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Abstract

In order to elucidate interactions between sulfate reduction and dechlorination, we
systematically evaluated the effects of different concentrations of sulfate and sulfide on
reductive dechlorination by isolates, constructed consortia and enrichments containing
Dehalococcoides sp. Sulfate (up to 5 mM) did not inhibit growth or metabolism of pure
cultures of dechlorinator Dehalococcoides mecartyi 195, sulfate reducer Desulfovibrio
wulgaris Hildenborough (DvH) or syntroph Syntrophomonas wolfei (S. wolfei). In
contrast, sulfide (SmM) exhibited inhibitory effects on growth of the sulfate reducer and
the syntroph, as well as on both dechlorination and growth rates of D. mccartyi.
Transcriptomic analysis of D. mccartyi 195 revealed that genes encoding for ATP
synthase, biosynthesis and Hym hydrogenase were down-regulated during sulfide
inhibition, while genes encoding for metal-containing enzymes involved in energy
metabolism were up-regulated even though the activity of those enzymes (hydrogenases)
was inhibited. When electron acceptor (trichloroethene) was limiting and electron donor
(lactate) was provided in excess to co-cultures and enrichments, high sulfate
concentrations (5 mM) inhibited reductive dechlorination due to the toxicity of generated
sulfide. The initial cell ratio of sulfate reducers to D. mccartyi (1:3, 1:1 and 3:1) did not
affect the dechlorination performance in the presence of sulfate (2mM and 5 mM). In
contrast, under electron donor limitation, dechlorination was not affected by sulfate
amendments due to low sulfide production, demonstrating that D. mccartyi can function
effectively in anaerobic microbial communities containing moderate sulfate
concentrations (5 mM), likely due to its ability to out-compete other hydrogen-consuming

bacteria and archaea.
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Importance

Sulfate is common in subsurface environments and has been reported as a co-
contaminant with chlorinated solvents at various concentrations. Inconsistent results for
the effects of sulfate inhibition on the performance of dechlorination enrichment cultures
have been reported in the literature. These inconsistent findings make it difficult to
understand potential mechanisms of sulfate inhibition and complicate the interpretation of
bioremediation field data. In order to elucidate interactions between sulfate reduction and
reductive dechlorination, this study systematically evaluated the effects of different
concentrations of sulfate and sulfide on reductive dechlorination by isolates, constructed
consortia and enrichments containing Dehalococcoides sp. This study provides us with a
more fundamental understanding of the competition mechanisms between reductive
dechlorination by D. mccartyi and sulfate reduction during bioremediation process. It
also provides insights on the significance of sulfate concentrations on reductive
dechlorination under electron donor/acceptor limiting conditions during in situ
bioremediation applications. For example, at a TCE contaminated site with high sulfate
concentration, proper slow-releasing electron donors can be selected to generate an
electron donor limiting environment that favor reductive dechlorination and minimize

sulfide inhibition effect.

Ag|aylag ‘eluioe) Jo Alsianiun Aq 210z ‘8z Areniga4 uo /610 wse wak//:dny wol) papeojumod


http://aem.asm.org/

(19)
=
&
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

Microbiology

Microbiology

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

Introduction

Perchloroethene (PCE), trichloroethene (TCE) and their daughter products
dichloroethene (DCE) and vinyl chloride (VC) are common soil and groundwater
contaminants with established toxicity and mutagenicity towards many organisms.l'3 In
Situ bioremediation processes that stimulate the growth of anaerobic microbial
communities capable of reductively dechlorinating these contaminants to harmless ethene
(ETH) are of great interest.” Among reported dechlorinating species, Dehalococcoides
mecartyi is the only known bacterium that can reductively dechlorinate PCE and TCE all
the way to ethene.' D. mecartyi requires Hs as its exclusive electron donor, acetate and
CO, as carbon sources and vitamin Bj, as a co-factor. >’ Although reductive
dechlorination can occur under a variety of redox conditions,® dechlorination commonly
only accounts for a small fraction of electron flow in microbial communities during
bioremediation.”'" Other terminal electron accepting processes (TEAPs), such as sulfate
reduction, iron reduction, nitrate reduction, methanogenesis, homoactogenesis, and
volatile fatty acids formation typically account for a large fraction of the electron flow in
these systems (Table S1).

Sulfate is common in subsurface environments and is often reported as a co-
contaminant with chlorinated solvents at various concentrations (0.2- 30 mM).">""” The
effects of sulfate and its reduction product sulfide on other terminal electron accepting
processes have been explored in anaerobic digestion, sulfate reduction, nitrification, as
well as reductive dechlorination processes.'”?' Hydrogen sulfide (H,S) has been shown
to inhibit the growth of sulfate reducing bacteria at 16 mM due to both its intrinsic

toxicity and indirect toxicity by precipitation with iron as ferric sulfide."

Ag|aylag ‘eluioe) Jo Alsianiun Aq 210z ‘8z Areniga4 uo /610 wse wak//:dny wol) papeojumod


http://aem.asm.org/

(19)
=
&
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

Microbiology

Microbiology

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

The dechlorination of solvents under sulfate reducing conditions is complicated
and less well studied. Although successful organic-stimulated bioremediation of solvents
has been observed in aquifers containing sulfate, the typical approaches involve injecting
an excess of electron donor in order to deplete sulfate and to avoid competition for
hydrogen between dechlorination and sulfate reduction.” This approach was shown to
be successful at some field sites; however, it has proven to be unsuccessful at sites with
high sulfate concentrations or complex geochemical conditions. '> 2

There are a limited number of laboratory studies with detailed information on the
effects of sulfate on dechlorination.”’**** In addition, some conflicting results due to

27,29,30

sulfate addition, ranging from enhanced dechlorination to inhibited or incomplete

15,27, 29,31,32 . 1625
= <5202% ag well as no observed effect on dechlorination * have been

dechlorination
reported over the past decade. A review of published field data from TCE-contaminated
sites with sulfate concentrations ranging from 39 mg L to 4,800 mg L' reported the
overall trend that as sulfate concentrations increased, dechlorination reactions became
incomplete or delayed. > In addition, among these previous studies, there have only been
a few that used microbial communities with the confirmed presence of D. mccartyi
13:28303233 and cellular quantification has been lacking. Further work is needed to clarify
the significance of sulfate concentrations on reductive dechlorination under electron
donor/acceptor limiting conditions. In addition, the effects of sulfide, the sulfate
reduction product, on dechlorination needs to be systematically evaluated.

In this study, we hypothesize two main mechanisms for the observed failure of

complete dechlorination during bioremediation in sulfate-containing environments: 1)

inhibition of enzymes involved in dechlorination by the sulfate reduction product sulfide;
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2) the predominance and faster growth kinetics of sulfate reducing bacteria, compared
with D. mccartyi at high H, concentrations (electron acceptor limitation). In order to test
these hypotheses, we investigated the inhibitory effect of sulfate and sulfide on i) pure D.
mecartyi strain and supporting microorganisms, ii) constructed syntrophic consortia at
different cell ratios and electron donor/ acceptor limited conditions, and iii) a
methanogenic dechlorinating enrichment culture with high and low sulfate amendments.
Transcriptomic analysis of D. mccartyi was used to investigate gene expression patterns
during sulfide inhibition in order to better understand the mechanism of inhibition. This
study provides a fundamental understanding of the effects of sulfate reduction on

reductive dechlorination by D. mccartyi.

Material and Methods

Bacterial cultures and growth condition

Dehalococcoides mecartyi strain 195 (strain 195) was grown in defined medium
with H,/CO, (90:10) headspace, 0.6 mM TCE as electron acceptor and 2 mM acetate as
carbon source ¢ (Figure 1 A). Desulfovibrio vulgaris Hildenborough (DvH) was grown in
the same defined medium with N,/CO; headspace, 10 mM lactate as electron donor and 5
mM sulfate as electron acceptor. Syntrophomonas wolfei (S. wolfel) was grown on
crotonate in 160 mL serum bottles as described previously.** Bacterial co-cultures of S
wolfei and strain 195 (S wolfei and strain 195 were inoculated at 5% of the total liquid
volume, respectively ) were sustainably maintained on 5 mM butyric acid (5% vol/vol
inoculation) with 0.6 mM TCE as described previously.® Bacterial co-cultures of DvH

and strain 195 (DvH/195, 5% vol/vol inoculation) were sustainably maintained on 5 mM
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lactic acid (5% vol/vol inoculation) with 0.6 mM TCE as described previously.”® The
methanogenic dechlorinating community ANAS was previously enriched from
contaminated soil obtained from Alameda Naval Air Station (CA). The culture has been
maintained in the laboratory for over 15 years in a continuously stirred semi-batch fed
reactor, and its community structure and dechlorination performance have been
previously described. 7%

In order to study the competition between reductive dechlorination and sulfate
reduction under electron acceptor limitation (electron donor in excess), strain 195 and
DvH were grown in defined medium with H,/CO, headspace (Figure 1 C) with 0.7 mM
TCE and 2 mM or 5 mM sulfate (Table S2). For electron donor limitation experiments,
tri-cultures containing S wolfei/DvH/195 were constructed in defined medium (Table S2)
with 7.0 mM butyric acid, 0.7 mM TCE and 2 mM (or 5 mM) sulfate and N,/CO, (80:20,
vol/vol) headspace (Figure 1 D). For both electron donor and acceptor limiting
conditions, TCE (0.7mM per dose) was amended to the cultures when the previous dose
was depleted. All experiments were performed in triplicate. After three sub-culturing
events (5% vol/vol inoculation), tri-culture S. wolfei/DvH/195 cells were harvested
during late exponential phase (day 6) and analyzed by scanning electron microscopy

(SEM) as described previously.*

Chemical analysis

Chloroethenes and ethene were measured by FID-gas chromatograph using 100
pL headspace samples, and hydrogen and carbon monoxide were measured by RGD-gas
chromatography using 300 pL headspace sample as described previously.*”** The mass

of each compound was calculated based on gas-liquid equilibrium by using Henry’s law
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constants at 34°C. Organic acids, including butyrate and acetate, were analyzed with a
high-performance liquid chromatograph as described previously.’ Sulfate concentration
was measured by suppressed lon Chromatography (Dionex ICS 1100) on a Dionex
IonPac AERS500 column (4mm) with 4.5 mM Na,CO3/0.8 mM NaHCOs; as eluent.
Sulfide concentration was measured at the end of experiments by methylene blue
method.*' Trace metals concentrations were analyzed on an Agilent Technologies 7700

series ICP-MS.*

DNA extraction and cell number quantification

1.5 mL liquid samples were collected during the incubation for cell density
measurements and cells were harvested by centrifugation (21,000 x g, 10 min at 4°C).
Genomic DNA was extracted from cell pellets using Qiagen DNeasy Blood and Tissue
Kit according to the manufacturer’s instructions for Gram-positive bacteria. qPCR using
SYBR Green-based detection reagents was applied to quantify gene copy numbers of
each bacterium with Swolfei 16S rRNA gene primers (forward primer 5°-
GTATCGACCCCTTCTGTGCC-3’, and reverse primer 5°-
CCCCAGGCGGGATACTTATT-3"), ¥ DvH 16S rRNA gene primers (forward primer
5’-AATCGGAATCACTGGGCGTA-3’ and reverse primer 5°-
CCCTGACTTACCAAGCAGCC-3"), *® and D. mccartyi tceA gene primers (forward
primer 5’~-ATCCAGATTATGACCCTGGTGAA-3’ and reverse primer 5’-
GCGGCATATATTAGGGCATCTT-3"), as previously described.** Cell number
calculation was normalized based on target gene copy numbers in each genome of the

bacterium.
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RNA preparation and transcriptome analysis

100 mM stock solution of sulfide-S (the sum of all speciation of H,S-S, HS -S
and S*-S) was prepared from Na,S-9H,O in the defined culture medium. 10 mM sulfide-
S was amended to strain 195 cultures on day 4 during mid-log growth phase when 50%
of TCE was degraded. Cultures were sampled on day 6 when control bottles exhibited
late exponential growth (around 75% of 78 umol TCE was dechlorinated). In order to
collect sufficient material for transcriptomic microarray analysis, 60 bottles of sulfide-S
amended strain 195 cultures and 18 bottles of control bottles (strain 195, no sulfide-S
addition) were inoculated and grown from triplicate bottles of the isolate. For each
biological triplicate, cells from 20 bottles were collected by vacuum filtration on day 6
for the experimental group and the control (300 mL culture per filter, 0.2-pm autoclaved
GVWP filter (Durapore membrane, Millipore, Billerica, MA)). Each filter was placed in
a 2 mL orange-cap micro-centrifuge tube, frozen with liquid nitrogen and stored at -80 °C

until further processing. RNA extraction and preparation were described previously.*’

Transcriptomic microarray analysis

The Affymetrix GeneChip microarray used in this study has been described
previously. ** Briefly, the chip contains 4,744 probe sets that represent more than 98% of
the ORFs from four published Dehalococcoides genomes (strain 195, VS, BAV1, and
CBDBI1). cDNA was synthesized from 9 pg RNA, then each cDNA sample was
fragmented, labeled and hybridized to each array. All procedures were performed with
minimal modifications to the protocols in section 3 of the Affymetrix GeneChip

Expression Analysis Technical Manual (Affymetrix, Santa Clara, CA
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http://www.affymetrix.com). Microarray data analysis methods were described

. 6
previously.***

Results

Sulfate and sulfide effects on axenic cultures

An environmentally high sulfate concentration (5 mM) did not affect cell growth
or dechlorination rates of strain 195 (data not shown), a bacterium unable to reduce
sulfate to sulfide. We also tested the effect of sulfide (the reduction product of sulfate) on
cell growth of strain 195, and found that with 5% inoculation, it took 6, 10 and 14 days to
dechlorinate 75 pmol TCE in the presence of 0 mM, 2 mM and 5 mM sulfide,
respectively. The cell yield of strain 195 decreased about 65% as sulfide concentrations
increased from 0 to 5 mM (Supporting material Figure S1 A). For S. wolfei (another
bacterium incapable of sulfate reduction) grown with crotonate as electron donor, cell
growth was not inhibited by 5 mM sulfate addition while 5 mM sulfide decreased cell
yields by 40% compared to the control group (Supporting material Figure S1 C). For the
DvH isolate that is capable of sulfate reduction, when sulfide concentrations were above

10 mM, cell growth was inhibited (Supporting material Figure S1 B).

Effect of sulfate reduction on dechlorination under electron acceptor limitation
Syntrophic co-culture DvH /195 grows sustainably on lactate and TCE with DvH
fermenting lactate to acetate and H, that are used by strain 195 as carbon source and
electron donor for reductive dechlorination of TCE, respectively.36 DvH is capable of
reducing sulfate and hence produce sulfide. In this study, 12 mM lactate was amended to

the co-culture initially as electron donor, while 5 mM sulfate and 0.55 mM TCE were

10
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added as electron acceptors (Figure 1 B). Based on stoichiometry, 11.1 mM lactate would
be required to reduce both electron acceptors: 10 mM lactate for sulfate reduction to
sulfide and 1.1 mM lactate for TCE reduction to ethene, creating electron acceptor
limitation. Aqueous H, concentrations increased to 1.4 + 0.6 uM on day 2 in the sulfate-
fed co-culture (Figure 2 A), compared to 43.1 = 3.7 uM in the control group without
sulfate amendment (lactate fermentation only, data not shown). When H, in the co-
culture dropped below 0.1 uM on day 4, another SmM lactate was amended to the culture
and H; slightly increased to above 1.0 uM on day 5, indicating that lactate fermentation
was proceeding. However, TCE dechlorination rates decreased by 62% from day 4 to day
9, and no cell growth was observed. On day 9, another 2 mM lactate was added to the co-
culture and H, slightly increased to 2.0 pM, but both dechlorination and cell growth
stalled from day 9 to day 16 (Figure 2 B). The SmM sulfate was depleted within 4 days.
On day 5 no sulfate was detected while sulfide concentration was measured to be 4.8 £
0.7 mM (Figure 2 C). At the end of the experiment (day 16), the cell number ratio of
strain 195 to DvH was about 1:6 in contrast to the no sulfate control (co-culture grown on
lactate and TCE), where the ratio was 4.3:1, similar to previously reported ratios.*
Sulfide can precipitate metals that are necessary nutrients and hence make them
inaccessible to the cells.*® In order to demonstrate that the lack of dechlorination
observed in this study was due to sulfide inhibition instead of trace metal insufficiency
caused by sulfide precipitation, at the end of the experiment (day 16) the headspace of the
experimental bottles were flushed for 40 minutes with sterilized nitrogen gas to remove
sulfide and bottles were re-amended 0.5 mM TCE and 1 mM lactate. Complete TCE

dechlorination was observed after five days (data not shown). In addition, at the end of

11
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the experiment (day 16), trace metals concentrations in the liquid medium were observed
to be at the same micro molar levels as in the positive controls (no sulfate amendment).
To further investigate the effect of sulfate reduction on reductive dechlorination
under electron acceptor limitation, the activity of co-culture DvH/195 was quantified at
different inoculum cell ratios (Table S2) with excess H, as electron donor (H,/CO,
headspace, 90:10 vol:vol, Figure 1 C). When 2 mM sulfate was amended to the co-
culture, no negative effects on dechlorination or cell growth were observed compared to
the positive control (no sulfate amendment) among different cell ratios, while sulfate was
fully reduced to sulfide (Supporting material Figure S2). However, when 5 mM sulfate
was amended to the co-culture, all sulfate was reduced by the end of the experiment at all
cell ratios with reduced product sulfide (supporting material Figure S3) and TCE
degradation stalled after day 4 (Figure 3 A and supporting material Figure S3). Both
sulfate reduction rates and growth rates of DvH were higher when inhibition of
dechlorination occurred, and > 99.5% of consumed electron equivalents (i.e. H,) went to

sulfate reduction (Table 1) rather than to dechlorination.

Effect of sulfate reduction on dechlorination under electron donor limitation

In order to study the competition for H, by dechlorination and sulfate reduction
under electron donor limitation, we maintained a tri-culture of S. wolfei/DvH/195 on
SmM butyrate, 0.7 mM TCE and 2 mM sulfate (Figure 1 D) with different initial cell
ratios of DvH to strain 195 (Table S2). In these cultures, S. wolfei ferments butyrate to
acetate (used for biosynthesis) and H, which is competed by 195 for dechlorination and
DvH for sulfate reduction, thus maintaining the requisite low H, concentrations to sustain

energetically unfavorable butyrate degradation by S. wolfei. DvH does not use butyrate

12

Ag|aylag ‘eluioe) Jo Alsianiun Aq 210z ‘8z Areniga4 uo /610 wse wak//:dny wol) papeojumod


http://aem.asm.org/

272

273

274

275

276

(19)
=
&
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

277

278

279

280

281

282

283

284

Microbiology

285

286

287

288

289

290

291

292

293

294

Microbiology

as an electron donor for sulfate reduction. Based on stoichiometry (equations in Table
S1), 5.4 mM butyrate would be required to fully reduce each of the electron acceptors: 2
mM sulfate to hydrogen sulfide and 0.7 mM TCE to ethene. 5 mM butyrate was first fed
to the tri-culture to generate electron donor limiting conditions. Another 0.7 mM TCE
and 1 mM butyrate were subsequently amended to the culture when the previous dose of
TCE was depleted. During the experimental period, H, remained between 0.03 to 0.13
uM for all cell ratios (Supporting material Figure S4), which is above the threshold for

4748 and was comparable to that maintained in

either dechlorination or sulfate reduction
the control group (without sulfate addition). TCE dechlorination rates were not
considerably affected by the sulfate additions (2 mM or 5 mM) for all initial cell ratios
(Figure 3 B, supporting material Figure S4, S5). With equal starting cells of DvH and
strain 195, the sulfate reduction rates (14.3 + 0.3 umol d") decreased to about half of
those in the electron acceptor limited condition (28.4 + 1.7 umol d') at 2 mM sulfate, and
to about one quarter with 5 mM sulfate at electron acceptor limited condition, while only
26.8% - 28.0% of sulfate was reduced in all three cell ratios (Supporting material Figure
S5).

In order to study the continuous competition of sulfate reduction and
dechlorination under electron donor limiting condition, we constructed tri-culture S
wolfei/DvH/195 with initial cell ratios of 0.08:1:1 (Table S2). 5 mM butyrate, 2 mM
sulfate and 0.7 mM TCE were amended and the tri-culture was routinely sub-cultured
into fresh medium (10% vol/vol) every 14 days after TCE was fully reduced to ethene

(data not shown). After three subculture events, we monitored TCE dechlorination

performance and cell growth in the tri-culture (Supporting material Figure S6). Strain 195

13
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increased to 1.9 + 0.2 x10® mL™, which was similar to the control group with no sulfate
amendment (1.8 + 0.2 x10° mL™"), while S wolfei (1.2 + 0.3 x10" mL™") increased to 50%
higher than the control (0.8 + 0.1 x10’ mL™). DvH cell numbers increased to 1.4 + 0.2
x10’mL™" on day 10, then decreased to 0.8+ 0.1 x10” mL™" by the end of the experiment
(62% lower than that in the initially constructed tri-culture 2.1 £ 0.1 x10"mL™). The cell
ratio (S wolfei/DvH/195) was stably maintained at 1:1:16 and the dechlorination rate was
not affected by sulfate addition (2 mM) after the three sub-cultures. Interestingly, cell
aggregates were observed in the late exponential phase of each subculture event

(Supporting material Figure S7).

Effects of Sulfate on dechlorination in a groundwater enrichment

A methanogenic reductive-dechlorinating enrichment culture (ANAS) was used to
test sulfate effects on dechlorination under different electron limiting conditions (Figure
4). Two sulfate concentrations (2 mM and 5 mM) were amended to ANAS with 20 mM
lactate and 0.2 mM TCE for electron acceptor limitation. When electron acceptor was
limiting, H, was produced within two days and achieved mM levels. TCE dechlorination
stalled on day 6 at both sulfate concentrations, and H; levels dropped to <2 nM (data not
shown). In order to avoid electron donor limitation, another 20 mM lactate was re-
amended to the bottles on day 6, and TCE reduction resumed within two days in the 2
mM sulfate cultures while H, levels remained above 20 nM. However, no further TCE
reduction was observed in the 5 mM sulfate cultures although H; levels (6.0 nM) were
above the threshold of dechlorination by day 8.

Under electron donor limitation, micro molar levels of H, (~0.15 pM) was

intermittently added to maintain the low H, concentrations expected. Dechlorination rates
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were the same with sulfate amendments as in the control (Figure 4 B) with cis-DCE (81.7
+ 3.3 % with 5SmM sulfate, 90.8 £+ 1.5% with 2mM sulfate) as the main reduction product
on day 8 (data not shown). Sulfate reduction rates decreased significantly to 3.7 + 0.2
pmol d' (at 2mM sulfate) and 7.0 + 1.3 pmol d' (at 5 mM sulfate) compared to the
electron acceptor limitation at 15.3 = 1.1 umol d” (with 2mM sulfate) and 43.3 + 0.8
pmol d' (with 5 mM sulfate). Methane production occurred in the control (data not
shown) but was not observed in the enrichment with sulfate amendments within the
experimental period (8 days) due to the low aqueous H, concentrations (< 100 nM),

consistent with previous research.*’

Transcriptomic study of strain 195 with sulfide inhibition

The effects of sulfide addition on D. mccartyi 195 gene expression were studied
in order to better understand the inhibition mechanism. 10 mM Sulfide was amended to
strain 195 at mid-log phase of growth on day 4. Cell samples were collected after 48
hours additional incubation (day 6), when control bottles (without sulfide amendment)
reached late exponential growth phase. TCE dechlorination rates were slower in the
sulfide amended bottles than in the controls (0.3 mmol/L/d versus 1.3 mmol /L/d).
Transcriptomic analysis showed that 115 genes were significantly down regulated, while
207 genes were significantly up-regulated (> two-fold change) in the presence of sulfide.

The short-term exposure to 10 mM sulfide did not change the expression pattern
of genes encoding for dehalogenases (Table S3). However, down-regulated genes include
Hym [Fe]-hydrogenase (DET0146-0148), ATP synthase (DET0558-0565), and genes
related to biosynthesis (Table S3). Up-regulated gene expressions were observed in a

subset of the genes encoded for ferrous iron transport protein (DET0095-0097),
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phosphate ABC transporters (DET 0138-0142), and genes related to nitrogen regulation

and transport (DET1124-1125).

Discussion

Inconsistent results for the effects of sulfate inhibition on the performance of
dechlorination enrichment cultures have been reported in the literature. El Mamouni et al.
! reported that 10 mM sulfate addition to soil had no significant effect on TCE
dechlorination by indigenous microorganisms while higher sulfate concentrations (15 and
20 mM) yielded slower dechlorination. Heimann et al.*® reported that 2.5 mM sulfate
inhibited dechlorination by a mixed anaerobic culture by reducing the H, supply to low
nanomolar H,. Conversely, sulfate did not affect dechlorination when rapid fermentation
of lactate resulted in accumulation of hydrogen to levels >100 nM. Aulenta et al. *’
reported that 3.7 mM sulfate adversely affected the rate of reductive dechlorination of an
enriched dechlorinating community. These inconsistent findings make it difficult to
understand potential mechanisms of sulfate inhibition and complicate the interpretation of
bioremediation field data.
Inhibition mechanism

This study demonstrates that sulfide rather than sulfate exhibits inhibitory effects
on dechlorination and growth of D. mccartyi, fermenting bacterium S wolfel and sulfate
reducing bacterium DvH. The cell yield of strain 195 decreased significantly at high
sulfide concentrations (5 mM) while TCE dechlorination slowed, indicating that D.
mecartyi decoupled growth from dechlorination when sulfide was introduced to the
system at moderate to high concentrations. This result agrees with a previous study

showing that sulfate did not inhibit D.mccartyi FL2 at high concentrations (10 mM).*!
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Sulfide exerts inhibitory effects on a variety of cultures with different thresholds."*>* A

previous study reported that insoluble metal sulfide formation from mg/L concentrations
of heavy metals deactivated sulfate reducing bacteria by acting as a physical barrier to the
cells.*® At remediation sites, sulfate reduction can overlap with iron reduction which can
lead to precipitated iron sulfide. The biogenic iron sulfide may reduce part of the sulfide
toxicity and also perform abiotic chloroethene degradation when electron donor is in
excess.” 3 The overall TCE remediation may benefit from the resulting iron sulfide
formation. However, this abiotic chloroethene degradation process was not investigated
in this study. In our experimental set-up, D. mccartyi was grown as planktonic cells and
trace metals were supplied at micro molar levels, below those needed to generate
significant insoluble precipitation. In addition, our results demonstrated that sulfide
inhibition is reversible, similar to the study conducted by Samhan-Arias™, indicating that
inhibition was not due to trace metal deficiency. In the pH range (7.0~7.3) used in these
experiments, H,S and HS each counts for half of sulfide present in the culture.*’ In some
organisms, the toxicity of H,S has been attributed to its ability to inhibit cytochrome c-
oxidase in a similar manner to hydrogen cyanide (HCN) that prevents cellular respiration
and inhibits the activity of a number of metal-containing enzymes by forming a complex
bonds with metals.”” Although D. mccartyi genomes do not encode for cytochromes, they
do encode for many metal-containing enzymes, including the critical reductive
dehalogenases. The down-regulated genes for ATP synthase, biosynthesis and Hym
hydrogenase during sulfide inhibition agree with the physiological observation of lower
cell yields and reduced dechlorination rates in strain 195. A similar gene expression

pattern of membrane-bound electron transferring complexes was observed in a previous
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transcriptomic study of DvH during inhibition by nitrate reducing bacteria.” In contrast,
sulfide inhibition of metal-containing enzymes resulted in up-regulated expression of
genes encoding for metal-containing enzymes involved in energy metabolism. The added
counter ion sodium (in the form of sodium sulfide) was unlikely be inhibitory to the
growth of strain 195, because in the sulfate inhibition experiment, we tested up to 10 mM
sodium sulfate, and did not observe any inhibitory effect on growth or dechlorination
performance of strain 195.
Sulfate effects on dechlorination during el ectron acceptor limitation

Faster growth kinetics of sulfate reducing bacteria under electron acceptor (TCE)
limitation caused sulfide accumulation that inhibits the growth of D. mccartyi at high
initial sulfate concentrations (5 mM). The results from the DvH/195 co-culture with
lactate and sulfate addition showed that 5 mM initial sulfate inhibited both dechlorination
and growth of strain 195. The same inhibition effect on dechlorination was also observed
when DvH/195 was supplied with excess electron donor and in the ANAS enrichment
culture supplied with lactate. This inhibition is consistent with previous observations that
5 mM sulfide inhibited dehalogenation in soil free microcosms,”’ and a recent field-scale
enhanced reductive dechlorination (ERD) study that also showed reductive
dechchlorination was negatively impacted with sulfate concentration above 5 mM when
ethanol was supplied in excess as electron donor.'” While another recent field-scale study
showed that sulfate below 2 mM was not inhibitory to reductive dechlorination in
hyporheic zones'®, which agrees with our observation that low sulfate concentration (2
mM) did not inhibit DvH/195 or ANAS enrichment. No methane production was

observed in sulfate-supplied ANAS under electron acceptor limitation, due to the low H,
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production (~10 nM) compared to the control (~100 nM). Sulfate reducing bacteria
(SRB) outcompete methanogens for H», even at 2 mM initial sulfate.
Sulfate effect on dechlorination under electron donor limitation

The dechlorination rate and cell yield of strain 195 was little affected at tested
sulfate concentrations (2 ~ 5 mM) in the tri-culture under electron donor limitation
(Figure 1 D). The sulfate reduction rate by DvH was slower compared to the electron
acceptor limitation (Figure 1 C, Table 1) due to the competition with strain 195 for H,,
which agrees with a previous report using an enrichment culture growing at electron
donor limiting condition.” Reductive dechlorination accounted for 36~38% of consumed
electrons while sulfate reduction accounted for 62~64% of consumed electrons. Similar
observations were made using sediment slurries, in which the presence of PCE accounted
for approximately 50% of the reducing equivalents with the remainder directed to sulfate
reduction.”® On the contrary, in the cases where dehalogenation was inhibited (Table 1),
hydrogen was provided in excess to the system to avoid hydrogen competition between
sulfate reduction and dehalogenation. Therefore, accumulated sulfide was the reason for

inhibited dehalogenation.

The long term maintenance of tri-culture Swolfei/DvH/195 consortia at electron
donor limiting condition showed with the same initial cell inoculation of DvH and 195,
195 became dominant after several sub-culturing event, demonstrating D. mccartyi out-
competes DvH for available H, even in sulfate-rich (5 mM) environments. This finding is
consistent with a recent study with a butyrate-fed dechlorinating enrichment culture in
which D. mccartyi became the predominant species regardless of the sulfate

concentrations (0.6 to 11.2 mM).** Further, the H, utilization half velocity coefficient for
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sulfate reduction (Ks.pp,, sui) is reported to be 0.2~2.4 uM, 60-61 \while for reductive
dechlorination the reported value (Ks.m, dechiorition) 18 in the range of 2~7 nM,él’62
indicating reductive dechlorination has a much higher H, affinity and can outcompete
sulfate reduction at lower hydrogen concentrations. SEM photos of the tri-culture
(Supporting material Figure S7) growing on butyrate (electron donor limitation) show
cell aggregate formation between the fermenting syntrophs and the H,-consuming
bacteria, demonstrating the cells are tend to form physical proximity during the
syntrophic condition under electron donor limitation. This result is similar to a previous
study that cell aggregates formed between S wolfel and strain 195 during syntrophic

growth.*

The observed dechlorination rate of the sulfate-supplied ANAS enrichment
culture under electron donor limitation was similar to the control group (no sulfate
added). This agrees with the observations using constructed consortia, which demonstrate
that reductive dechlorination rates are not affected by sulfate amendment (2mM and 5
mM) under electron donor limitation. Also, the higher abundance of D. mccartyi (>30%)
in the enrichment culture compared to the co- and tri-cultures may be another reason that

dechlorination out-competes sulfate reduction.*®

Cell ratio effect

Few studies have examined the effect of cell ratios of sulfate reducers to
dechlorinators on dechlorination performance.” In sulfate-rich environments, sulfate
reducers may be the dominant species compared to D. mccartyi, resulting in competition
for H,. This study showed that different initial cell ratios of sulfate reducing bacteria to

D. mecartyi (from 0.3 to 3.0) resulted in no significant differences in dechlorination
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profiles or cell growth (Table 1), demonstrating that initial cell ratios are not the most
critical factor for controlling inhibition of reductive dechlorination in sulfate reducing

environments.

In conclusion, sulfide instead of sulfate is responsible for the inhibitory effects on
dechlorination and growth by D. mccartyi. Under electron acceptor limited conditions,
sulfate concentrations are the key factor that determines the extent of dechlorination, with
high sulfate concentrations exhibiting inhibition due to the toxicity of the sulfate
reduction product sulfide. Under electron donor limited conditions, D. mccartyi can
successfully dechlorinate in anaerobic microbial communities regardless of sulfate
concentrations, demonstrating the ability of D. mccartyi to effectively compete against
other hydrogen-consuming bacteria. The inhibitory concentrations of sulfide on
Dehalococcoides strains could be incorporated to current kinetic modeling in order to
better predict reductive dechclorination process at sulfate reducing environment during

bioremediation practice.
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Tables and Figures

Figure 1. Ecological interactions between strain195, DvH and S, wolfei in constructed
consortia and potential inhibitory effects of sulfate/sulfide. A) Potential inhibitory effects

of sulfate/sulfide on strain 195; B) DvH and 195 in a syntrophic co-culture with lactate as
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electron donor and sulfate addition; C) DvH and 195 with H; fed in excess as electron

donor and sulfate addition; D) DvH, 195 and S. wolfel tri-culture (S wolfei/ DvH/195)

with butyrate as electron donor, and TCE and sulfate as electron acceptors. Acetate is the

carbon source for growth of 195. Dashed lines indicate potential inhibitory effect.

Figure 2. Co-culture (DvH/195) electron acceptor limitation experiment. A) TCE
dechlorination activity and H, production with arrows showing lactate amendments of
5mM and 2 mM; B) cell numbers; C) sulfate and sulfide concentrations. Symbols
represent the mean of biological triplicates and error bars indicate standard deviation.

Absence of error bars indicates error was smaller than the symbol.

Figure 3. Constructed consortia amended with 5 mM sulfate along with TCE and H,. A
and C: co-culture DvH/195 (inoculum ratio 1:1) with H,/CO, headspace; B and D: Tri-
culture Swolfei/DvH/195 (inoculum ratio 0.08:1:1) with 6 mM butyrate. Symbols
represent the mean of biological triplicates and error bars indicate standard deviation.

Absence of error bars indicates error was smaller than the symbol.

Figure 4. TCE dechlorination profile of enrichment culture ANAS with different initial
sulfate concentrations: A) with 20 mM lactate amendment and B) H, amendment as
electron donor. Sulfate consumption during the experiment: C) with 20 mM lactate
amendment and D) H, amendment as electron donor. Error bars indicate standard
deviation of biological triplicate. Arrow indicates 20 mM lactate amendment to the

culture on day 6.
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Table 1. Substrate utilization rates and electron equivalent consumption by constructed consortia.

DvH: Sulfate specific specific Consumed
electron Consortiua 195:S1 Limiting | S 0 Cl reléiase reduction dechlorination ) sulfate ele_ctrofn e(llg.uv Inhibition
donor members wo{]‘gz substrate | mM rate . rate rl%te re uctglon rate | ratio o _su ate effect
ratio® umol CI' d umol %1077 umol x10™ umol reduction to
sulfate d”! cell' d'! cell' d! dechlorination®
31 202:03 | 300£15 | 62+12 42+06 1.8:1
DvH/195 - acceptor .
H, I:1 2 221404 | 28417 65+ 1.1 44+03 L7:1 NO
1:3 22.6+03 279+ 1.1 5.5£0.7 3.8+0.2 1.6:1
3 11401 | 40405 55405 21403 3d6:1
DvH/195 - acceptor -
H, I 5 14£03 | 413+08 5.7 40.1 3207 282:1 YES
1:3 1.6 04 37.6+2.1 51403 22+05 199:1
Butyrate ' 3:1:0.08 298+09 | 15.0L1 46+0.7 5.0+ 1.3 1.6:1
S.wolfei/DVH [T1:7:0108 1.8:1
/195 S donor | 2 257406 | 143+03 4.6+03 714138 - NO
1:3:0.24 25.1 £0.1 13.8 0.7 42403 63+ 1.1 1.6:1
3:1:0.08 23.240.7 13.121.1 8.0+2.1 6.6+12 1.8:1
Butyrate | S.wolfei/DvH | 111:0:08 | qonor s 231403 | 107+2.1 53+1.1 53407 1.8:1
/195 1:3:0.24 1.6:1 NO
23.7 +£0.1 11.9+0.8 54407 40+0.3

* Initial cell ratios from table S2.

P CI release rates were calculated for 14-day experimental period in each experiment (Figure S2 to S5). Sulfate reduction rate was calculated for
the same experimental period.
“ Consumed electron equivalents calculated based on the half reactions listed in table S1 with 2:1 electrons per Cl released and 8:1
electrons per sulfate reduced.
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