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ABSTRACT

Epoxyalkane:coenzyme M transferase (EaCoMT) plays a critical role in the aerobic biodegradation and assimilation of alkenes,
including ethene, propene, and the toxic chloroethene vinyl chloride (VC). To improve our understanding of the diversity and
distribution of EaCoMT genes in the environment, novel EaCoMT-specific terminal-restriction fragment length polymorphism
(T-RFLP) and nested-PCR methods were developed and applied to groundwater samples from six different contaminated sites.
T-RFLP analysis revealed 192 different EaCoMT T-RFs. Using clone libraries, we retrieved 139 EaCoMT gene sequences from
these samples. Phylogenetic analysis revealed that a majority of the sequences (78.4%) grouped with EaCoMT genes found in
VC- and ethene-assimilating Mycobacterium strains and Nocardioides sp. strain JS614. The four most-abundant T-RFs were also
matched with EaCoMT clone sequences related to Mycobacterium and Nocardioides strains. The remaining EaCoMT sequences
clustered within two emergent EaCoMT gene subgroups represented by sequences found in propene-assimilating Gordonia ru-

bripertincta strain B-276 and Xanthobacter autotrophicus strain Py2. EaCoMT gene abundance was positively correlated with

VC and ethene concentrations at the sites studied.

IMPORTANCE

The EaCoMT gene plays a critical role in assimilation of short-chain alkenes, such as ethene, VC, and propene. An improved un-
derstanding of EaCoMT gene diversity and distribution is significant to the field of bioremediation in several ways. The expan-
sion of the EaCoMT gene database and identification of incorrectly annotated EaCoMT genes currently in the database will facil-
itate improved design of environmental molecular diagnostic tools and high-throughput sequencing approaches for future
bioremediation studies. Our results further suggest that potentially significant aerobic VC degraders in the environment are not
well represented in pure culture. Future research should aim to isolate and characterize aerobic VC-degrading bacteria from

these underrepresented groups.

hort-chain alkenes (e.g., ethene, propene, and butenes) are

common hydrocarbons in the environment, primarily en-
countered as fossil fuel components or products of living organ-
isms or generated by the chemical industry (1). For instance,
ethene is generated by both plants (2) and bacteria (3).

Chlorinated alkenes (e.g., vinyl chloride [VC]) are also nat-
urally occurring, albeit at very low levels (4). VC is produced
industrially as a monomer for polyvinyl chloride plastics. How-
ever, most environmental VC is generated by incomplete an-
aerobic dechlorination of the widely used solvents tetrachlo-
roethene (PCE) and trichloroethene (TCE) in groundwater,
where ethene can also be generated as a complete dechlorina-
tion product (1). PCE, TCE, and VC are common groundwater
contaminants (5), and sites contaminated with chloroethenes
are widely distributed across the United States (6) and else-
where (1, 7). VC is of particular concern as a known human
carcinogen (8).

In aerobic bacteria that utilize short-chain and chlorinated alk-
enes as carbon and energy sources, a monooxygenase enzyme typ-
ically catalyzes the initial attack (1, 9), forming aliphatic epoxides.
Aliphatic epoxides are highly reactive molecules that covalently
bind proteins and nucleic acids, leading to toxic and mutagenic
effects (10, 11) in most organisms. Certain aerobic alkene-oxidiz-
ing bacteria metabolize and/or detoxify these epoxides by conju-
gation to coenzyme M (CoM) with the enzyme epoxyalkane:co-
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enzyme M transferase (EaCoMT; encoded by the gene designated
etnE in some organisms) (9, 12, 13).

EaCoMT has been implicated in aerobic assimilation of pro-
pene (12, 14), ethene, and VC (1, 13, 15). EaCoMT belongs to a
subset of the alkyltransferase family, in which zinc catalyzes thiol
activation for nucleophilic attack (14, 16). A functionally analo-
gous transferase enzyme is the cobalamin-independent methio-
nine synthase MetE, which transfers a methyl group to homocys-
teine during methionine synthesis (17). Both EaCoMT and MetE
contain a conserved His-X-Cys-X-Cys zinc binding motif (13, 18,
19), which is important in thiol group transfer. However, with the
exception of the EaCoMT from Xanthobacter sp. strain Py2 (Xan-

Received 29 February 2016 Accepted 17 March 2016
Accepted manuscript posted online 25 March 2016

Citation Liu X, Mattes TE. 2016. Epoxyalkane:coenzyme M transferase gene
diversity and distribution in groundwater samples from chlorinated-ethene-
contaminated sites. Appl Environ Microbiol 82:3269-3279.
doi:10.1128/AEM.00673-16.

Editor: A. J. M. Stams, Wageningen University
Address correspondence to Timothy E. Mattes, tim-mattes@uiowa.edu.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/AEM.00673-16.

Copyright © 2016, American Society for Microbiology. All Rights Reserved.

aem.asm.org 3269


http://dx.doi.org/10.1128/AEM.00673-16
http://dx.doi.org/10.1128/AEM.00673-16
http://dx.doi.org/10.1128/AEM.00673-16
http://crossmark.crossref.org/dialog/?doi=10.1128/AEM.00673-16&domain=pdf&date_stamp=2016-3-25
http://aem.asm.org

Liu and Mattes

thobacter Py2) (9), MetE and EaCoMT do not share significant
nucleotide sequence identity.

Bacteria expressing EaCoMT during growth on VC and/or
ethene include strains of Mycobacterium (20-23), Nocardioides
(15, 21), Pseudomonas (24), and Ochrobactrum (24). Propene-
assimilating Gordonia rubripertincta strain B-276 (previously
identified as Nocardia corallina and Rhodococcus rhodochrous
strain B-276) (25, 26) and Xanthobacter Py2 (27) express homol-
ogous EaCoMT genes during growth on propene but can also
grow on ethene. EaCoMT genes are known to be carried on linear
plasmids in several VC-, ethene-assimilating bacteria as well as the
propene-assimilating Gordonia sp. strain B-276 (Gordonia B-276)
and Xanthobacter Py2 (15, 22, 28-30). A recently isolated ethene-
assimilating Haliea strain (31) also contains a putative EaCoMT
gene.

Some ethene-assimilating bacteria degrade VC fortuitously
(i.e., via cometabolism [32, 33]), while others can use VC as a
carbon and energy source (VC assimilators). Several ethene-as-
similating isolates have successfully transitioned from cometa-
bolic VC degradation to growth-coupled VC metabolism after an
extended incubation period with VC (34, 35). Mutations in the
EaCoMT gene were implicated in the evolution of an ethene-as-
similating bacterium into a VC-assimilating bacterium in labora-
tory experiments (23).

The EaCoMT gene (often designated etnE) could be a useful
biomarker for aerobic VC biodegradation in the field. Quantita-
tive PCR (qPCR) assays for etnE have been developed (36-38) and
applied (38—41) in an effort to understand VC biodegradation in
microcosm studies as well as directly from environmental sam-
ples. However, because etnE sequences in ethene- and VC-assim-
ilating bacteria are very similar, the EaCoMT gene qPCR assay
cannot distinguish VC-assimilating bacteria from ethene-assimi-
lating bacteria that fortuitously degrade VC.

Despite the importance of EaCoMT in global carbon and hal-
ogen cycling and as a diagnostic biomarker for VC bioremedia-
tion, very little is known about its distribution and diversity in the
environment. Therefore, the primary goals of this study were to
retrieve EaCoMT genes from environmental samples and expand
the available database of EaCoMT gene sequences, examine
EaCoMT diversity and distribution patterns at contaminated
sites, and investigate relationships between EaCoMT gene abun-
dance and diversity and VC concentrations and attenuation rates
at contaminated sites. Because of the burgeoning use of the Ea-
CoMT gene as a biomarker for VC biodegradation in the environ-
ment, we focused our efforts on geographically diverse chlo-
roethene-contaminated groundwater samples.

MATERIALS AND METHODS

Site information, environmental sample collection, and DNA extrac-
tion. Groundwater samples from six sites featuring various VC concen-
trations (Table 1) were collected in collaboration with consulting firms
and U.S. agencies. The Kotzebue, AK, and Fairbanks, AK, sites were con-
taminated with TCE and cis-dichloroethene (i.e., potential VC precur-
sors), but VC was not detected. The Carver, MA, Soldotna, AK, and
Oceana Naval Air Station, VA, sites contained relatively dilute groundwa-
ter VC plumes (i.e., less than 100 pg/liter VC) at the time of sampling.
Finally, the basalt site in Melbourne, Australia, contained relatively high
concentrations of VC (up to 72 mg/liter).

These VC-contaminated sites also feature conditions favorable for VC
oxidation processes. Molecular oxygen and ethene were injected into the
VC plume at the Carver site to promote VC oxidation, with apparent
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success (42). Reverse transcription-qPCR (RT-qPCR) evidence of VC ox-
idizer activity in Carver site groundwater has also been reported (38).
Biostimulation of the VC plume with an oxygen-releasing compound was
conducted at the Oceana site, where VC concentrations have been de-
creasing since 2004 (43). VC oxidation in aerobic microcosms con-
structed with sediments from the Soldotna site has been reported (44).
Finally, evidence of aerobic VC degradation in the vadose zone was ob-
served at the Australia site (40). Groundwater geochemical parameters
collected at these sites (i.e., dissolved oxygen [DO], pH, temperature, and
oxidation reduction potential [ORP]) as well as VC and ethene concen-
trations in monitoring wells at the time of sampling are provided (Table 1;
see also Table S1 in the supplemental material).

Biomass for DNA extraction was collected by passing groundwater
(1 to 3 liters) through Sterivex-GP 0.22-pm membrane filter cartridges
(Millipore Corporation, Billerica, MA) in the field as described previously
(36). Filters (with the exception of the Australia samples) were shipped
overnight to the University of lowa and stored at —80°C until extraction.
Sterivex filter samples from Australia were handled by Microbial Insights,
Inc. (Knoxville, TN).

Australia, Carver, Oceana, and Soldotna samples were extracted using
the MoBio PowerSoil DNA isolation kit (MoBio, Carlsbad, CA) as de-
scribed previously (36), while the Kotzebue and Fairbanks samples were
extracted using the MoBio PowerWater Sterivex DNA isolation kit. Elu-
tion buffer volumes were 100 wl (Australia, Carver, Soldotna, Kotzebue),
40 pl (Oceana), or 50 pl (Fairbanks). DNA concentrations were estimated
with a Qubit fluorometer (Invitrogen, Waltham, MA) using the Quant-iT
double-stranded DNA (dsDNA) HS assay kit (Table 1).

Quantitative PCR. Reaction mixtures for qQPCR (25 pl) contained
12.5 pl of Power SYBR green PCR master mix (Applied Biosystems, Life
Technologies Corporation, Carlsbad, CA), 750 nM RTE primers (see Ta-
ble S2 in the supplemental material), and 2 pl of DNA extract. Bovine
serum albumin (0.5 g) was added to alleviate possible PCR inhibition
(45). All gPCRs were performed in at least triplicate for all samples with
the ABI 7000 Sequence detection system and analyzed by ABI 7000 System
SDS software (Applied Biosystems) using the “auto baseline” and “auto
C;” (where Cy is threshold cycle) functions. Standards were prepared
using Nocardioides sp. strain JS614 genomic DNA as the template as de-
scribed previously (36), except that a 0.2 wM concentration of each of
CoMFIL and CoMR2E primers (see Table S2 in the supplemental mate-
rial) was used to minimize the formation of primer dimers. Other detailed
qPCR information (e.g., fluorescent threshold and efficiency) is provided
(see Table S3 in the supplemental material) in accordance with MIQE
guidelines (46). In dissociation curve analysis, etnE amplicons generated
with RTE primers displayed melting temperatures of 84.7 to 85.3°C
(JS614 standards), 82.8 to 84.1°C (Australia samples), 82.6 to 84.4°C (Kot-
zebue samples), and 84.7 to 85.6°C (Fairbanks samples).

PCR amplification of EaCoMT genes. In general, conventional PCR
amplification of EaCoMT genes from environmental DNA extracts did
notyield visible PCR products on agarose gels for every site. Therefore, we
investigated successive rounds of conventional PCR, touchdown (TD)
PCR, and nested-PCR approaches (see Table S4 in the supplemental
material). The nested-PCR modification, which effectively amplified
EaCoMT genes from all environmental samples, was performed as fol-
lows. The first round of PCR utilized the COMF1L and CoMR2E primer
set (0.2 M each; see Table S2 in the supplemental material) as described
previously (36) and 1 pl of DNA extract (containing 0.14 to 15.7 ng
template) (Table 1). A subsequent round of nested PCR was performed
with F131 and R562 primers (0.2 wM each; see Table S2 in the supplemen-
tal material) (47) and 2 pl of the initial reaction mixture. The nested-PCR
thermocycler program consisted of an amplification phase (30 cycles of
94°C for 20 s, 60°C for 45 s, 72°C for 30 s) and a final extension (72°C for
15 min). Negative controls for the nested PCR, which used 2 .l of nega-
tive-control reaction mixtures used in the first round of PCR, showed no
amplification.

Amplification of EaCoMT genes from Carver DNA extracts required a
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TABLE 1 Summary of groundwater sample information in this study”

EaCoMT Gene Diversity and Distribution in Groundwater

EaCoMT
Sampling DNA VC Ethene DO gene Diversity
Location WellID  Sample date concn  concn concn concn abundance  (H'and
(abbreviation) no. designation (mo/day/yr) (ng/pl) (pg/liter) (pg/liter) (mg/liter) ki oin (yr 1t Ko (yr )P (genes/liter)® 1/D)
Carver, MA RB46D CARV46 9/15/2010 3.25 1.5 NA 0.65 0.365 (P < 0.001) 0.159 (P =0.001) 1.2 X 10° NA
(CARV) RB631 CARV63 9/15/2010  3.95 1.3 NA 0.29 0.183 (P < 0.001) 0.159 (P =0.001) 1.9 X 10* 0.73 £ 0.01
1.55 £ 0.02
RB46D CARV46-1  9/29/2009 NA 1.8 3.9 0.31 0.365 (P < 0.001) 0.119 (P =0.001) NA NA
RB64I1 CARV64 9/29/2009 NA <0.46 <0.1 0.45 0.1095 (P < 0.001) 0.119 (P =0.001) NA NA
Soldotna, AK  MW&6 SOLD6 05/12/2009  1.00 9.6 50 0.53 0.621 (P < 0.001) 0.992 (P = 0.050) 6.3 X 10° 1.05 £ 0.50
(SOLD) 2.28 £ 0.94
MW40 SOLD40 09/22/2008  2.61 20.7 90 1.29 0.730 (P < 0.001)  2.093 (P = 0.059) 1.6 X 10° 1.53 £ 0.15
2.64 £ 0.38
Oceana, VA MW18 OCEA18 08/06/2009  0.14 0.8 <1 1.89 0.730 (P < 0.001)  0.008 (P = 0.524) 4.3 X 10° 1.29 £ 0.22
(OCEA) 3.48 = 0.64
MW25 OCEA25 11/21/2008  8.96 19 <1 1.20 0.256 (P = 0.132)  0.003 (P = 0.379) 2.4 X 10* 1.54 £ 0.14
3.73 £ 0.38
Melbourne, 0391J-1 AUS39-1 10/10/2011  1.24 72,000 780 0.07 NA 0.368 (P = 0.034) 8.6 X 10° 1.47 £ 0.00
Australia 3.93 £ 0.01
(AUS) 0391J-3 AUS39-3 10/10/2011  0.32 4,400 NA 0.28 NA 0.368 (P = 0.034) 4.7 X 10* 0.98 = 0.07
2.12 £ 0.04
0391J-6 AUS39-6 10/17/2011  1.00 53,000 230 1.07 NA 0.368 (P = 0.034) 3.0 X 10° 1.17 £ 0.03
2.45 *+ 0.04
0391J-7 AUS39-7 10/17/2011  0.78 15,000 40 2.2 NA 0.368 (P = 0.034) 3.0 X 10° 1.09 £ 0.03
2.41 * 0.05
0391J-8 AUS39-8 10/18/2011  2.28 24,000 NA 0.65 NA 0.368 (P = 0.034) 1.3 X 10° 1.08 £ 0.07
2.36 £ 0.08
Kotzebue, AK MW10-01 KOTZ01 10/22/2013  10.4 <0.62 NA 1.46 NA NA 6.6 X 10° 0.95 = 0.09
(KOTZ) 2.11 =033
MW10-03 KOTZ03 10/22/2013  1.31 <0.62 NA 8.70 NA NA 9.8 X 10* 0.91 = 0.08
2.15 = 0.05
Fairbanks, AK MW-4M FAIR4 03/27/2014 15.7 <0.4 <0.06 1.36 NA NA 7.0 X 10° 1.39 £ 0.42
(FAIR) 2.87 £1.13
MW-13M FAIR13 03/27/2014 14.3 <0.4 <0.06 0.88 NA NA 3.9 X 10* 1.68 £ 0.15
3.54 £ 0.45

“ VG, ethene, and geochemical data were provided by personal communication and/or publicly available reports as follows: CARV, James Begley of MT Environmental Restoration
and Sam Fogel of Bioremediation Consulting, Inc.; SOLD, May 2009 Groundwater Monitoring Report, River Terrace RV Park, Soldotna, AK, Alaska Department of Environmental
Conservation via Tim McDougall of Oasis Environmental and James Fish of Alaska Department of Environmental Quality; OCEA, Long-term Monitoring Report (2009) for SMWUs
2B, 2C, and 2E, Oceana NAS, Virginia Beach, VA, via Laura Cook of CH2MHill; AUS, Dora Ogles from Microbial Insights, Inc.; KOTZ and FAIR, James Fish of Alaska Department

of Environmental Conservation. NA, not analyzed.

b Kpoine and Ky are estimated values of the point VC decay rate and bulk VC attenuation rate, respectively. Statistically significant k values are based on P values of <0.1.
¢ Quantification of etnE genes at CARV, SOLD, and OCEA were published previously (36) and are provided here for reference and used in correlation analyses.

touchdown phase during the first round of PCR. The thermocycling pro-
gram consisted of an initial denaturation step (94°C, 5 min) followed by a
touchdown phase (20 cycles of 94°C for 30 s, 65°C for 45 s [0.5°C decrease
of each cycle], and 72°C for 1 min), a general amplification phase (10
cycles of 94°C for 30 s, 55°C for 45 s, and 72°C for 1 min), and a final
extension (72°C for 15 min). Nested PCR was then performed as de-
scribed above.

The potential that nested and touchdown PCR could introduce lower
apparent gene diversity was investigated by constructing a pooled sample
of DNA (referred to as AUS39) extracted from five different monitoring
wells at the Australia site (i.e., samples 39-1, 39-3, 39-6, 39-7, and 39-8).
DNA from AUS39 was amplified with three methods: conventional PCR,
nested PCR, and a combined touchdown PCR-nested PCR. The ampli-
cons generated were subjected to T-RFLP analysis, and diversity indices
were calculated to compare these three methods.

Only nested-PCR results were used for comparative analyses between
sites. However, when constructing clone libraries, both conventional-
PCR and nested-PCR amplicons from Australian samples were used. We
also performed combined touchdown-nested PCR on three additional
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samples (Soldotna MW6, Oceana MW18, and Oceana MW?25) (see Table
S4 in the supplemental material) for PCR bias comparisons in clone li-
braries.

Terminal restriction fragment length polymorphism (T-RFLP)
analysis. The restriction enzyme Acol (Eael) (New England BioLabs, Inc.,
Ipswich, MA) was selected for EaCoMT T-RFLP analysis using the default
settings of the software program REPK (48). This restriction enzyme max-
imized differentiation between EaCoMT sequences, based on analysis of a
database populated with full-length EaCoMT sequences from VC- and
ethene-assimilating isolates deposited in GenBank (see Table S5 in the
supplemental material).

All samples used in T-RFLP analysis were subjected to nested PCR
with fluorescently labeled 6-carboxyfluorescein (6-FAM) F131 and unla-
beled R562 primers. Digestions were performed in duplicate. PCR prod-
ucts (12 pl) were digested with Acol (Eael) and precipitated with glyco-
gen, sodium acetate, and ethanol in accordance with the manufacturer’s
protocol. The resulting terminal restriction fragments (T-RFs) were ana-
lyzed with an Applied Biosystems 3730 DNA analyzer with GeneScan 500
LIZ size standards at the Iowa Institute of Human Genetics at the Univer-

aem.asm.org 3271


http://aem.asm.org

Liu and Mattes

sity of Iowa. T-RF sizes were estimated using Peak Scanner software (Ap-
plied Biosystems).

T-RFLP data analysis. T-RFLP data were further processed with T-
REX software (49) using peak area to evaluate T-RF abundance, filter
background noise, and round fragment sizes to the nearest whole number.
Fragment sizes of <48 bp and >453 bp were excluded from further anal-
ysis. The final data matrix contained 28 samples (rows, duplicated for each
well) from 14 groundwater sampling wells at six sites and 192 unique
EaCoMT T-RFs (columns).

A T-RFLP profile clustered heatmap was generated using the gplots,
vegan, and RColorBrewer packages in R (50). Briefly, this was achieved by
calculating Bray-Curtis dissimilarities and using these values to execute
the “~hclust” command in R, which performs the average-linkage hierar-
chical clustering method. T-RFs with relative abundance of <1% in at
least one sample were removed from the heatmap to better visualize the
results.

T-RFLP profiles were also analyzed by nonmetric multidimensional
scaling (NMDS) in R with the vegan package (51), standardized with
Wisconsin smoothing. Bray-Curtis dissimilarities were calculated with a
random starting configuration, and a two-dimensional solution was
reached. The final stress was 0.1402. T-RFLP profile composition differ-
ences between all samples were evaluated by the multiresponse permuta-
tion procedure (MRPP) using the vegan package in R, based on Euclidean
dissimilarity and 999 permutations as the default. The chance-corrected
within-group (i.e., each contaminated site) agreement was 0.5109, indi-
cating that samples were homogenous within groups. The P value was
0.001, indicating that the differences in EaCoMT gene T-RFLP profiles
among groups were statistically significant.

The Shannon-Wiener index (H') and inverse Simpson index (1/D)
(52) were calculated with the vegan package in R for each sample using the
T-RFLP results. The relative abundance of each T-RF was treated as the
“number of species” in the analysis. Australian composite sample T-RFs
amplified with conventional PCR and combined touchdown-nested PCR
were also analyzed with diversity indices, with fragment sizes of <48 bp
and >453 bp excluded.

VC attenuation rate estimation and correlation analysis. Ground-
water VC attenuation rates (i.e., the point decay rate, k,;,, for each well
and the bulk attenuation rate, k., over a plume transect) were calculated
in accordance with a U.S. EPA protocol (54), which is used under the
assumption that VC attenuation follows a pseudo-first-order rate law (54)
(for examples, see Fig. S3 in the supplemental material). Linear regres-
sions of In VC concentration versus time and In VC concentration versus
distance were performed in order to estimate the attenuation rate. The
estimated rates were not corrected for dilution, dispersion, or sorption.
Attenuation rates with a P value of <0.1 (two tailed) were considered
statistically significant and used for further analysis. Groundwater flow
rates, VC concentrations, and site maps used for the calculation were
obtained as described in Table 1.

Linear regressions and Spearman’s correlations were used to analyze
the relationship between the abundance and diversity of EaCoMT genes
and groundwater parameters (i.e., VC and ethene concentration, DO,
temperature, pH, and ORP) as well as estimated VC attenuation rates
(Kpoine and ky,,p.) (see Table 3). The potential significance of each relation-
ship was established based on a P value of <0.05 (two tailed). Wells or sites
without adequate information for rate estimation and correlation analysis
were excluded from this analysis.

Cloning and sequencing. Purifed PCR products amplified from envi-
ronmental samples with both conventional PCR and nested PCR were
ligated overnight at 4°C into the pCR2.1 vector (1:1 molar insert to vector
ratio) using the Original TA Cloning kit (Invitrogen). Ligations were
transformed into One Shot TOP10 chemically competent Escherichia coli.
Transformants were analyzed according to the cloning kit instructions.
Plasmids were extracted using the QIAprep Spin Miniprep kit. Clones
were PCR screened with M13F and M13R primers (see Table S2 in the
supplemental material), and those with the appropriately sized inserts
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were Sanger sequenced at the Iowa Institute of Human Genetics with the
M13F and/or M13R primers.

Sequence analyses. Sequences with <99% identity to each other from
the same sample were included in an amino acid sequence analysis as
representatives. Deduced EtnE amino acid sequences (adjusted with ORF
finder [55]) from partially sequenced clones were aligned with deduced
EtnE (see Table S6 in the supplemental material) and MetE (see Table S7
in the supplemental material) sequences from GenBank using ClustalW
(56) and trimmed to 166 amino acids (aa) (including gaps). MetE genes
were included in the phylogenetic analysis to account for potential ho-
mology with EtnE. Phylogenetic trees were generated with MEGA5 using
the maximum likelihood method (57). The Nocardioides sp. strain
URHAO0032 MetE gene (GenBank accession no. WP_028637114) was
used as the outgroup. A nucleotide phylogenetic tree was also constructed
with all 139 clone sequences obtained in this study plus existing EaCoMT
gene sequences from GenBank (see Fig. S1 in the supplemental material).
Nucleotide sequences were processed as described above for amino acid
analysis, except that Pseudomonas putida metE (58) was used as the out-
group. The results were visualized with EvolView (59).

Nucleotide sequence accession numbers. Representative unique se-
quences included in the phylogenetic trees (see Fig. 2; see also Fig. S1 in the
supplemental material) were deposited in GenBank under accession
numbers KR936138 to KR936167 (see Table S8).

RESULTS

T-RFLP analysis of EaCoMT gene diversity in environmental
samples. A heatmap (Fig. 1) displays EaCoMT gene T-RFLP pro-
file patterns and clustering among different sites and monitoring
wells. The heatmap reveals that several of the longer T-RFs were
prominent among all groundwater samples, and some of them
(e.g., the 314-bp, 354-bp, 364-bp, and 448-bp T-RFs) matched
T-RFs of EaCoMT clone sequences recovered from environmen-
tal samples (Table 2). However, none of these abundant T-RFs
matched predicted T-RFs from in silico digestion of EaCoMT gene
sequences previously deposited in GenBank (see Table S5 in the
supplemental material).

An NMDS analysis was also performed on the T-RFLP profiles
(see Fig. S2 in the supplemental material). The NMDS analysis
showed that EaCoMT genes from geographically distinct areas in
some cases were similar (e.g., Australia and Kotzebue samples) but
that EaCoMT genes recovered from geographically close locations
(e.g., Alaska sites) did not necessarily cluster together. However,
EaCoMT genes from Soldotna, AK, well MW40 did group closely
with EaCoMT genes from Fairbanks, AK.

Phylogenetic analysis of EaCoMT gene diversity in environ-
mental samples. A total of 139 sequences, 121 of which were
unique (i.e., contained at least a 1-bp difference from other se-
quences), were retrieved from clone libraries (see Table S4 in the
supplemental material). The nucleotide sequence identity of each
clone to previously documented EaCoMT gene sequences found
in isolates varied from 76% to 99%. A nucleotide phylogenetic tree
depicting the complete current EaCoMT gene database (see Fig.
S1in the supplemental material) revealed four potential EaSCoMT
gene subgroups (named according to the genus name of the first
cultured representative in that group): Mycobacterium, Nocar-
dioides, Gordonia, and Xanthobacter. Of the 121 unique EaCoMT
sequences, 82 were related to EaCoMT genes found in isolated
VC- and ethene-assimilating Mycobacterium strains (i.e., the My-
cobacterium group). Notably, 11 of 12 EaCoMT sequences re-
trieved from the Fairbanks samples contained a 7-bp deletion at
the 318-bp location of the 447-bp F131/R562 PCR product. These
Fairbanks sequences were 98 to 99% identical to the efnE allele in
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FIG 1 Clustered heatmap of T-RFLP profiles generated by Acol (Eael) restriction-digested partial EaCoMT genes. For clarity, T-RFs with relative abundance
of <1% were excluded from the graph. The higher the relative abundance of a particular T-RF in the sample, the warmer the coloring. Sample identifiers are
formatted by site (using the first four characters of the name of each site), well number, and replicate (A or B). Please see Table 1 for specific site names.

Nocardioides sp. strain JS614 designated ernEl (15). The remain-
ing EaCoMT sequence from Fairbanks was 95% identical to that
of Nocardioides sp. strain JS614 etnE. All EaCoMT gene sequences
from Soldotna MW40 contained a 1-bp deletion at the 12-bp lo-
cation of the 447-bp PCR product. These Soldotna MW40 se-
quences were 76 to 78% identical to the putative EaCoMT gene
sequence from the ethene-assimilating Hailea sp. ETY-M.

The maximum likelihood amino acid phylogenetic tree (Fig.
2), constructed with 30 representative EaCoMT gene sequences
(<99% identity with other clones from the same well) that did
not contain frameshift deletions or internal stop codons and 19
EaCoMT sequences from isolated strains, was consistent with the
nucleotide phylogenetic tree. Of these 30 sequences, 40% formed
a phylogenetic subgroup with etnE found in Mycobacterium
strains and 6% grouped with the emE gene from Nocardioides sp.
strain JS614.

Relationships between EaCoMT gene diversity, EaCoMT
gene abundance, and contaminated-site conditions. Using the
T-RFLP data, we quantified EaCoMT gene diversity in each
groundwater sample by calculating Shannon-Wiener (H") and in-
verse Simpson (1/D) diversity indices (Table 1). When consider-
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ing T-RFs amplified with nested PCR only, the Soldotna, Carver,
and Kotzebue samples showed less EaCoMT gene diversity than
did other sites, with Carver well RB63I displaying the lowest Ea-
CoMT gene diversity (H' = 0.73 = 0.01; 1/D = 1.55 = 0.02).
Interestingly, the highest diversity was observed in Australia well
39-1(H' = 1.47 = 0.00; 1/D = 3.93 = 0.01), which also contained
the highest VC concentration (72 mg/liter) of all the wells inves-
tigated in this study.

Quantification of EaCoMT gene abundance with qPCR con-
firmed the presence of EaCoMT genes in all samples included in
this study (Table 1), ranging from 10° to 10° genes/liter of ground-
water. The highest EaCoMT gene abundances (4.7 X 10* to 8.7 X
10° genes/liter of groundwater) were observed in the Australian
samples, which were collected from a groundwater plume with
high VC concentrations.

Correlation analysis (Table 3) showed little evidence that the
EaCoMT gene diversity has any significant relationship with VC
attenuation rates, dissolved oxygen (DO), or other geochemical
parameters. However, there were significant positive associations
between VC concentration and EaCoMT gene abundance (see
Fig. S4 in the supplemental material), both quantitatively (linear
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TABLE 2 In vitro and in silico Acol (Eael) digestion of selected EaCoMT gene clones (those having <<99% identity with other clone sequences
retrieved from the same sample) matched with similar EaCoMT gene sequences from isolated strains”

Well ID Observed Predicted
Site no. Clone ID(s) T-RF (bp) T-RF (bp) Organism with closest BLAST hit (% identity)
Oceana NAS, VA MW18 TD OCEA18 clone 10 ND 24 Mpycobacterium tusciae strain JS617 (99)
Australia 0391J-1 COM AUS39-1 clones 4 and 7 50 48 Mpycobacterium gadium strain JS616 (95)
Australia 0391]-6 AUS39-6 clone 1 50 48 Mpycobacterium chubuense NBB4 (92)
Oceana NAS, VA MW25 OCEA25 clone 2 73 73 Nocardioides sp. JS614 (83)
Oceana NAS, VA MW25 OCEA25 clone 4 104 103 Nocardioides sp. ]S614 (83)
Oceana NAS, VA MW18 OCEA18 clones 1 and 2 104 103 Nocardioides sp. ]S614 (87)
Oceana NAS, VA MW25 OCEA25 clone 1 313 312 Nocardioides sp. JS614 (85)
Oceana NAS, VA MW18 OCEA18 clone 3 314 318 Nocardioides sp. JS614 (76)
Kotzebue, AK 10-01 KOTZ01 clone 1 314 312 Mycobacterium sp. JS624 (92)
Australia 0391J-1 COM AUS39-1 clones 1 and 3 314 312 Mpycobacterium smegmatis JS623 (94)
Australia 0391J-1 AUS39-1 clone 4, AUS39-6 clone 3 314 312 Mpycobacterium sp. ]S624 (93-94)
Fairbanks, AK MW-4 M FAIR4 clone 2 354 356 Nocardioides sp. ]S614 (98-99)
Fairbanks, AK MW-13 M FAIR13 clone 3
Carver, MA RB46D TD CARV46 clones 3 and 10 364 363 Mycobacterium rhodesiae strain JS60 (99-100)
RB63I TD CARV 63 clones 1 and 10
Oceana NAS, VA MW18 OCEA18 clone 2
MW25 OCEA25 clone 8
Soldotna, AK MWe6 SOLD6 clones 2 and 8
Australia 0391J-1 COM AUS39-1 clone 2 448 453 Mycobacterium chubuense NBB4 (99)
Kotzebue, AK 10-01 KOTZ01 clone 3
10-03 KOTZ03 clone 2
Soldotna, AK MWeé6 SOLDG clones 1, 3, and 6 440 447° Haliea sp. ETY-M (76-79)
MW40 SOLDA40 clone 1

“ The maximum T-RF size is 453 bp, as PCR was performed with F131/R562 primers. ND, not determined.

Y No predicted Acol (Eael) restriction site.

correlation, P < 0.001) and qualitatively (Spearman’s rank corre-
lation, P < 0.005). There was also a significant linear correlation
between ethene concentration and EaCoMT gene abundance
(P < 0.001) (see Fig. S4 in the supplemental material). Although
there was no significant linear relationship between the bulk VC
attenuation rate and EaCoMT gene abundance, we did notice a
significant rank correlation between these two variables (Spear-
man’s correlation, P = 0.039).

PCR modifications affect EaCoMT gene diversity estimates.
Because we could amplify EaCoMT genes from the Australia sam-
ples with conventional PCR, we used the composite Australia
DNA sample (AUS39) to assess potential bias introduced by nest-
ed-PCR and touchdown PCR modifications. The AUS39 sample,
when amplified directly with COM primers, showed greater
EaCoMT gene diversity (H' = 2.04 = 0.00; 1/D = 5.36 = 0.04)
than when it was amplified by nested PCR (H' = 1.21 * 0.41;
1/D = 2.70 = 1.02) (see Fig. S5 in the supplemental material).
The touchdown-nested-PCR-amplified AUS39 sample showed
less EaCoMT gene diversity (H" = 0.47 = 0.09; 1/D = 1.41 =
0.13) (see Fig. S5 in the supplemental material) than did the
sample amplified by nested PCR alone.

To further assess the potential bias introduced by touchdown
PCR, clone libraries were constructed with the touchdown-nest-
ed-PCR-amplified SOLD6, OCEA18, and OCEA25 samples (see
Table S4 in the supplemental material). A total of 19 clones were
sequenced from these clone libraries, and representative se-
quences were included in the phylogenetic analysis (Fig. 2; see also
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Fig. S1 in the supplemental material). All EaCoMT sequences re-
trieved by the touchdown modification grouped with those found
in Mycobacterium isolates.

DISCUSSION

This study has expanded our view of EaCoMT gene diversity. Pre-
viously, our understanding of EaCoMT gene diversity was based
on 16 sequences from VC-, ethene-, and propene-assimilating iso-
lates and a few EaCoMT genes sequenced from VC and ethene
enrichment cultures (41, 60). T-RFLP analysis has now revealed
192 different EaCoMT T-RFs. The 139 partial EaCoMT genes se-
quenced from groundwater samples were 76 to 99% identical to
EaCoMT sequences found in isolates. These observations suggest
that we have uncovered several novel EaCoMT sequences.

EaCoMT genes were present at all six sites surveyed in this
study, even at sites where VC and ethene were not detected (Kot-
zebue and Fairbanks). The frequent occurrence of EaCoMT se-
quences (i.e., found in 112 metagenomes from 37 separate and
geographically diverse sites; see Table S9 in the supplemental ma-
terial) in the MG-RAST metagenomics database (61) further sup-
ports the notion that EaCoMT genes are widespread and glob-
ally distributed among a variety of environments. Most of the
EaCoMT sequences in these metagenomes were similar to those of
EaCoMT genes found in Mycobacterium and Nocardioides strains
(see Table S9 in the supplemental material).

VC- and ethene-assimilating strains isolated to date are pri-
marily members of the genus Mycobacterium (21), and the major-
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FIG 2 A phylogenetic tree depicting the relationship of deduced EtnE amino acid sequences from environmental samples, enrichment cultures, and isolates (see
Table S6 in the supplemental material), along with MetE sequences from related strains (see Table S7 in the supplemental material). Isolates are color coded as
follows: red, VC assimilators; blue, etheneotrophs; green, propene oxidizers. Carver sequences from GenBank were from ethene enrichment cultures (60).
Environmental samples are identified as described in Table 1. The symbols refer to the PCR amplification method used: A, conventional PCR; B, nested PCR;
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sequences presented in this study.

ity of environmental EaCoMT sequences recovered so far are sim-
ilar to those found in Mycobacterium strains. This suggests that
Mpycobacterium strains are significant contributors to EaCoMT
gene diversity in the environment. However, as the EaCoMT
genes found in mycobacteria are known to be plasmid borne, it is
possible that they are transferred to or have originated from other
bacteria. Observing EaCoMT genes in VC-assimilating Pseudomo-
nas and Ochrobactrum strains grouping with those in mycobacte-
ria supports this hypothesis (Fig. 2).
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The emerging clade of Nocardioides sp. JS614-like EaCoMT
genes in the environment is notable. Although Nocardioides sp.
JS614 is the sole isolated VC- and ethene-assimilating representa-
tive of the Nocardioides genus (21), a related Nocardioides strain
was implicated as a dominant microbial community member of a
VC-degrading enrichment culture likely using VC as a carbon and
energy source (41). Taken together, these data suggest that Nocar-
dioides sp. could play a significant, yet currently underappreciated,
role in VC and ethene assimilation in the environment.
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TABLE 3 Correlation analysis between geochemical parameters with EaCoMT gene abundance and diversity

Correlation with EaCoMT gene abundance (no. of genes/

liter of GW) Correlation with etnE diversity
Linear regression Spearman Linear regression Spearman

Parameter n  Slope R? Pvalue Rho Pvalue n  Index Slope R? Pvalue Rho P value
Vinyl chloride concn = 15 9.36 X 10" 0.851 <0.001 0.699 0.005 14 H’ 1.69 X 10~° 0.019 0.641 0.107 0.715
(pg/liter) 1/D 9.19 X 10~° 0.086 0.309 0.189 0.514
Ethene concn 11 1.12 X 10* 0.987 <0.001 0.859 0.001 9 H' 6.60 X 107> 0.006 0.850 —0.319 0.386
(ng/liter) 1/D 9.00 X 10~ * 0.130 0.341 —0.151 0.682
Bulk VC attenuation 11  —2.57 X 10°  0.004 0.853 0.636 0.039 10 H’ 9.59 X 102 0.058 0.503 —0.110 0.636
rate (yr ') 1/D —2.32X 107" 0.040  0.580 —0.200 0.465
Point VC decay rate 6 3.33 X 10° 0.134 0.475 0.203 0.700 5 H’ 5.06 X 107! 0.152 0.516 0.359 0.567
(yrfl) 1/D 8.17 X 1072 0.059 0.693 0.359 0.567
DO concn (mg/liter) 14  —1.46 X 10°  0.158 0.160 —0.257 0.374 13 H’ 7.20 X 1072 0.027 0.590 0.170 0.579
1/D 1.24 X 1071 0.012 0.721 0.104 0.737
ORP (mV) 9 —8.55 X 10>  0.087 0.441 —0.350 0.359 8 H’ —2.10 X 107% 0.167 0.315 —0.262 0.536
1/D —5.90 X 107°  0.250 0.207 —0.286 0.501
pH 9 —4.98 X 10*  0.024 0.693 —0.250 0.521 8 H’ 8.73 X 107 0.044 0.619 0.238 0.582
1/D 3.94 X 107! 0.163 0.321 0.452 0.268
Temp (°C) 9 —2.11 X 10*  0.367 0.084 —0.683 0.050 8 H' 3.25 X 107° 0.006 0.852 0.167 0.703
1/D 4.04 X102 0.177 0.300 0.405 0.327

“ Bold values indicate relationships that are significant (two-tailed P value < 0.05); n represents the number of wells available for the analysis. GW, groundwater.

Interestingly, 11 EaCoMT sequences obtained from the Fair-
banks site, which contained a 7-bp deletion, grouped closely with
the etnEI allele in Nocardioides sp. strain JS614 (see Fig. S1 in the
supplemental material). The JS614 etnEl allele also contains a
7-bp deletion that would yield a frameshift mutation in the gene
product and an expected loss of activity (15, 62). The JS614 etnE1l
allele appears to have resulted from a gene duplication event in-
volving the functional EaCoMT gene found on the plasmid har-
bored by JS614 (62). Inspection of Fig. 1 reveals that additional
EaCoMT sequences, presumably without deletions, were ampli-
fied from Fairbanks samples. It is possible that a related plasmid
containing two EaCoMT alleles was present in Fairbanks ground-
water and the PCR primers used (COM-F1L/COM-R2E) prefer-
entially amplify the EaCoMT allele with the 7-bp deletion. Further
work is required to confirm this hypothesis.

Another emerging EaCoMT clade contains the 2-hydroxylpro-
pyl CoM lyase from propene-assimilating Xanthobacter Py2. Until
recently, strain Py2 was the only cultured representative harboring
an EaCoMT gene from this group. However, the recently isolated
marine ethene-assimilating Haliea sp. strain ETY-M (Haliea
ETY-M) (31) also contains a putative EaCoMT. The newly discov-
ered phylogenetic relationship between EaCoMT genes from Xarn-
thobacter Py2 and Haliea ETY-M suggests that this group of
EaCoMT genes could participate in ethene and VC biodegrada-
tion in contaminated groundwater, contrary to what has been
proposed previously (63).

The environmental conditions that facilitate the apparently
widespread occurrence of EaCoMT genes in environmental
samples are not yet understood. The only known function for
EaCoMT is the transfer of CoM onto epoxides of VC, ethene, and
propene (12, 13). The presence of VC and ethene in groundwater
at relatively high concentrations in groundwater (e.g., VC at >1
mg/liter and/or ethene at >230 pg/liter at the Australia site)
should promote plasmid-encoded EaCoMT gene maintenance as
well as elevated EaCoMT gene abundance. This is supported by
the strong positive correlations between alkene concentration
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(VC, ethene) and EaCoMT gene abundance in this study (Table
3). The presence of EaCoMT genes in groundwater could also
facilitate the natural attenuation of VC as long as other parameters
are not limiting (e.g., dissolved oxygen). Spearman’s correlation
between EaCoMT gene abundance and the VC bulk attenuation
rate supports this hypothesis (Table 3). Although there is a posi-
tive correlation between ethene and VC concentration and
EaCoMT gene abundance in the various monitoring wells in-
cluded in this study, EaCoMT genes were found at the Fairbanks
and Kotzebue sites (where VC and ethene were not detected).
Additional research is required to determine why EaCoMT genes
are maintained at sites such as these.

Alkene oxidation is an obligately aerobic process; however, we
observed no significant relationship between EaCoMT gene abun-
dance and dissolved oxygen. Aerobic VC oxidation can occur at
very low DO levels (below 0.02 mg/liter) (64), and VC-assimilat-
ing bacteria have been isolated from anaerobic groundwater (65).
The fact that we detected EaCoMT genes in low-DO groundwater
indicates that molecular oxygen either continuously enters the
system or has been present in the groundwater in the past.

We did not observe any relationship between VC or ethene
concentrations and EaCoMT gene diversity indices. This suggests
that EaCoMT gene diversity patterns are currently not useful in
site assessment for VC bioremediation. It is possible that the con-
centration of VC and/or ethene at a contaminated site could facil-
itate changes in EaCoMT gene diversity over time, as microorgan-
isms use these compounds as carbon and energy sources. In
addition, we currently cannot differentiate between a VC assimi-
lator and a VC cometabolizer by analyzing EaCoMT sequences in
environmental samples. Furthermore, the presence of EaCoMT
genes in the environment that cannot produce an active EaCoMT
(i.e., they contain 7-bp deletions or internal stop codons) compli-
cates the interpretation of EaCoMT sequence data from the envi-
ronment. These and many other variables (e.g., CoM availability)
could affect EaCoMT gene patterns in the environment. Future
studies that address the activities of different types of EaCoMT
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genes in the environment with respect to VC biodegradation rates
could shed new light on this issue.

The PCR modifications employed in this study (nested and
touchdown PCR) successfully amplified EaCoMT genes from en-
vironmental samples, but the results should be interpreted care-
fully with respect to PCR bias. The F131/R562 primers used in
nested PCR were developed with etnE sequences from VC-assim-
ilating Mycobacterium isolates (47) and are less degenerate than
the CoMF1L/R2E primers, which were based on EaCoMT se-
quences from Mycobacterium sp. strain JS60, Gordonia B-276, and
Xanthobacter Py2. This was confirmed by diversity analysis, which
showed lower EaCoMT diversity indices in the AUS39 composite
sample T-RFLP data generated with nested PCR. However, since
the nested-PCR method was used on all the samples for T-RFLP
analysis, the results allow a logical comparison between sites.

Touchdown (TD) PCR targets genes that bind primers more
specifically (66). TD PCR with F131/R562 primers appeared to
amplify more Mycobacterium-like etnE, as reflected by clone li-
brary analysis. TD PCR-amplified etnE sequences also did not
group with sequences obtained by nested PCR from the same
samples (Fig. 2), an observation that further supports the bias
introduced by TD PCR. Our T-RFLP comparison experiment also
showed that using TD PCR will underestimate gene diversity (see
Fig. S5 in the supplemental material). However, a merit of TD
PCR lies in its potential to reveal underrepresented genes in a
sample.

Although the F131/R562 primers were successful when per-
forming nested PCR, these primers do not amplify some impor-
tant regions of EaCoMT genes. These include the region where
missense mutations (W243R, R257L) associated with adaptation
to VC as a carbon and energy source observed in Mycobacterium
sp. strain JS623 (23) and the His-X-Cys-Xn-Cys zinc binding mo-
tif found in EaCoMTs and homologs (18, 19, 21).

Because EaCoMT and cobalamin (vitamin B,,)-independent
methionine synthase (MetE) are members of the same alkyl trans-
ferase family, many EaCoMT genes found in VC- and ethene-
assimilating bacterial genome sequences (notably Nocardioides
sp. strain JS614 [67]) are incorrectly annotated as MetE genes in
GenBank. Examples of inaccurate annotation are compiled and
presented in Table S10 in the supplemental material. MetE shares
functional homology but does not share significant nucleotide or
amino acid with most EaCoMT sequences. In our phylogenetic
analysis (Fig. 2), the MetE sequences (see Table S7 in the supple-
mental material) clearly grouped separately from translated
EaCoMT sequences (bootstrap support, 62%). The analysis also
indicates that the misannotated MetE sequences clearly group
with other EaCoMT sequences.

Conclusion. The EaCoMT gene plays a critical role in the as-
similation of short-chain alkenes, such as ethene, VC, and pro-
pene. This is the first study that reports amplification, diversity
analysis, correlation analysis, and sequencing of EaCoMT genes
from environmental samples. The EaCoMT gene database was
significantly expanded, and potentially novel EaCoMT genes were
discovered. Incorrectly annotated EaCoMT genes currently de-
posited in the database were also noted. These new sequences and
insights will be useful in further developing environmental mo-
lecular diagnostic tools such as qPCR primers and probes and will
aid in the development and application of high-throughput se-
quencing approaches in future bioremediation studies.

The presence of VC and ethene in groundwater could help
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sustain EaCoMT gene pools in the environment. Mycobacterium
and Nocardioides-like EaCoMT sequences were the most widely
distributed among the six sites investigated. The expanded clades
of Nocardioides-like EaCoMT sequences and the discovery of
Haliea-like EaCoMT sequences at the Soldotna site further sug-
gest that potentially significant aerobic VC degraders in the envi-
ronment are not well represented in pure culture. Future research
should aim to isolate and characterize aerobic VC-degrading bac-
teria from these underrepresented groups.
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