vial filled with 100 ml ultrapure water, and the vials were sealed
immediately with rubber septa and aluminum caps at the collection site. All samples were chilled during
transportation below 4 °C. The sediment samples in tubes for the microbial analysis were stored in a freezer at -
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20 °C, while the sediment samples in vials for the detection of chlorinated ethylenes were stored at 4 °C until
laboratory analyses.
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Figure 1. Location of Sampling Sites in This Study

Table 1. Sediment Samples Taken from Four Sites Contaminated with Chlorinated Ethylenes in Japan

Sample Depth(m)  Sediment classification Sample Depth(m)  Sediment classification
Aa 1 0.2 EM Ba 1 1.3 EM
2 1.4 AM 2 1.5 APt
3 1.7 AS 3 1.8 APt
4 53 AS Site B

5 7.8 AS Bb 1 1.3 EM
6 8.7 AM 2 1.5 APt
7 11.8 AM 3 1.8 APt
Ab 1 0.6 EM Ca 1 0.2 ES
2 1.6 AM 2 0.7 ES
3 2.6 AS 3 1.4 EM
4 5.6 AS 4 2.4 RS

5 7.8 AS
6 8.5 AM Cb 1 0.4 ES
7 9.5 AM . 2 0.8 ES
§ 103 AM Site € 3 1.4 RS
Site A 4 24 RS
Ac 1 0.4 EM 5 3.6 RS
2 1.3 AM 6 9.3 RM
3 2.7 AS 7 9.8 RS
4 5.7 AS 8 10.8 RS

5 7.9 AS
6 8.7 AM Da 1 0.7 EM
7 9.7 AM 2 1.5 AM
8 10.6 AM 3 1.6 AM
4 2.7 AS
Ad 1 5.7 AS . 5 33 AS
2 79 AM Site D 6 47 AS
3 8.9 AM 7 5.7 AS
8 6.6 AS
Ae 1 5.7 AS 9 7.6 AM
2 8.9 AM 10 8.7 AM

Note. Abbreviations for sediment categories: AS: alluvium sandy soil; AM: alluvium silty soil; APt: alluvium peat;
RS: reclaimed sand; RM: reclaimed silt; ES: embankment sand; EM: embankment silt. Groundwater level at sites
A, B, C, and D was —1.9 m, —1.3 m, —0.9 m and —2.8 m, respectively.

2.3 DNA Extraction
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The sediment sample for microbial analysis was homogenized and mixed in the tube, followed by DNA extraction
from 0.5 g of the sediment sample. The DNA was extracted with the FastDNA™ SPIN Kit for Soil (Q-BIO Gene,
Irvine, CA, USA) (Yoshikawa, Zhang, & Toyota, 2017). When the sediment sample was applied to the kits, 20
mg skim milk was added to increase the efficiency of DNA extraction (Takada-Hoshino & Matsumoto 2004;
Yoshikawa et al., 2017).

2.4 Quantitative PCR

We performed quantitative PCR on the DNA extracts to determine the number of 16S rRNA gene copies from
bacteria in general and from strains of the bacterial genus Dehalococcoides. When a sample contained the
Dehalococcoides 16S tRNA gene, we also quantified the copy number of the reductive dehalogenase genes fce4,
bvcA, and verd in the sample. Bacterial 16S rRNA was quantified using the primers BAC338F and BAC805R,
and the probe BAC516F (Yu, Lee, Kim, & Hwang, 2005). We used primers and probes specific for the
Dehalococcoides 16S rRNA gene published by Freeborn et al. (2005). To assay reductive dehalogenase genes,
specific primers and probe were used: the primers TceA1270F and TceA1336R and the quenching antisense probe
TceA1294 (Johnson, Lee, Holmes, & Alvarez-Cohen, 2005) for tced; the primers Bvc925F and Bvcl1017R and
the antisense probe Bvc977 (Ritalahti et al., 2006) for bvcA; and the primers Vcrl022F and Verl093R and
antisense probe Ver1042 (Ritalahti et al., 2006) for verA. PCR amplification and quantification were performed
using an ABI PRISM 7000 Sequence Detection System (Thermo Fisher Scientific, Waltham, MA, USA) for
bacterial and Dehalococcoides 16S rRNA genes, and Rotor-Gene Q (QIAGEN, Venlo, Netherland) for the
reductive dehalogenase genes. Detection limits of gene copies in DNA extract for both bacterial and
Dehalococcoides 16S TRNA were 1.1x10! copies/uL. The limits for all kinds of reductive dehalogenase genes
were 1.0 x10° copies/uL. All quantitative PCR assays were performed at least three times in each DNA extract to
ensure the reproducibility and quality of the data.

2.5 Cluster Analysis for Reductive Dehalogenase Genes

To categorize the sediment samples with numbers of reductive dehalogenase genes, cluster analysis was performed
using the numbers transformed logarithmically. When the reductive dehalogenase gene was not detected in a
sample, the quantity 0.001 was used for descriptive purposes. The software R 3.3.2 (R Core Team, 2016) and the
R package vegan 2.4-1 (Oksanen et al., 2016) were used to analyze the data. Bray—Curtis similarity coefficients
were calculated based on the reductive dehalogenase genes data, and cluster analysis of the similarity coefficients
using the unweighted pair-group method with arithmetic means (UPGMA) was used to construct a dendrogram.

2.6 Analysis of Chlorinated Ethylenes

Chlorinated ethylenes in the sediment samples were analyzed by the headspace gas chromatography/mass
spectrometry (GC/MS) method. The sediment samples sealed within the nominal 100 ml glass crimp vials
containing 100 ml water were stirred for 4 h. A 10 ml aliquot of the slurry was sampled with a syringe and
transferred to a 10 ml glass crimp vial that was sealed with a rubber septum and an aluminum cap in advance.
Headspace volume of the nominal 10 ml glass crimp vial was 3 ml. A gas sample was taken from the headspace
within the 10 ml glass crimp vial containing the sediment slurry. The gas sample was analyzed for concentration
of chlorinated ethylenes with a GC/MS (6890, Agilent, Santa Clara, CA, USA) installed with a column (DB-5ms,
Agilent).

3. Results
3.1 Numbers of Microbial 16S rRNA Genes and Reductive Dehalogenase Genes

The sediment samples contained 6.7 x 10* to 4.5 x 10% copies g ' of bacterial 16S rRNA genes (Table 2).
Dehalococcoides 16S TRNA gene was detected from 22 sediment samples at sites A, B, and C. Dehalococcoides
16S rRNA gene was not detected from any samples at site D. The samples in which the Dehalococcoides 16S
rRNA gene was detected had 6.4 x 10% to 2.5 x 107 copies g! of the gene, whereas the number of bacterial 16S
rRNA genes in the samples ranged from 1.2 x 10° to 9.8 x 107 copies g . The reductive dehalogenase genes tceA,
bvcA, and verA were detected from three, 15, and 11 samples, respectively, among the 22 sediment samples that
contained Dehalococcoides. The numbers of the dehalogenase genes were 1.4 x 103 to 1.6 x 10* copies g™! for
tced, 1.0 x 10° to 2.0 x 10° copies g ! for bved, and 2.7 x 107 to 8.5 x 10° copies g ! for verd, respectively.
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Table 2. Numbers of Microbial 16S rRNA Genes and Reductive Dehalogenase Genes Detected by Quantitative
PCR in the Sediment Samples

Sample Bacteria ~ DHC tced bved verd Sample  Bacteria ~ DHC tced bveA verd
Aa 1 7.8x10° 1.6x10* nd. n.d. n.d. Ba 1 4.0x10% n.d. - - -
2 87x10° 1.9x10° nd. 3.9x10* 4.3x10° 2 1.3x10° n.d. - - -
3 5.1x10°  1.3x10° nd.  9.3x10° 4.3x10? 3 1.3x10° n.d. - - -
4 3.7x10° 5.5x10° nd. 53x10* 1.1x10°
5 45x10° 73x10° nd.  3.1x10* n.d. Bb 1 9.6x10° n.d. - - -
6 5.5x10° n.d. - - - 2 4.5x108 n.d. - - -
7 6.1x10° n.d. - - - 3 9.8x107  1.4x10* n.d. 8.6x10°  1.4x10°
Ab 1 1.1x10° n.d. - - - Ca 1 6.3x107 n.d. - - -
2 8.0x10° 1.3x10* nd. 1.0x10* 9.9x10° 2 7.5%10° n.d. - - -
3 24x10° 2.1x10° nd.  2.0x10° 5.9x10* 3 7.2x10°  1.7x10°  1.6x10* 3.5x10° 8.4x10°
4 23x10° 1.1x10* nd. 2.8x10* n.d. 4 1.3x10°  2.6x10° 1.4x10° 2.3x10* 8.5x10°
5 24x10° 53x10° nd. n.d. n.d.
6 2.5x10° 1.5x10* nd.  1.0x10° 2.7x10? Cb 1 3.8x10’ n.d. - - -
7 3.8x10° n.d. - - - 2 1.5%107 n.d. - - -
8 3.1x10° n.d. - - - 3 2.0x107 n.d. - - -
4 1.1x10° n.d. - - -
Ac 1 2.5x107 n.d. - - - 5 27107 1.6x10*  9.3x10° n.d. n.d.
2 5.8x10° 3.4x10* nd. 6.5x10* 2.8x10* 6 6.7x10° n.d. - - -
3 3.1x10°  1.7x10* nd.  2.9x10* 5.3x10* 7 6.3x10° n.d. - - -
4 24x10° 6.4x10> nd. 1.8x10° n.d. 8 3.7x10° n.d. - - -
5 12x10°  1.9x10° nd. n.d. n.d.
6 2.9x10° n.d. - - - Da 1 1.2x108 n.d. - - -
7 23x10° n.d. - - - 2 2.0x107 n.d. - - -
8  7.0x10° n.d. - - - 3 1.1x107 n.d. - - -
4 4.8x10° n.d. - - -
Ad 1 2.1x10° 6.1x10* nd. 2.1x10* n.d. 5 6.5%10° n.d. - - -
2 33x10° 24x10° nd. n.d. n.d. 6 6.7x10* n.d. - - -
3 7.3x107  2.5%107  nd. n.d. n.d. 7 1.5x10° n.d. - - -
8 1.2x10° n.d. - - -
Ae 1 38x107 22x107 nd. n.d. n.d. 9 1.9x10° n.d. - - -
2 9.9x10° n.d. - - - 10 1.3x10° n.d. - -

Note. The unit for number in the sediment sample is copies g '. DHC: Dehalococcoides 16S rRNA gene; n.d.:
under detection limit; -: not tested.

3.2 Similarity in Reductive Dehalogenase Genes

The cluster analysis divided the 22 sediment samples in which Dehalococcoides was detected into five clusters on
the basis of variation in reductive dehalogenase genes present (Figure 2). Clusters 1 to 3 comprised sediment
samples in which bvcA was detected. In addition to bved, the samples grouped in Cluster 2 contained zce4 and
verA, and those in Cluster 3 contained verA. The sediment samples Ab3, Ac2 and Ac3 contained a higher number
of verd (>2.8 x 10* copies g!) than other samples grouped in the same cluster. Cluster 4 contained one sample
Cb5, in which tceA was detected. Cluster 5 comprised six sediment samples in which none of the three reductive
dehalogenase genes was detected.

3.3 Presence of PCE and Its By-products

The presence of PCE, and its by-products TCE, cis-DCE and VC, was detected from all of the boring cores (Table
3). Among the total of 56 sediment samples, 38 samples contained VC. Aal, the surface sample from boring core
Aa, contained VC, whereas Abl and Acl, the surface samples of the Ab and Ac boring cores, did not contain
detectable VC. Among samples from the B site, VC was detected at 1.8 m depth (Ba3 and Bb3). VC was present
throughout the Ca core at 0.2-2.4 m depth (Cal—4), though the Cb core contained VC at deeper layers from 3.6 to
10.8 m (Cb5-8). In the Da boring core, VC existed at deep layers from 4.7 to 8.7 m (Da6-10), whereas VC was
not detected in the upper layers.
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Figure 2. Cluster Analysis of Reductive Dehalogenase Genes Detected in the Sediment Samples

Note. The dendrogram was constructed from an UPGMA cluster analysis for similarity in the reductive dehalogenase
genes between sediment samples. The scale units are the Bray—Curtis similarity coefficient. Abbreviations after the
cluster number indicate the reductive dehalogenase gene detected from the sediment sample. Abbreviations for
dehalogenase genes: fced: encoding TceA which dechlorinates TCE to VC; bvcd: encoding BvcA which
dechlorinates VC to ethylene; verd: encoding VerA which dechlorinates cis-DCE to ethylene.

Table 3. Detection of Chlorinated Ethylenes in Sediment Samples

Sample PCE TCE cis-DCE VC Sample PCE TCE c¢is-DCE VC
Aa 1 + Ba 1 + + +
2 + + 2 + + +
3 + 3 + + +
4 + +
5 + + Bb 1 + + +
6 + 2 + +
7 3 + +
Ab 1 Ca 1 + + + +
2 + 2 + + + +
3 + 3 + + + +
4 + + 4 + + + +
5 + + + +
6 + + + + Cb 1 + +
7 + + + 2 + +
8 + + + + 3 + +
4 +
Ac 1+ + + 5 +
2 + + + 6 + + + +
3 + + 7 + + + +
4 + + + + 8 + + + +
5 + + + +
6 + + + + Da 1
7 + + + 2
8 + + + 3
4
Ad 1 + + + 5 + + +
2 + + + + 6 + + + +
3 + + + + 7 + + + +
8 + + + +
Ae 1 + + + + 9 + + + +
2 + + + + 10+ + +

Note. + Chlorinated ethylenes were detected at a concentration >0.001 mg 1! in sediment slurries.

4. Discussion
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4.1 Habitable Geological Environment for Dehalococcoides

Dehalococcoides existed in various geological environments that differed in geological formation, sedimentary
texture, and saturation condition (Table 1, 2). Geological formations in which the Dehalococcoides 16S TRNA
gene was detected included naturally formed alluvium, artificially created embankment, and reclaimed land.
Dehalococcoides spreads beneath sediments derived from different processes of formation. Dehalococcoides
forms tiny disc-shaped cells of 0.3—1 pm diameter and 0.1-0.2 um thick, but its motility has not been determined
(Loffler et al., 2013). Weiss, Mills, Hornberger, and Herman (1995) indicated that smaller and rounder-shaped
bacteria are more easily transported through the soil column. Therefore, Dehalococcoides cells are likely to be
easily transported through the sediment with groundwater flow.

Sedimentary textures of the samples in which the Dehalococcoides 16S rRNA gene was detected included sand,
silt, and peat. This finding coincided with a previous study in which Dehalococcoides was detected not only in
sandy sediments but also in silty and clay sediments (Takeuchi et al., 2011). Dehalococcoides cells in peat
sediment may obtain an electron donor and/or carbon source from the peat as suggested in a column study with
peat (Mondal et al., 2016). These studies support the contention that Dehalococcoides can inhabit sediments of a
variety of textures.

Dehalococcoides existed in the Aal deposit in the unsaturated zone at site A (groundwater level —1.9 m; Tables 1,
2), though Dehalococcoides is known to be an obligately anaerobic bacteria (Loffler et al., 2013). The existence in
the Aal sample might be explained by protection from oxygen exposure by concrete and soil particles. Concrete
pavement reduces oxygen infiltration into the soil (Viswanathan, Volder, Watson, & Aitkenhead-Peterson, 2011).
Yoshikawa et al. (2017) showed successful degradation of chlorinated ethylenes to harmless ethylene by
Dehalococcoides after exposure to oxygen when soil particles existed in the test environment.

In situ bioremediation has been performed mainly on groundwater rather than sediment (US EPA 2013a). However,
the present results indicate that bioremediation with Dehalococcoides also may be suitable for diverse sediment

types.
4.2 Relationships between Dehalococcoides and VC Existence

Detection of VC did not always accompany the presence of Dehalococcoides in the present study, though VC has
been used as an indicator of Dehalococcoides existence (Demarest, 2014). At site A, VC existed at deeper AM
samples in which Dehalococcoides was not detected (Tables 2, 3; Aa6, Ab7-8, Ac6-8, and Ae2). The AS sample,
the upper layer of the AM, contained both VC and Dehalococcoides, which implies that dechlorination by
Dehalococcoides probably occurred in the AS layer. Mass transport in a silty layer depends on diffusion rather than
advection (Domenico & Schwartz, 1990). Therefore, the detection of VC in the deeper AM samples may be caused
by diffusion from the upper layer, or undetectable numbers of the Dehalococcoides 16S rRNA gene.

At sites C and D, VC together with PCE, TCE and cis-DCE were detected in deeper sandy sediments that did not
contain Dehalococcoides (Cb7—8 and Da6-8). Layers with sand generally show high permeability (Heath, 1983).
Thus, mass transports easily occur compared with silty layers, and contaminants potentially would move long
distances from the source through layers with high permeability. The VC detection at sites C and D may be
explained by VC transportation from different locations in which chlorinated ethylenes were dechlorinated by
Dehalococcoides. Thus, it is essential to consider not only the existence of VC, but also diffusion from an upper
layer and advection in a permeable layer, when existence of Dehalococcoides in sediment is estimated.

4.3 Spatial Distribution of Reductive Dehalogenase Genes

The reductive dehalogenase genes analyzed were spatially distributed, i.e. the existence of Dehalococcoides
possessing similar dehalogenase genes was dependent on site and sedimentary depth (Figure 2). The gene tced
was detected at site C, but not at sites A and B. At sites A and B, the two dehalogenase genes bveA4 and verAd were
detected, and 11 samples contained both genes and four samples contained only bvcA. The samples at site A were
grouped into three clusters, namely Clusters 1, 3, and 5. Samples grouped in Cluster 3 were from deposits at 1.3
to 5.3 m depth except for Ab6, and the samples contained both bvcA and verAd. Samples grouped in Cluster 1
included only bved, and were deposited at lower depths than samples in grouped in Cluster 3. None of the
dehalogenase genes analyzed were detected in samples grouped in Cluster 5, which consisted of samples deposited
at depths below those grouped in Cluster 1 and a surface sample (Aal). Previous studies demonstrate that
Dehalococcoides has multiple reductive dehalogenase genes in addition to tceA, bvcA, and verA (Poritz et al., 2013;
Wang, Chng, Chen, Bedard, & He, 2015). Therefore, the samples grouped in Cluster 5 may have contained
dehalogenase genes other than the three genes tested in the present study.
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Relationships between the reductive dehalogenase genes and chlorinated ethylenes were not indicated. Van der
Zaan et al. (2010) demonstrated a positive relationship between numbers of vcr4 and VC. However, the sediment
samples Ac2 and Ac3, which showed a high number of vcr4, did not contain VC in the present study (Tables 2,
3). Takeuchi et al. (2011) suggested that complete degradation of chlorinated ethylenes occurs in organic-rich
sediment. Numbers of reductive dehalogenase genes in sediment might be affected by multiple chemical properties,
such as natural organic matter, and not only VC concentration.

Estimation of qualitative and quantitative information on reductive dehalogenase genes is difficult based on the
concentrations of chlorinated ethylenes. When degradability of chlorinated ethylenes in sediment is predicted,
detection of dehalogenase genes with consideration of sedimentary depth by quantitative PCR would be necessary.

5. Conclusion

Quantitative analysis of Dehalococcoides 16S tRNA gene copies in sediment has identified habitable
environments for Dehalococcoides, which include sediments artificially formed, composed of silt, and laid in the
unsaturated zone. Detection of VC does not always accompany that of Dehalococcoides. The reductive
dehalogenase genes tced, bvcA, and verA are spatially distributed, i.e. Dehalococcoides with similar dehalogenase
genes exist at a site and specific sedimentary depths. The results suggest that bioremediation with Dehalococcoides
is applicable in a variety of environments. Furthermore, quantitative analysis of reductive dehalogenase genes is
more informative than analysis of VC concentration for estimation of the degradability of chlorinated ethylenes.
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