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ABSTRACT Dehalococcoides mccartyi strains harboring vinyl chloride (VC) reductive
dehalogenase (RDase) genes are keystone bacteria for VC detoxification in ground-
water aquifers, and bioremediation monitoring regimens focus on D. mccartyi bio-
markers. We isolated a novel anaerobic bacterium, “Candidatus Dehalogenimonas
etheniformans” strain GP, capable of respiratory dechlorination of VC to ethene. This
bacterium couples formate and hydrogen (H,) oxidation to the reduction of trichloro-
ethene (TCE), all dichloroethene (DCE) isomers, and VC with acetate as the carbon
source. Cultures that received formate and H, consumed the two electron donors con-
comitantly at similar rates. A 16S rRNA gene-targeted quantitative PCR (qPCR) assay
measured growth yields of (1.2 = 0.2) x 10% and (1.9 = 0.2) x 108 cells per umol of
VC dechlorinated in cultures with H, or formate as electron donor, respectively. About
1.5-fold higher cell numbers were measured with gPCR targeting cerA, a single-copy
gene encoding a putative VC RDase. A VC dechlorination rate of 215 * 40 umol L™’
day~' was measured at 30°C, with about 25% of this activity occurring at 15°C.
Increasing NaCl concentrations progressively impacted VC dechlorination rates, and
dechlorination ceased at 15 g NaCl L. During growth with TCE, all DCE isomers were
intermediates. Tetrachloroethene was not dechlorinated and inhibited dechlorination
of other chlorinated ethenes. Carbon monoxide formed and accumulated as a meta-
bolic by-product in dechlorinating cultures and impacted reductive dechlorination ac-
tivity. The isolation of a new Dehalogenimonas species able to effectively dechlorinate
toxic chlorinated ethenes to benign ethene expands our understanding of the reduc-
tive dechlorination process, with implications for bioremediation and environmental
monitoring.

IMPORTANCE Chlorinated ethenes are risk drivers at many contaminated sites, and current
bioremediation efforts focus on organohalide-respiring Dehalococcoides mccartyi strains to
achieve detoxification. We isolated and characterized the first non-Dehalococcoides bacte-
rium, “Candidatus Dehalogenimonas etheniformans” strain GP, capable of metabolic reduc-
tive dechlorination of TCE, all DCE isomers, and VC to environmentally benign ethene. In
addition to hydrogen, the new isolate utilizes formate as electron donor for reductive
dechlorination, providing opportunities for more effective electron donor delivery to the
contaminated subsurface. The discovery that a broader microbial diversity can achieve
detoxification of toxic chlorinated ethenes in anoxic aquifers illustrates the potential of
naturally occurring microbes for biotechnological applications.
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rinking water aquifers are under increasing threat from excessive exploitation

(e.g., withdrawal for irrigation), insufficient aquifer recharge due to changing pre-
cipitation patterns, and anthropogenic pollutants that impact water quality. Legacy
chlorinated solvent contamination poses a lingering problem in many countries (1, 2).
Chlorinated solvents, foremost chlorinated ethenes, are known or probable human car-
cinogens and remain risk drivers at many contaminated sites. The projected costs to
remedy the estimated 113,000 sites in the United States alone exceed $200 billion (3).
Bioremediation has emerged as a cost-efficient remedial technology, especially when
implemented as a monitored natural attenuation (MNA) approach. Underlying this
promising technology is the discovery of organohalide-respiring bacteria, which use
chlorinated compounds as terminal electron acceptors to fuel their energy metabolism
and form nontoxic products (4-6).

A variety of bacteria (e.g., Dehalobacter, Desulfitobacterium, Sulfurospirillum, and
Geobacter) can utilize tetrachloroethene (PCE) and/or trichloroethene (TCE) as electron
acceptors, leading to the formation of predominantly cis-1,2-dichloroethene (cDCE) (7-
10). Preferential formation of trans-1,2-dichloroethene (tDCE) and 1,1-dichloroethene
(1,1-DCE) has also been reported (11, 12). In contrast to the microbial diversity impli-
cated in the formation of DCEs, the dechlorination of DCEs and vinyl chloride (VC) to envi-
ronmentally benign ethene has been limited to strains of the species Dehalococcoides
mccartyi with VC reductive dehalogenases (RDases) (e.g., BvcA, VcrA, and TceA) (13-17). D.
mccartyi strains 195 and FL2 expressing TceA convert ¢cDCE and 1,1-DCE to VC, but growth
with VC as electron acceptor was uncertain (4, 18, 19). Recent work demonstrated that D.
mccartyi strains expressing TceA grow with VC as electron acceptor as long as sufficient
cobamide (e.g., vitamin B,,) is provided (17). D. mccartyi strain VS expressing VcrA utilizes
¢DCE, 1,1-DCE, and VC as electron acceptors but not tDCE (13, 20, 21). The BvcA RDase of
D. mccartyi strain BAV1 was demonstrated to convert all three DCE isomers to VC and VC
to ethene (14, 22). The recognition that D. mccartyi can promote ethene formation trig-
gered the development of commercial bioaugmentation cultures (e.g., KB-1 and SDC-9)
that rely on D. mccartyi strains carrying VC RDase genes to achieve detoxification (23). The
quantitative monitoring of D. mccartyi and VC RDase gene abundances has become a cor-
nerstone approach in environmental monitoring regimens to predict ethene formation at
bioremediation sites (24, 25). Although D. mccartyi strains are keystone bacteria for detoxi-
fication of chlorinated ethenes, environmental monitoring data indicate ethene formation
at sites where D. mccartyi and the known VC RDase genes are absent or present in low
abundance (25), suggesting that other, not yet identified, microorganisms contribute to
reductive dechlorination of VC.

The genus Dehalogenimonas is phylogenetically related to the genus Dehalococcoides
within the class Dehalococcoidia (26). Similar to D. mccartyi, members of the genus
Dehalogenimonas were characterized as obligate organohalide-respiring bacteria with the
ability to utilize chlorinated alkanes as electron acceptors. Dehalogenimonas lykanthropor-
epellens strain BL-DC-97, Dehalogenimonas alkenigignens strain IP3-37, Dehalogenimonas
formicexedens strain NSZ-14T, and Dehalogenimonas alkenigignens strain BRE15M couple
growth with the reductive dehalogenation of a variety of polychlorinated alkanes, includ-
ing 1,2-dichloroethane, 1,1,2-trichloroethane, 1,1,2,2-tetrachloroethane, 1,2-dichloropro-
pane, and 1,2,3-trichloropropane (26-32). Similar to D. mccartyi strains, members of the
Dehalogenimonas genus are heterotrophs and require acetate as the carbon source for
growth (27, 28, 33). While D. mccartyi strains strictly require H,, the characterized
Dehalogenimonas species utilize H, and formate as electron donors (31).

In a 1,1,2,2-tetrachloroethane-to-ethene dechlorinating mixed culture derived from
contaminated wetland sediment, Dehalogenimonas sp. strain WBC-2 was identified as the
population responsible for reductive dechlorination of tDCE to VC. This Dehalogenimonas
strain did not dechlorinate VC, and VC-to-ethene reductive dechlorination in this culture
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FIG 1 (A) Phase-contrast microscopic image of strain GP grown with VC as the electron acceptor, formate as the electron donor, and acetate as the carbon
source. (B) Phylogenetic tree of strain GP based on the nearly full-length 16S rRNA genes (NCBI gene accession numbers are shown in parentheses). The

scale bar represents 0.01 substitutions per nucleotide site. Isolates able to reductively dechlorinate VC

was mediated by a D. mccartyi strain carrying the vcrA RDase gene (34, 35). A TCE-to-
ethene dechlorinating enrichment culture was derived from grape pomace collected from
a pristine environment without prior exposure to chlorinated solvents. Intriguingly, the
enrichment culture did not contain D. mccartyi, and “Candidatus Dehalogenimonas etheni-
formans” strain GP was implicated in the observed reductive dechlorination reactions (36).
We isolated strain GP from the TCE-to-ethene dechlorinating enrichment culture to charac-
terize key physiological features of this novel bacterium capable of reductive dechlorina-
tion of TCE, all DCE isomers, and VC to environmentally benign ethene.

RESULTS

Cell morphology and phylogeny of strain GP. Repeated dilution-to-extinction
series and transfers in medium with VC as electron acceptor and amended with the
peptidoglycan biosynthesis inhibitors ampicillin and vancomycin resulted in a micro-
scopically homogeneous culture (Fig. TA). No growth was observed without VC or in
medium amended with yeast extract. Whole-genome sequencing (WGS) did not
provide evidence for the presence of contaminating sequences (37). “Candidatus
Dehalogenimonas etheniformans” strain GP forms round, coccus-shaped cells with
an average cell size of 0.71 £ 0.09 um (n = 30) (Fig. 1A). Phylogenetic analysis based
on the nearly full-length 16S rRNA gene sequences revealed that strain GP is affili-
ated with the genus Dehalogenimonas within the class Dehalococcoidia and is closely
related to Dehalogenimonas formicexedens strain NSZ-14T (Fig. 1B).

Organohalide respiration with DCEs and VC. With H, provided as the electron do-
nor, axenic strain GP cultures converted 66.9 = 4.6 umol of VC to a stoichiometric
amount of ethene (67.5 = 5.6 wmol) within 14 days, and a maximum dechlorination rate
of 182.8 = 3.0 umol L~ day~" was observed (Fig. 2A). When formate was supplied as
the sole electron donor, VC (81.3 = 10.1 uwmol) was completely dechlorinated to ethene
(75.0 = 10.4 umol) within 17 days, and a maximum dechlorination rate of 174.6 = 10.2
pumol L' day~' was determined (Fig. 2C). During reductive dechlorination of VC to
ethene, 84.0 = 6.0 umol of formate was consumed, which approximately equaled the
amount of VC transformed to ethene (Fig. 2C). The measured stoichiometry (without
considering the reducing equivalents consumed for cell synthesis) demonstrated that
the electrons generated from formate oxidation were used for reductive dechlorination
of VC to ethene according to equation 1,

HCOO™ + H,C = CHCl — H,C=CH, + CO, + Cl” (1)

In medium bottles inoculated with strain GP but lacking an electron donor (i.e., H, or
formate), VC was not dechlorinated and no ethene was formed (data not shown).

In strain GP cultures grown with H, and VC, the copy numbers of the 16S rRNA
gene and the VC RDase gene cerA increased from (6.8 + 2.8) x 10°to (1.7 = 0.3) x 108
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FIG 2 Reductive dechlorination of VC to ethene in strain GP cultures with H, (A) or formate (C) as the electron donor
and the corresponding increase of strain GP 16S rRNA gene and cerA gene copies (B and D) during the growth period.
Acetate was provided as the carbon source. The data represent the average values of triplicate incubations, and the
error bars represent the standard deviations. Error bars are not shown when smaller than the symbol size.

and from (6.3 = 2.2) x 10° to (2.6 = 0.2) x 108, respectively (Fig. 2B). Growth yields of
(1.2 = 0.2) x 108 and (1.9 = 0.6) x 108 cells per umol VC consumed were determined
based on 16S rRNA gene and cerA gene enumeration, respectively, both of which exist
as single-copy genes in the genome of strain GP. In formate/VC-grown cultures, the
copy numbers of the strain GP 16S rRNA gene and the cerA gene increased from (3.8 =
1.9) x 10°to (3.1 = 0.3) x 108 and from (5.2 = 3.9) x 10° to (4.8 = 0.2) x 108, respec-
tively (Fig. 2D). Growth yields of (1.9 = 0.2) x 108 and (2.9 * 0.1) x 108 cells per wmol
VC consumed were measured based on the enumeration of the 16S rRNA gene and
the cerA gene, respectively. Based on the 16S rRNA gene gPCR data (Fig. 2B and D),
doubling times of 2.75 and 3.25 days with H, and formate, respectively, as the electron
donor were determined for strain GP during growth with VC as the electron acceptor.

When both formate and H, were amended simultaneously, strain GP cultures con-
verted 78.2 = 6.1 umol of VC to 79.5 = 5.8 umol of ethene and consumed 37.9 + 2.3
pmol of H, and 46.8 * 3.3 umol of formate during a 15-day incubation period (Fig. 3).
The two electron donors were concurrently consumed at similar rates as long as VC was pro-
vided as the electron acceptor. VC was degraded at a maximum rate of 254.1 = 39.5 wmol
L=" day~", which was greater than in cultures that received only H, or only formate as the
electron donor (Fig. 3).

In the first generation transfer cultures without acetate addition, VC dechlorination
and growth of strain GP were observed (see Fig. S1 in the supplemental material). High-
performance liquid chromatography (HPLC) measurements revealed that approximately 0.2
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mM acetate (~10 wmol total per bottle) transferred with the inoculum was completely con-
sumed during the growth period (see Fig. S1). In the second generation transfer cultures
without acetate amendment, no VC dechlorination or growth of strain GP was observed;
however, both ethene formation and growth resumed following the addition of 1 mM ace-
tate after a 12-day incubation period without growth or dechlorination activity (see Fig. S2).
Apparently, “Candidatus Dehalogenimonas etheniformans” strain GP is a heterotrophic bac-
terium and acetate is required as a carbon source to support growth with VC as the electron
acceptor and H, or formate as the electron donor.

In addition to VC, “Candidatus Dehalogenimonas etheniformans” strain GP utilized
TCE and all three DCE isomers (i.e.,, 1,1-DCE, ¢DCE, and tDCE) as terminal electron
acceptors with formate or H, as the electron donor and acetate as the carbon source
(Fig. 4). VC was transiently formed when a DCE isomer was provided as the electron
acceptor, and the final product was ethene (Fig. 4A to C). Interestingly, with TCE as the
electron acceptor, all three DCE isomers were formed concomitantly prior to the con-
version to VC and ethene (Fig. 4D). Maximum amounts of 6.3 = 2.1 and 1.9 = 0.2 umol
of ¢cDCE and 1,1-DCE, respectively, were measured, and tDCE amounts never exceeded
0.2 = 0.1 wmol per bottle (Fig. 4D). PCE was not dechlorinated and inhibited reductive
dechlorination of other chlorinated ethenes in strain GP cultures. A PCE concentration
of ~0.08 mM PCE (~9.8 umol per bottle) prevented VC reductive dechlorination activ-
ity (data not shown).

Carbon monoxide formation in VC-grown strain GP cultures. During dechlorina-
tion and growth with VC as the electron acceptor and formate as the electron donor, a
continuous buildup of carbon monoxide (CO) was observed in strain GP cultures (Fig. 5).
After two amendments of 94.9 = 10.2 and 87.7 = 4.0 umol of VC, a total amount of 0.23 *+
0.01 wmol CO (equivalent to 51.4 £ 1.2 ppmv CO in the headspace of the cultivation bot-
tles) was measured after a 21-day incubation period (Fig. 5). CO formation was also
observed in cultures in which H, replaced formate as electron donor. Externally amended
CO (4 wmol, equivalent to ~880 ppmv in the cultivation vessel) strongly inhibited VC degra-
dation by strain GP (see Fig. S3).

Effects of salinity and temperature on reductive dechlorination of VC. Elevated
salinity impeded reductive dechlorination of VC to ethene in strain GP cultures (Fig. 6).
In standard basal salt medium containing 1 g L~ NaCl, strain GP completely converted VC
(83.8 = 3.1 umol) to ethene (86.0 = 2.4 umol) over a 10-day incubation period, at a rate
of 2460 = 85 umol L~' day~'. When the NaCl concentration in the medium was
increased to 2.5 and 5 g L™, the dechlorination rates decreased to 189.2 + 4.6 and 128.5 =

June 2022 Volume 88 Issue 12

Applied and Environmental Microbiology

10.1128/aem.00443-22

5


https://journals.asm.org/journal/aem
https://doi.org/10.1128/aem.00443-22

Dehalogenimonas Respires Vinyl Chloride

30 80

N

o
2]
o

(umol per bottle)
S o

tDCE, VC and ethene
(umol per bottle)
S
o

c¢DCE, VC and ethene
N
o

0 5 10 15 20 25

N

o
-
o

80 60
D
[©)
° >3 50
2 % T
@ 09
o~ n=<e
S o 5 40
3 u S
T2 O o
o 40 QE 30}k
S8 =
uj 2 o2
83 22
1 ‘_"a)
O®
-

0 . . 0g

—— TCE
—i— 1,1-DCE
—/— tDCE
—— ¢DCE
—— VC
—/A— Ethene

Applied and Environmental Microbiology

0 5 10 15 20 25 0 5 10 15
Time (d) Time (d)

25

FIG 4 Reductive dechlorination of ¢DCE (A), tDCE (B), 1,1-DCE (C), and TCE (D) in strain GP cultures with formate as the
electron donor and acetate as the carbon source. The data represent the average values from triplicate incubations, and

the error bars represent the standard deviations. Error bars are not shown when smaller than the symbol size.

114 umol LT day ', respectively, and the time required to achieve complete dechlorina-
tion of VC to ethene increased to 14 and 21 days, respectively (Fig. 6). A further decline in
dechlorination performance was observed at NaCl concentrations of 7.5 and 10 g L=, and
the degradation rates decreased to 20.9 = 0.2 and 4.8 = 0.4 umol L~" day~', respectively.
Under these higher NaCl conditions, the dechlorination process stalled, leading to incom-
plete VC-to-ethene reductive dechlorination even after an extended incubation period of
81 days (Fig. 6). No VC-to-ethene dechlorination activity was observed at an NaCl concentra-
tion of 15 g L~ (Fig. 6), and no growth occurred.

The highest rates of VC dechlorination were observed in cultures incubated at 30°C
and 25°C (Fig. 7). Longer incubation periods were required to achieve complete con-
version of VC to ethene at 20°C and 15°C (Fig. 7). No dechlorination activity was
observed during a 58-day incubation period when strain GP cultures were incubated
at 4°C.

DISCUSSION

The presence of a strictly organohalide-respiring bacterium in an environment (i.e.,
grape pomace) without prior exposure to anthropogenic chlorinated compounds, includ-
ing chlorinated solvents, may seem perplexing; however, there is mounting evidence that
natural processes generate chloroorganics, including chlorinated ethenes (38). For example,
VC was detected in soil gas samples at concentrations significantly exceeding those measured
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FIG 5 Formation and accumulation of CO in strain GP cultures during reductive dechlorination of VC to
ethene with formate as the electron donor and acetate as the carbon source. A second amendment of
VC occurred after VC depletion at 13 days. The data represent the average values from triplicate
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in ambient air, suggesting VC formation in soil (39). It has been documented that reactions
between soil organic matter, chloride ions, and oxidants (e.g., ferric ions and hydroxyl radicals)
lead to the formation of volatile chlorinated halocarbons such as VC (39). Organohalide respira-
tion with VC as the electron acceptor has so far been ascribed exclusively to certain
Dehalococcoides mccartyi strains, including the D. mccartyi isolates BAV1, VS, GT, 195, and
FL2 (15, 17). The presence and activity of D. mccartyi strains have been linked to ethene
formation, and in situ monitoring of D. mccartyi 16S rRNA genes and the VC RDase genes
(e.g., tceA, vcrA, and bvcA) provide valuable information for management of contaminated
sites. The current study demonstrates that a non-D. mccartyi bacterial isolate can perform re-
spiratory reductive dechlorination of TCE, DCEs and VC, and the new findings expand our
understanding of the physiology of the genus Dehalogenimonas.

The characterized D. mccartyi strains utilize only H, and not formate as the electron
donor for reductive dechlorination. Dehalogenimonas formicexedens strain NSZ-14T,
Dehalogenimonas lykanthroporepellens strain BL-DC-97, and Dehalogenimonas alkeni-
gignens strain IP3-3T utilize formate, in addition to H,, as the electron donor for reductive
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FIG 6 Effect of salinity on reductive dechlorination of VC to ethene in strain GP cultures. VC degradation (A), ethene formation (B), and rates of ethene
formation (C) in strain GP cultures under different salinity conditions are shown. The data represent the average values of triplicate incubations, and the
error bars represent the standard deviations. Error bars are not shown when smaller than the symbol size.
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FIG 7 Effect of temperature on reductive dechlorination of VC to ethene in strain GP cultures. Day 0
measurements were performed after the cultures had been incubated at the respective temperatures
for 5 h. Complete equilibrium of VC between the gas and aqueous phases was not achieved in
cultures incubated at 4°C, which is a likely explanation for the apparent increase in VC. The data
represent the average values of triplicate incubations, and the error bars represent the standard
deviations. Error bars are not shown when smaller than the symbol size.

dechlorination (31). Similar to other Dehalogenimonas strains, “Candidatus Dehalogenimonas
etheniformans” strain GP utilizes both H, and formate as electron donors. An interesting ob-
servation was made in VC-grown strain GP cultures when formate replaced H, as the elec-
tron donor. The amount of H, increased from 0.24 * 0.02 to 0.54 = 0.02 umol (equal to
539 = 51 to 119.1 = 4.2 ppmv in the headspace of the cultivation vessels) (see Fig. S4 in
the supplemental material), suggesting that strain GP might convert formate to H, and H,
serves as the direct electron donor for reductive dechlorination. H, formation did not occur
in strain GP cultures without VC or in medium with VC but without inoculum (see Fig. S4).
Similar VC degradation rates were observed in strain GP cultures using H, or formate as the
electron donor (Fig. 2). When both formate and H, were present in strain GP cultures, similar
amounts of formate and H, were consumed (i.e, 379 = 23 and 46.8 = 33 umol, respec-
tively) (Fig. 3). Apparently, strain GP concomitantly consumes formate and H, at similar rates,
suggesting that the organism does not prefer one electron donor over the other. Two for-
mate dehydrogenases (GenBank locus tags QNT75850 and QNT76458) are encoded in the
strain GP genome (GenBank accession number CP058566.2), consistent with the organism’s
capacity for formate oxidation (37).

Coccoid cells about 0.7 wm in diameter were observed with phase-contrast microscopy
(Fig. 1A), consistent with recent cryo-electron tomography imaging of strain GP (40). The cell
size and shape of strain GP are consistent with other reports characterizing Dehalogenimonas
isolates (28, 41), indicating that the coccoid cell shape of Dehalogenimonas cells is a distinguish-
ing characteristic, compared with the disc-shaped morphology of D. mccartyi cells (15). A dou-
bling time of 2.75 days was observed for strain GP with VC as electron acceptor and H, as
electron donor. Dehalogenimonas lykanthroporepellens strains BL-DC-9" and BL-DC-8 have
reported doubling times of 4.1 and 4.8 days, respectively, during growth with 1,2,3-trichloropro-
pane and H, (27). Shorter doubling times, ranging from 0.8 to 3 days, have been reported for
D. mccartyi strains (15), and VC-grown D. mccartyi strains BAV1 and GT have doubling
times of 2.2 and 2 to 2.5 days, respectively (5, 42). A doubling time of 1.7 days was reported
for D. mccartyi strain VS during growth with VC in a mixed culture (20).

The growth yield of strain GP cultures grown with VC as electron acceptor was
slightly higher with formate than with H, as electron donor, and (1.9 + 0.2) x 108 versus
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(1.2 = 0.2) x 108 (based on 16S rRNA gene enumeration) and (2.9 £ 0.1) x 108 versus
(1.9 £ 0.6) x 108 (based on cerA gene enumeration) cells per umol of VC consumed,
respectively, were generated (Fig. 2B and D). A possible explanation for the slightly
higher growth yield with formate versus H, is the ability of strain GP to conserve
energy released from formate oxidation, which is about —3.4 kJ per mol of formate
under standard conditions. The growth yields measured for “Ca. Dehalogenimonas
etheniformans” strain GP were comparable to those observed for D. mccartyi strains, which
have been reported to range between 6.3 x 107 and 5.2 x 108 cells per wmol of VC dechlori-
nated (5, 17, 20, 42).

The growth yields determined with qPCR targeting the cerA gene were consistently
~1.5-fold higher than those measured with the 16S rRNA gene-targeted assay (Fig. 2B
and D), which was surprising because the analysis of the strain GP genome indicated
that both the 16S rRNA gene and the cerA gene are single-copy genes (37). Calibration
curves generated with the synthetic linear DNA fragment containing the target regions
of both the 16S rRNA gene and the cerA gene were highly similar (see Fig. S5), demon-
strating that the two qPCR assays amplify their respective target gene with similar effi-
ciencies (i.e., 93%) (see Fig. S5). Interestingly, cerA gene reads outnumbered 16S rRNA
gene reads in genome-derived lllumina WGS reads and followed a similar trend as the
gPCR results. Aligning WGS reads to genes derived from the GP genome (GenBank
accession number CP058566) revealed that the depth of coverage of cerA is 1.33-fold
higher than that of the 16S rRNA gene (56.5x versus 42.5x) and 1.44-fold higher than
the average gene coverage (39.2x). Figure S6 in the supplemental material shows the
average gene read depth of genes across the strain GP genome, illustrating that cerA
belongs to a group of colocalized genes with above-average read depth, reaching up
to ~80x%, approximately double that of the average gene. Interestingly, gqPCR measure-
ments at field sites demonstrated that D. mccartyi RDase gene copies can exceed the
D. mccartyi cell numbers, based on 16S rRNA gene measurements, 10- to 10,000-fold
(25), and it was speculated that RDase genes can occur on gene transfer agents (25,
43). A recent cryo-electron tomography imaging study revealed extracellular lipid
vesicles in axenic strain GP cultures (40). While the presence of DNA in such vesicles
has yet to be demonstrated, it is conceivable that these vesicles are enriched in cerA
but lack the 16S rRNA gene. These observations may explain the incongruous qPCR
data; however, the biological meaning of the observed variations in gene abundances
in Dehalococcoidia cultures and the potential role of the observed extracellular lipid
vesicles remain to be determined.

In cultures of D. mccartyi strain 195, CO accumulation to a maximum amount of
approximately 5 wmol was reported after repeated additions of TCE (~385 wmol total)
(44). Consistent with this observation, CO (approximately 0.23 wmol per bottle) formed
and accumulated in strain GP cultures following the consumption of ~180 wmol of VC
(Fig. 5). Both D. mccartyi strain 195 and “Ca. Dehalogenimonas etheniformans” strain GP
have an incomplete Wood-Ljungdahl pathway (37, 44). Isotopic labeling experiments
using ['3Clacetate revealed that the CO formed in D. mccartyi strain 195 cultures was
derived from the carboxyl group of acetate (44). The CO dehydrogenase (CODH) subunit
of the CODH/acetyl-coenzyme A (CoA) decarbonylase-synthase (ACDS) complex is missing
in the genomes of both D. mccartyi strain 195 and “Ca. Dehalogenimonas etheniformans”
strain GP. Therefore, the ACDS complex could catalyze the decarbonylation reaction of
acetyl-CoA, generating CO, but oxidation to CO, is not possible due to the absence of a
CODH subunit. The genomes of D. mccartyi strains 195, BAV1, FL2, GT, VS, and CBDB1 and
Dehalogenimonas species strains BL-DC-97, IP3-37, NSZ-14, and WBC-2 all possess ACDS
but lack CODH, suggesting that CO formation during metabolic reductive dechlorination
might be a common phenomenon in these organohalide-respiring bacteria. CO inhibition
of D. mccartyi growth has been reported (44), and CO also inhibits growth of strain GP
(see Fig. S3). CO has a high binding affinity for metals and likely affects metalloenzymes,
such as Fe-containing hydrogenases, a plausible explanation for the observed inhibition
(45). The toxicity of CO can complicate axenic cultivation of Dehalococcoidia, and
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cocultivation with a CO-consuming partner population demonstrated enhanced growth
of D. mccartyi strain 195 (44, 46).

Bioremediation of saline groundwater near coastal areas with freshwater-derived
bioaugmentation consortia can be challenging because the characterized D. mccartyi
strains are sensitive to elevated salt concentrations (47, 48). Similar observations were
made with strain GP, and elevated NaCl concentrations decreased the rate of reductive
dechlorination of VC to ethene (Fig. 6). Dehalogenimonas lykanthroporepellens strain
BL-DC-9T survives moderate saline conditions, and growth occurred at NaCl concentra-
tions of up to 20 g L~ (2% [w/V], or 20 ppt), which was explained by multiple osmotic
stress response mechanisms (28, 41). Strain GP grew and completely dechlorinated VC
to ethene with 5 g L~ NaCl; however, when salinity increased to 10 g L~ NaCl, incom-
plete VC dechlorination was observed (Fig. 6). Apparently, strain GP performs reductive
dechlorination in freshwater and slightly to moderately saline environments with salin-
ity not exceeding 10 g L~' NaCl. Freshwater-derived D. mccartyi and Dehalogenimonas
strains have limited salinity tolerance, but the enrichment of organohalide-respiring
Dehalococcoidia strains from polluted estuarine and marine sediments indicates that
strains with elevated salt tolerance exist (49-51).

Groundwater temperatures generally correlate with climate zones, and the average
temperature of groundwaters in the United States ranges between 3 and 25°C (52).
Temperature affects the rates of microbial processes, including biodegradation.
Dehalogenimonas lykanthroporepellens strains BL-DC-8 and BL-DC-9" perform organo-
halide respiration over a temperature range from 20 to 34°C (optimum temperature,
28 to 34°C) (27, 28). Dehalogenimonas alkenigignens strains IP3-3T and SBP-1 reportedly
have a broader temperature range spanning 18 to 42°C (optimum temperature, 30 to
34°C) (30). Dechlorination activity of Dehalogenimonas formicexedens strain NSZ-14T,
the closest relative of strain GP, occurred over a temperature range of 20 to 37°C (opti-
mum temperature, 30 to 34 °C) but not at temperatures of =15°C or =42°C (31). Strain
GP completely dechlorinated VC to ethene at 15°C, but ethene formation was not appa-
rent at 4°C (Fig. 7). Similar to Dehalogenimonas isolates, D. mccartyi strains are meso-
philes with an optimum growth temperature between 25 and 30°C, and dechlorination
occurred over a temperature range of 15 to 35°C (15). The D. mccartyi-containing PCE-to-
ethene dechlorinating consortium KB-1 was reported to dechlorinate TCE to ethene
between 10 and 30°C (53). ¢DCE and VC stalled in sand-packed columns bioaugmented
with KB-1 when the incubation temperature was 15°C, whereas ethene formation was
observed in replicate columns operated at 35°C (54). The temperature range of 10 to
15°C appears to be a boundary for D. mccartyi and Dehalogenimonas strains to complete
dechlorination of DCEs and VC to ethene under laboratory conditions. A study employ-
ing '“C-labeled chlorinated ethenes reported degradation in microcosms established
with cold temperature-adapted aquifer and river sediments, suggesting that the micro-
bial reductive dechlorination process can operate at lower temperatures (55).

pH is another parameter impacting the microbial reductive dechlorination process.
D. mccartyi strains perform reductive dechlorination between pH 6.5 and pH 8.0 (15),
but sustained (i.e., growth-linked) organohalide respiration activity is not expected at
pH values below 5.5 (56, 57). Dehalogenimonas lykanthroporepellens strains BL-DC-97
and BL-DC-8 and Dehalogenimonas alkenigignens strain IP3-3T exhibited reductive
dechlorination in the pH range of 6.0 to 8.0 but not at pH values of =<5.5 or =8.5 (27,
28, 30). The dechlorination activity of Dehalogenimonas formicexedens strain NSZ-14T,
the closest relative of strain GP, occurred at pH values between 5.5 and 7.5 (31).
Although we did not systematically investigate the response of strain GP to pH, prelim-
inary data suggested that no growth occurred below pH 5.5.

Implications for bioremediation. Conversion of the human carcinogen VC to envi-
ronmentally benign ethene is a key step for achieving detoxification at sites where the
microbial reductive dechlorination process has been implemented as a site remedy for
chlorinated ethenes. To date, this process has been attributed exclusively to certain D.
mccartyi strains, which has impacted the development of bioaugmentation consortia
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and bioremediation monitoring tools with consequences for site management deci-
sion-making, including that regarding site closures. The finding that at least some
Dehalogenimonas species utilize TCE, DCEs, and VC as growth-supporting electron
acceptors and rely on VC RDases not reported to occur in D. mccartyi impacts the inter-
pretation of geochemical and molecular data from contaminated sites. Survey data
revealed that Dehalogenimonas 16S rRNA genes are frequently detected at chlorinated
solvent sites and often outnumber D. mccartyi (36), suggesting that Dehalogenimonas
species are major contributors to the reductive dechlorination process. The recognition
that Dehalogenimonas contribute to the detoxification of chlorinated ethenes may
lead to the development of more effective bioaugmentation consortia that rely on
both D. mccartyi and Dehalogenimonas populations. D. mccartyi strictly require H, as
electron donor, but delivering H, to subsurface environments is challenging. A com-
mon practice is the addition of fermentable substrates (e.g., emulsified vegetable oil or
molasses) to increase the flux of H,; however, secondary impacts such as excessive
methanogenesis and groundwater acidification can impact groundwater quality (56,
58). In addition to H,, Dehalogenimonas populations utilize water-soluble formate as an
electron donor, a physiological feature that may offer opportunities for more targeted
and efficient approaches to deliver and distribute electron donor in the contaminated
subsurface. The description of “Candidatus Dehalogenimonas etheniformans” expands
the bacterial diversity capable of detoxification of chlorinated ethenes, and future stud-
ies should explore whether synergisms between organohalide-respiring D. mccartyi
and Dehalogenimonas strains can achieve more efficient bioremediation treatment.

MATERIALS AND METHODS

Chemicals. VC (purity, >99%) was purchased from SynQuest Laboratories (Alachua, FL, USA). PCE
(>99%) was purchased from Acros (Morris Plains, NJ, USA). TCE (>98.0%), 1,1-DCE (>99.5%), ¢cDCE
(>96.0%), tDCE (>99.9%), and ethene (>99.9%) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). CO gas (>99.0%) was purchased from Sigma-Aldrich. All other chemicals used in this study were
reagent grade or of higher purity.

Enrichment, isolation, microscopy, and phylogenetic analysis. An enrichment culture capable of
dechlorinating VC, DCEs, and TCE to ethene was established with grape pomace compost as the source
material (36). Enrichment culture GP was transferred every 4 to 6 weeks for over 3 years in defined min-
eral salt medium containing 1 g L~" ampicillin and 0.1 g L™ vancomycin, acetate as the carbon source,
H, as the electron donor, and VC as the electron acceptor. Repeated dilution-to-extinction series in liquid
mineral salt medium were performed as described (59-61) and achieved isolation of strain GP.

The presence of contaminating microorganisms was assessed by transfers to nutrient-rich medium
(i.e., with the amendment of 0.1% [w/v] yeast extract) and regularly examination of cultures with a Zeiss
AX10 light microscope (Jena, Germany). WGS combined both NovaSeq and Nanopore sequencing tech-
nologies (37) and provided no evidence for the presence of contaminating sequences. The size of strain
GP cells (n = 30) was estimated based on analysis of the cell micrographs (1,000-fold magnification)
using AxioVision SE64 (release 4.9.1) software.

For phylogenetic analysis, 165 rRNA gene sequences of representative dechlorinators were obtained
from the SILVA database (62). The 16S rRNA gene sequence of strain GP was retrieved from the genome
assembly (37). The sequences were aligned using the SINA aligner (63). The phylogenetic tree was com-
puted using the RAXML program (v8) (64) through SILVA Alignment, Classification, and Tree Service
(ACT) and visualized using iTOL (v5) (65).

Cultivation of “Candidatus Dehalogenimonas etheniformans” strain GP. Routine cultivation of
strain GP occurred in 160-mL glass serum bottles containing 50 mL of bicarbonate-buffered (30 mM) ba-
sal mineral salt medium (pH 7.3) reduced with 0.2 mM Na,S, 0.2 mM L-cysteine, and 0.5 mM sodium di-
thiothreitol (59-61). The bottles were sealed with butyl rubber stoppers (Bellco Glass Inc., Vineland, NJ,
USA) under a headspace of N,/CO, (80:20 [vol/vol]) and provided with 5 mM formate or 6 mL H, (~246
pmol) as the electron donor and 2 mL VC (~82 umol) as the electron acceptor. Acetate (1 mM) served
as the carbon source. All cultures received 5% (v/v) inocula and were incubated at 30°C in the dark with-
out agitation. Other chlorinated ethenes, including PCE (~50 umol), TCE (~60 wmol), 1,1-DCE (~60
pmol), ¢cDCE (~30 umol), and tDCE (~60 umol), were tested as the electron acceptors to support
growth of strain GP with formate as the electron donor and acetate as the carbon source. To test
whether acetate was required as carbon source, cultures were consecutively transferred without acetate.
Growth of strain GP cultures was monitored by measuring the consumption of the chlorinated electron
acceptors and the formation of dechlorination products (e.g., ethene). Cell numbers in strain GP cultures
were determined by qPCR assays specifically targeting the 16S rRNA gene and the VC RDase gene cerA
of strain GP (36), as described below. VC dechlorination and ethene formation rates were calculated
based on the slopes of the linear regression lines of the VC consumption or ethene formation curves
during the active growth phase (i.e., without considering the initial lag period and the transition to sta-
tionary phase) and are reported in umol per liter per day. The doubling time t, was calculated based on
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TABLE 1 Primers and probes used for gPCR assays targeting the 16S rRNA gene and the cerA
gene of strain GP

Primer/probe name Target Primer/probe sequence (5’ to 3')?
Dhgm16S_478F 16S rRNA gene AGCAGCCGCGGTAATACG
Dhgm16S_536R 16S rRNA gene CCACTTTACGCCCAATAAATCC
Dhgm16S_500P 16S rRNA gene FAM-AGGCGAGCGTTATC-MGB
cerA_1311F cerA gene GAGAATGCTTACAGACCTGCCT
cerA_1456R cerA gene AGTAAGGCGAGTCATAGCGTGG
cerA_1382P cerA gene FAM-CCTGTGGGATCTGTGCCGA-MGB

aFAM, 6-carboxyfluorescein; MGB, minor groove binder.

the equation N = Ny x 2(/%), where N, and N are the initial and final cell numbers during the exponen-
tial growth phase, respectively, and t is the duration of the growth period.

Effects of salinity and temperature on VC reductive dechlorination. To test the effect of salinity on
VC reductive dechlorination by strain GP, increasing amounts of NaCl were added to the medium to achieve
concentrations of 2.5, 5, 7.5, 10, 15, 20, and 30 g L. To test the effect of temperature on VC-to-ethene
reductive dechlorination, strain GP cultures were grown with 5 mM formate (i.e., 250 wmol per bottle) and 2
mL VC (~82 umol per bottle) at 30°C. Following complete VC consumption, triplicate strain GP cultures
received 2 mL of VC, and were immediately incubated at temperatures of 30, 25, 20, 15, and 4°C. Aqueous
samples (1 mL) were periodically withdrawn from the cultures at the respective incubation temperatures, im-
mediately transferred to 20-mL glass autosampler vials, and analyzed by gas chromatography (GC) (see
below). Aqueous samples were collected 5 h after VC addition initiated the experiment and served as the ini-
tial (i.e.,, time zero) measurements.

Real-time qPCR. Specific qPCR assays targeting the 16S rRNA gene and the VC RDase gene (cerA)
were used to enumerate cell numbers and monitor the growth of strain GP. For DNA extraction, up to 5
culture suspension samples (1 mL) were collected over a growth cycle and filtered onto 0.22-um
Durapore membranes (Millipore, Cork, Ireland). DNA was extracted using the DNeasy Powerlyzer
PowerSoil DNA isolation kit (Qiagen, Hilden, Germany) following the manufacturer’s protocol. Primers
and probes specifically targeting the 16S rRNA gene and cerA gene of strain GP were designed using
Geneious Prime software (v11.0.6) (Table 1) and were optimized and validated following established pro-
cedures (66-68). gPCR analysis followed published protocols (66, 69) and was conducted using an
Applied Biosystems QuantStudio 12K Flex real-time PCR system. Briefly, every 20-ulL reaction mixture
contained 10 ulL of 2x Tagman Universal PCR Master Mix (Applied Biosystems, Carlsbad, CA, USA), 2 uL
of DNA template (DNA concentrations between 20 and 100 ng uL™"), and forward and reverse primers
and probe at final concentrations of 300 nM each. The PCR thermal cycling protocol was as follows: 50°C
for 2 min and then 95°C for 10 min, followed by 40 cycles of denaturation at 95°C for 15 s and annealing
and extension at 60°C for 1 min. Calibration curves used serial 10-fold dilutions of a LDFAT1 synthetic lin-
ear DNA fragment (1,500 bp) with partial gene fragments of the strain GP cerA gene and the 16S rRNA
gene, comprising the primer binding sites, and spanned a concentration range from 608 to 6.08 x10°
target gene copies per reaction. The LDFA1 linear DNA fragment was synthesized by Invitrogen
(GeneArt Strings DNA fragments; Invitrogen, CA, USA).

Analytical procedures. Chlorinated ethenes and ethene were routinely quantified by manually
injecting 0.1-mL headspace samples with 1-mL disposable plastic syringes with 25-gauge 7/8-inch nee-
dles (0.5 mm by 22 mm; Becton, Dickinson and Company, Franklin Lake, NJ, USA) into a 7890A GC sys-
tem (Agilent, Santa Clara, CA, USA) equipped with a DB-624 column (length, 60 m; i.d., 0.32 mm; film
thickness, 1.8 um) and a flame ionization detector (FID), following established procedures (70). The inlet
was maintained at 200°C, the oven temperature was kept at 60°C for 2 min followed by an increase to
200°C at a ramping rate of 25°C min~", and the FID was operated at 300°C. Samples collected during the
temperature experiment were analyzed in 1-mL liquid samples using a GC-FID system equipped with an
Agilent G1888 Network headspace autosampler. The headspace autosampler oven was set at 70°C, and
the sample vials were equilibrated for 15 min prior to injection. The GC method was the same as
described above for direct injection of headspace samples. Formate and acetate were analyzed on an
Agilent 1200 series HPLC system equipped with an Aminex HPX-87H column (Bio-Rad, Hercules, CA,
USA) operated at 30°C and a multiple-wavelength detector set to 210 nm. Operation was isocratic using
4 mM H,SO, as eluent, at a flow rate of 0.6 mL min~'. Aqueous samples (200 uL) were acidified with 4
L of 1 M H,SO, and filtered prior to HPLC analysis. The identification of peaks was based on retention
times of authentic standards, and quantification was achieved using external calibration curves. To fol-
low the consumption of H, in strain GP cultures, T mL of headspace sample was injected into an Agilent
3000A Micro-GC system (60). To measure CO and H, concentrations in strain GP cultures, 0.5 mL of head-
space gas was injected into a Peak Performer 1 with a reducing compound photometer (Peak
Laboratories, Mountain View, CA, USA) (71). The aqueous phase concentrations of CO and H, were calcu-
lated using Henry’s law constants of 9.8 x 107* M atm ™' and 7.9 x 10~* M atm ™', respectively (72). A
CO partial pressure of 1 ppmv in the headspace of strain GP cultures corresponded to a total amount of
approximately 4.55 x 1072 umol of CO per bottle at 25°C, and 1 ppmv H, in the headspace corre-
sponded to a total amount of 4.54 x 1072 umol of H, per bottle.
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