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Abstract 23 
In order to elucidate interactions between sulfate reduction and dechlorination, we 24 

systematically evaluated the effects of different concentrations of sulfate and sulfide on 25 
reductive dechlorination by isolates, constructed consortia and enrichments containing 26 
Dehalococcoides sp. Sulfate (up to 5 mM) did not inhibit growth or metabolism of pure 27 
cultures of dechlorinator Dehalococcoides mccartyi 195, sulfate reducer Desulfovibrio 28 
vulgaris Hildenborough (DvH) or syntroph Syntrophomonas wolfei (S. wolfei).  In 29 
contrast, sulfide (5mM) exhibited inhibitory effects on growth of the sulfate reducer and 30 
the syntroph, as well as on both dechlorination and growth rates of D. mccartyi. 31 
Transcriptomic analysis of D. mccartyi 195 revealed that genes encoding for ATP 32 
synthase, biosynthesis and Hym hydrogenase were down-regulated during sulfide 33 
inhibition, while genes encoding for metal-containing enzymes involved in energy 34 
metabolism were up-regulated even though the activity of those enzymes (hydrogenases) 35 
was inhibited. When electron acceptor (trichloroethene) was limiting and electron donor 36 
(lactate) was provided in excess to co-cultures and enrichments, high sulfate 37 
concentrations (5 mM) inhibited reductive dechlorination due to the toxicity of generated 38 
sulfide. The initial cell ratio of sulfate reducers to D. mccartyi (1:3, 1:1 and 3:1) did not 39 
affect the dechlorination performance in the presence of sulfate (2mM and 5 mM). In 40 
contrast, under electron donor limitation, dechlorination was not affected by sulfate 41 
amendments due to low sulfide production, demonstrating that D. mccartyi can function 42 
effectively in anaerobic microbial communities containing moderate sulfate 43 
concentrations (5 mM), likely due to its ability to out-compete other hydrogen-consuming 44 
bacteria and archaea. 45 
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 46 
Key words: reductive dechlorination, sulfate reduction, sulfide generation, inhibition, 47 
competition 48 
Importance 49 

Sulfate is common in subsurface environments and has been reported as a co-50 
contaminant with chlorinated solvents at various concentrations. Inconsistent results for 51 
the effects of sulfate inhibition on the performance of dechlorination enrichment cultures 52 
have been reported in the literature. These inconsistent findings make it difficult to 53 
understand potential mechanisms of sulfate inhibition and complicate the interpretation of 54 
bioremediation field data. In order to elucidate interactions between sulfate reduction and 55 
reductive dechlorination, this study systematically evaluated the effects of different 56 
concentrations of sulfate and sulfide on reductive dechlorination by isolates, constructed 57 
consortia and enrichments containing Dehalococcoides sp. This study provides us with a 58 
more fundamental understanding of the competition mechanisms between reductive 59 
dechlorination by D. mccartyi and sulfate reduction during bioremediation process. It 60 
also provides insights on the significance of sulfate concentrations on reductive 61 
dechlorination under electron donor/acceptor limiting conditions during in situ 62 
bioremediation applications. For example, at a TCE contaminated site with high sulfate 63 
concentration, proper slow-releasing electron donors can be selected to generate an 64 
electron donor limiting environment that favor reductive dechlorination and minimize 65 
sulfide inhibition effect. 66 

 67 
 68 
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Introduction 69 
Perchloroethene (PCE), trichloroethene (TCE) and their daughter products 70 

dichloroethene (DCE) and vinyl chloride (VC) are common soil and groundwater 71 
contaminants with established toxicity and mutagenicity towards many organisms.1-3 In 72 
situ bioremediation processes that stimulate the growth of anaerobic microbial 73 
communities capable of reductively dechlorinating these contaminants to harmless ethene 74 
(ETH) are of great interest.4 Among reported dechlorinating species, Dehalococcoides 75 
mccartyi is the only known bacterium that can reductively dechlorinate PCE and TCE all 76 
the way to ethene.1 D. mccartyi requires H2 as its exclusive electron donor, acetate and 77 
CO2 as carbon sources and vitamin B12 as a co-factor. 5-7 Although reductive 78 
dechlorination can occur under a variety of redox conditions,8 dechlorination commonly 79 
only accounts for a small fraction of electron flow in microbial communities during 80 
bioremediation.9-11 Other terminal electron accepting processes (TEAPs), such as sulfate 81 
reduction, iron reduction, nitrate reduction, methanogenesis, homoactogenesis, and 82 
volatile fatty acids formation typically account for a large fraction of the electron flow in 83 
these systems (Table S1). 84 

Sulfate is common in subsurface environments and is often reported as a co-85 
contaminant with chlorinated solvents at various concentrations (0.2- 30 mM).12-17 The 86 
effects of sulfate and its reduction product sulfide on other terminal electron accepting 87 
processes have been explored in anaerobic digestion, sulfate reduction, nitrification, as 88 
well as reductive dechlorination processes.17-21 Hydrogen sulfide (H2S) has been shown 89 
to inhibit the growth of sulfate reducing bacteria at 16 mM due to both its intrinsic 90 
toxicity and indirect toxicity by precipitation with iron as ferric sulfide.19 91 
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The dechlorination of solvents under sulfate reducing conditions is complicated 92 
and less well studied. Although successful organic-stimulated bioremediation of solvents 93 
has been observed in aquifers containing sulfate, the typical approaches involve injecting 94 
an excess of electron donor in order to deplete sulfate and to avoid competition for 95 
hydrogen between dechlorination and sulfate reduction.22-23 This approach was shown to 96 
be successful at some field sites; however, it has proven to be unsuccessful at sites with 97 
high sulfate concentrations or complex geochemical conditions. 15, 24-26 98 

There are a limited number of laboratory studies with detailed information on the 99 
effects of sulfate on dechlorination.21,26-28 In addition, some conflicting results due to 100 
sulfate addition, ranging from enhanced dechlorination27,29,30 to inhibited or incomplete 101 
dechlorination15, 27, 29,31,32 as well as no observed effect on dechlorination 16,25 have been 102 
reported over the past decade. A review of published field data from TCE-contaminated 103 
sites with sulfate concentrations ranging from 39 mg L-1 to 4,800 mg L-1 reported the 104 
overall trend that as sulfate concentrations increased, dechlorination reactions became 105 
incomplete or delayed. 26 In addition, among these previous studies, there have only been 106 
a few that used microbial communities with the confirmed presence of D. mccartyi 107 
15,28,30,32,33 and cellular quantification has been lacking.  Further work is needed to clarify 108 
the significance of sulfate concentrations on reductive dechlorination under electron 109 
donor/acceptor limiting conditions. In addition, the effects of sulfide, the sulfate 110 
reduction product, on dechlorination needs to be systematically evaluated. 111 

In this study, we hypothesize two main mechanisms for the observed failure of 112 
complete dechlorination during bioremediation in sulfate-containing environments: 1) 113 
inhibition of enzymes involved in dechlorination by the sulfate reduction product sulfide; 114 
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2) the predominance and faster growth kinetics of sulfate reducing bacteria, compared 115 
with D. mccartyi at high H2 concentrations (electron acceptor limitation). In order to test 116 
these hypotheses, we investigated the inhibitory effect of sulfate and sulfide on i) pure D. 117 
mccartyi strain and supporting microorganisms, ii) constructed syntrophic consortia at 118 
different cell ratios and electron donor/ acceptor limited conditions, and iii) a 119 
methanogenic dechlorinating enrichment culture with high and low sulfate amendments. 120 
Transcriptomic analysis of D. mccartyi was used to investigate gene expression patterns 121 
during sulfide inhibition in order to better understand the mechanism of inhibition. This 122 
study provides a fundamental understanding of the effects of sulfate reduction on 123 
reductive dechlorination by D. mccartyi. 124 
Material and Methods 125 
Bacterial cultures and growth condition 126 

Dehalococcoides mccartyi strain 195 (strain 195) was grown in defined medium 127 
with H2/CO2 (90:10) headspace, 0.6 mM TCE as electron acceptor and 2 mM acetate as 128 
carbon source 6 (Figure 1 A). Desulfovibrio vulgaris Hildenborough (DvH) was grown in 129 
the same defined medium with N2/CO2 headspace, 10 mM lactate as electron donor and 5 130 
mM sulfate as electron acceptor. Syntrophomonas wolfei (S. wolfei) was grown on 131 
crotonate in 160 mL serum bottles as described previously.34 Bacterial co-cultures of S. 132 
wolfei and strain 195 (S. wolfei and strain 195 were inoculated at 5% of the total liquid 133 
volume, respectively ) were sustainably maintained on 5 mM butyric acid (5% vol/vol 134 
inoculation) with 0.6 mM TCE as described previously.35 Bacterial co-cultures of DvH 135 
and strain 195 (DvH/195, 5% vol/vol inoculation) were sustainably maintained on 5 mM 136 
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lactic acid (5% vol/vol inoculation) with 0.6 mM TCE as described previously.36 The 137 
methanogenic dechlorinating community ANAS was previously enriched from 138 
contaminated soil obtained from Alameda Naval Air Station (CA). The culture has been 139 
maintained in the laboratory for over 15 years in a continuously stirred semi-batch fed 140 
reactor, and its community structure and dechlorination performance have been 141 
previously described. 37-39 142 

In order to study the competition between reductive dechlorination and sulfate 143 
reduction under electron acceptor limitation (electron donor in excess), strain 195 and 144 
DvH were grown in defined medium with H2/CO2 headspace (Figure 1 C) with 0.7 mM 145 
TCE and 2 mM or 5 mM sulfate (Table S2). For electron donor limitation experiments, 146 
tri-cultures containing S. wolfei/DvH/195 were constructed in defined medium (Table S2) 147 
with 7.0 mM butyric acid, 0.7 mM TCE and 2 mM (or 5 mM) sulfate and N2/CO2 (80:20, 148 
vol/vol) headspace (Figure 1 D). For both electron donor and acceptor limiting 149 
conditions, TCE (0.7mM per dose) was amended to the cultures when the previous dose 150 
was depleted. All experiments were performed in triplicate.  After three sub-culturing 151 
events (5% vol/vol inoculation), tri-culture S. wolfei/DvH/195 cells were harvested 152 
during late exponential phase (day 6) and analyzed by scanning electron microscopy 153 
(SEM) as described previously.35 154 
Chemical analysis 155 

Chloroethenes and ethene were measured by FID-gas chromatograph using 100 156 
µL headspace samples, and hydrogen and carbon monoxide were measured by RGD-gas 157 
chromatography using 300 µL headspace sample as described previously.37, 40 The mass 158 
of each compound was calculated based on gas-liquid equilibrium by using Henry’s law 159 
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constants at 34°C. Organic acids, including butyrate and acetate, were analyzed with a 160 
high-performance liquid chromatograph as described previously.37 Sulfate concentration 161 
was measured by suppressed Ion Chromatography (Dionex ICS 1100) on a Dionex 162 
IonPac AERS500 column (4mm) with 4.5 mM Na2CO3/0.8 mM NaHCO3 as eluent. 163 
Sulfide concentration was measured at the end of experiments by methylene blue 164 
method.41 Trace metals concentrations were analyzed on an Agilent Technologies 7700 165 
series ICP-MS.42 166 
DNA extraction and cell number quantification 167 

1.5 mL liquid samples were collected during the incubation for cell density 168 
measurements and cells were harvested by centrifugation (21,000 × g, 10 min at 4°C). 169 
Genomic DNA was extracted from cell pellets using Qiagen DNeasy Blood and Tissue 170 
Kit according to the manufacturer’s instructions for Gram-positive bacteria. qPCR using 171 
SYBR Green-based detection reagents was applied to quantify gene copy numbers of 172 
each bacterium with S.wolfei 16S rRNA gene primers (forward primer 5’-173 
GTATCGACCCCTTCTGTGCC-3’, and reverse primer 5’-174 
CCCCAGGCGGGATACTTATT-3’), 43 DvH 16S rRNA gene primers (forward primer 175 
5’-AATCGGAATCACTGGGCGTA-3’ and reverse primer 5’-176 
CCCTGACTTACCAAGCAGCC-3’), 36 and D. mccartyi tceA gene primers (forward 177 
primer 5’-ATCCAGATTATGACCCTGGTGAA-3’ and reverse primer 5’-178 
GCGGCATATATTAGGGCATCTT-3’), as previously described.44 Cell number 179 
calculation was normalized based on target gene copy numbers in each genome of the 180 
bacterium. 181 
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RNA preparation and transcriptome analysis 182 
100 mM stock solution of sulfide-S (the sum of all speciation of H2S-S, HS−-S 183 

and S2−-S) was prepared from Na2S·9H2O in the defined culture medium. 10 mM sulfide-184 
S was amended to strain 195 cultures on day 4 during mid-log growth phase when 50% 185 
of TCE was degraded. Cultures were sampled on day 6 when control bottles exhibited 186 
late exponential growth (around 75% of 78 µmol TCE was dechlorinated). In order to 187 
collect sufficient material for transcriptomic microarray analysis, 60 bottles of sulfide-S 188 
amended strain 195 cultures and 18 bottles of control bottles (strain 195, no sulfide-S 189 
addition) were inoculated and grown from triplicate bottles of the isolate. For each 190 
biological triplicate, cells from 20 bottles were collected by vacuum filtration on day 6 191 
for the experimental group and the control (300 mL culture per filter, 0.2-µm autoclaved 192 
GVWP filter (Durapore membrane, Millipore, Billerica, MA)). Each filter was placed in 193 
a 2 mL orange-cap micro-centrifuge tube, frozen with liquid nitrogen and stored at -80 °C 194 
until further processing. RNA extraction and preparation were described previously.35 195 
Transcriptomic microarray analysis 196 

The Affymetrix GeneChip microarray used in this study has been described 197 
previously. 45 Briefly, the chip contains 4,744 probe sets that represent more than 98% of 198 
the ORFs from four published Dehalococcoides genomes (strain 195, VS, BAV1, and 199 
CBDB1). cDNA was synthesized from 9 µg RNA, then each cDNA sample was 200 
fragmented, labeled and hybridized to each array. All procedures were performed with 201 
minimal modifications to the protocols in section 3 of the Affymetrix GeneChip 202 
Expression Analysis Technical Manual (Affymetrix, Santa Clara, CA 203 
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http://www.affymetrix.com). Microarray data analysis methods were described 204 
previously.36,39 205 
Results 206 
Sulfate and sulfide effects on axenic cultures 207 

An environmentally high sulfate concentration (5 mM) did not affect cell growth 208 
or dechlorination rates of strain 195 (data not shown), a bacterium unable to reduce 209 
sulfate to sulfide. We also tested the effect of sulfide (the reduction product of sulfate) on 210 
cell growth of strain 195, and found that with 5% inoculation, it took 6, 10 and 14 days to 211 
dechlorinate 75 µmol TCE in the presence of 0 mM, 2 mM and 5 mM sulfide, 212 
respectively. The cell yield of strain 195 decreased about 65% as sulfide concentrations 213 
increased from 0 to 5 mM (Supporting material Figure S1 A). For S. wolfei (another 214 
bacterium incapable of sulfate reduction) grown with crotonate as electron donor, cell 215 
growth was not inhibited by 5 mM sulfate addition while 5 mM sulfide decreased cell 216 
yields by 40% compared to the control group (Supporting material Figure S1 C). For the 217 
DvH isolate that is capable of sulfate reduction, when sulfide concentrations were above 218 
10 mM, cell growth was inhibited (Supporting material Figure S1 B).  219 
Effect of sulfate reduction on dechlorination under electron acceptor limitation 220 

Syntrophic co-culture DvH /195 grows sustainably on lactate and TCE with DvH 221 
fermenting lactate to acetate and H2 that are used by strain 195 as carbon source and 222 
electron donor for reductive dechlorination of TCE, respectively.36 DvH is capable of 223 
reducing sulfate and hence produce sulfide. In this study, 12 mM lactate was amended to 224 
the co-culture initially as electron donor, while 5 mM sulfate and 0.55 mM TCE were 225 
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added as electron acceptors (Figure 1 B). Based on stoichiometry, 11.1 mM lactate would 226 
be required to reduce both electron acceptors: 10 mM lactate for sulfate reduction to 227 
sulfide and 1.1 mM lactate for TCE reduction to ethene, creating electron acceptor 228 
limitation. Aqueous H2 concentrations increased to 1.4 ± 0.6 µM on day 2 in the sulfate-229 
fed co-culture (Figure 2 A), compared to 43.1 ± 3.7 µM in the control group without 230 
sulfate amendment (lactate fermentation only, data not shown). When H2 in the co-231 
culture dropped below 0.1 µM on day 4, another 5mM lactate was amended to the culture 232 
and H2 slightly increased to above 1.0 μM on day 5, indicating that lactate fermentation 233 
was proceeding. However, TCE dechlorination rates decreased by 62% from day 4 to day 234 
9, and no cell growth was observed. On day 9, another 2 mM lactate was added to the co-235 
culture and H2 slightly increased to 2.0 μM, but both dechlorination and cell growth 236 
stalled from day 9 to day 16 (Figure 2 B). The 5mM sulfate was depleted within 4 days. 237 
On day 5 no sulfate was detected while sulfide concentration was measured to be 4.8 ± 238 
0.7 mM (Figure 2 C). At the end of the experiment (day 16), the cell number ratio of 239 
strain 195 to DvH was about 1:6 in contrast to the no sulfate control (co-culture grown on 240 
lactate and TCE), where the ratio was 4.3:1, similar to previously reported ratios.36 241 
Sulfide can precipitate metals that are necessary nutrients and hence make them 242 
inaccessible to the cells.46 In order to demonstrate that the lack of dechlorination 243 
observed in this study was due to sulfide inhibition instead of trace metal insufficiency 244 
caused by sulfide precipitation, at the end of the experiment (day 16) the headspace of the 245 
experimental bottles were flushed for 40 minutes with sterilized nitrogen gas to remove 246 
sulfide and bottles were re-amended 0.5 mM TCE and 1 mM lactate. Complete TCE 247 
dechlorination was observed after five days (data not shown). In addition, at the end of 248 
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the experiment (day 16), trace metals concentrations in the liquid medium were observed 249 
to be at the same micro molar levels as in the positive controls (no sulfate amendment). 250 

To further investigate the effect of sulfate reduction on reductive dechlorination 251 
under electron acceptor limitation, the activity of co-culture DvH/195 was quantified at 252 
different inoculum cell ratios (Table S2) with excess H2 as electron donor (H2/CO2 253 
headspace, 90:10 vol:vol, Figure 1 C). When 2 mM sulfate was amended to the co-254 
culture, no negative effects on dechlorination or cell growth were observed compared to 255 
the positive control (no sulfate amendment) among different cell ratios, while sulfate was 256 
fully reduced to sulfide (Supporting material Figure S2).  However, when 5 mM sulfate 257 
was amended to the co-culture, all sulfate was reduced by the end of the experiment at all 258 
cell ratios with reduced product sulfide (supporting material Figure S3) and TCE 259 
degradation stalled after day 4 (Figure 3 A and supporting material Figure S3). Both 260 
sulfate reduction rates and growth rates of DvH were higher when inhibition of 261 
dechlorination occurred, and > 99.5% of consumed electron equivalents (i.e. H2) went to 262 
sulfate reduction (Table 1) rather than to dechlorination.  263 
Effect of sulfate reduction on dechlorination under electron donor limitation 264 

In order to study the competition for H2 by dechlorination and sulfate reduction 265 
under electron donor limitation, we maintained a tri-culture of S. wolfei/DvH/195 on 266 
5mM butyrate, 0.7 mM TCE and 2 mM sulfate (Figure 1 D) with different initial cell 267 
ratios of DvH to strain 195 (Table S2). In these cultures, S. wolfei ferments butyrate to 268 
acetate (used for biosynthesis) and H2, which is competed by 195 for dechlorination and 269 
DvH for sulfate reduction, thus maintaining the requisite low H2 concentrations to sustain 270 
energetically unfavorable butyrate degradation by S. wolfei.  DvH does not use butyrate 271 
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as an electron donor for sulfate reduction. Based on stoichiometry (equations in Table 272 
S1), 5.4 mM butyrate would be required to fully reduce each of the electron acceptors: 2 273 
mM sulfate to hydrogen sulfide and 0.7 mM TCE to ethene. 5 mM butyrate was first fed 274 
to the tri-culture to generate electron donor limiting conditions. Another 0.7 mM TCE 275 
and 1 mM butyrate were subsequently amended to the culture when the previous dose of 276 
TCE was depleted. During the experimental period, H2 remained between 0.03 to 0.13 277 
μM for all cell ratios (Supporting material Figure S4), which is above the threshold for 278 
either dechlorination or sulfate reduction 47,48 and was comparable to that maintained in 279 
the control group (without sulfate addition). TCE dechlorination rates were not 280 
considerably affected by the sulfate additions (2 mM or 5 mM) for all initial cell ratios 281 
(Figure 3 B, supporting material Figure S4, S5). With equal starting cells of DvH and 282 
strain 195, the sulfate reduction rates (14.3 ± 0.3 μmol d-1) decreased to about half of 283 
those in the electron acceptor limited condition (28.4 ± 1.7 μmol d-1) at 2 mM sulfate, and 284 
to about one quarter with 5 mM sulfate at electron acceptor limited condition, while only 285 
26.8% - 28.0% of sulfate was reduced in all three cell ratios (Supporting material Figure 286 
S5).  287 

In order to study the continuous competition of sulfate reduction and 288 
dechlorination under electron donor limiting condition, we constructed tri-culture S. 289 
wolfei/DvH/195 with initial cell ratios of 0.08:1:1 (Table S2). 5 mM butyrate, 2 mM 290 
sulfate and 0.7 mM TCE were amended and the tri-culture was routinely sub-cultured 291 
into fresh medium (10% vol/vol) every 14 days after TCE was fully reduced to ethene 292 
(data not shown). After three subculture events, we monitored TCE dechlorination 293 
performance and cell growth in the tri-culture (Supporting material Figure S6). Strain 195 294 
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increased to 1.9 ± 0.2 ×108 mL-1, which was similar to the control group with no sulfate 295 
amendment (1.8 ± 0.2 ×108 mL-1), while S. wolfei (1.2 ± 0.3 ×107 mL-1) increased to 50% 296 
higher than the control (0.8 ± 0.1 ×107 mL-1). DvH cell numbers increased to 1.4 ± 0.2 297 
×107 mL-1 on day 10, then decreased to 0.8± 0.1 ×107 mL-1 by the end of the experiment 298 
(62% lower than that in the initially constructed tri-culture 2.1 ± 0.1 ×107 mL-1). The cell 299 
ratio (S. wolfei/DvH/195) was stably maintained at 1:1:16 and the dechlorination rate was 300 
not affected by sulfate addition (2 mM) after the three sub-cultures. Interestingly, cell 301 
aggregates were observed in the late exponential phase of each subculture event 302 
(Supporting material Figure S7).  303 
Effects of Sulfate on dechlorination in a groundwater enrichment 304 

A methanogenic reductive-dechlorinating enrichment culture (ANAS) was used to 305 
test sulfate effects on dechlorination under different electron limiting conditions (Figure 306 
4). Two sulfate concentrations (2 mM and 5 mM) were amended to ANAS with 20 mM 307 
lactate and 0.2 mM TCE for electron acceptor limitation. When electron acceptor was 308 
limiting, H2 was produced within two days and achieved mM levels. TCE dechlorination 309 
stalled on day 6 at both sulfate concentrations, and H2 levels dropped to < 2 nM (data not 310 
shown). In order to avoid electron donor limitation, another 20 mM lactate was re-311 
amended to the bottles on day 6, and TCE reduction resumed within two days in the 2 312 
mM sulfate cultures while H2 levels remained above 20 nM. However, no further TCE 313 
reduction was observed in the 5 mM sulfate cultures although H2 levels (6.0 nM) were 314 
above the threshold of dechlorination by day 8.  315 

Under electron donor limitation, micro molar levels of H2 (~0.15 μM) was 316 
intermittently added to maintain the low H2 concentrations expected. Dechlorination rates 317 
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were the same with sulfate amendments as in the control (Figure 4 B) with cis-DCE (81.7 318 
± 3.3 % with 5mM sulfate, 90.8 ± 1.5% with 2mM sulfate) as the main reduction product 319 
on day 8 (data not shown). Sulfate reduction rates decreased significantly to 3.7 ± 0.2 320 
μmol d-1 (at 2mM sulfate) and 7.0 ± 1.3 μmol d-1 (at 5 mM sulfate) compared to the 321 
electron acceptor limitation at 15.3 ± 1.1 μmol d-1 (with 2mM sulfate) and 43.3 ± 0.8 322 
μmol d-1 (with 5 mM sulfate). Methane production occurred in the control (data not 323 
shown) but was not observed in the enrichment with sulfate amendments within the 324 
experimental period (8 days) due to the low aqueous H2 concentrations (< 100 nM), 325 
consistent with previous research.47 326 
Transcriptomic study of strain 195 with sulfide inhibition 327 

The effects of sulfide addition on D. mccartyi 195 gene expression were studied 328 
in order to better understand the inhibition mechanism. 10 mM Sulfide was amended to 329 
strain 195 at mid-log phase of growth on day 4. Cell samples were collected after 48 330 
hours additional incubation (day 6), when control bottles (without sulfide amendment) 331 
reached late exponential growth phase.  TCE dechlorination rates were slower in the 332 
sulfide amended bottles than in the controls (0.3 mmol/L/d versus 1.3 mmol /L/d). 333 
Transcriptomic analysis showed that 115 genes were significantly down regulated, while 334 
207 genes were significantly up-regulated (≥ two-fold change) in the presence of sulfide. 335 

The short-term exposure to 10 mM sulfide did not change the expression pattern 336 
of genes encoding for dehalogenases (Table S3). However, down-regulated genes include 337 
Hym [Fe]-hydrogenase (DET0146-0148), ATP synthase (DET0558-0565), and genes 338 
related to biosynthesis (Table S3). Up-regulated gene expressions were observed in a 339 
subset of the genes encoded for ferrous iron transport protein (DET0095-0097), 340 
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phosphate ABC transporters (DET 0138-0142), and genes related to nitrogen regulation 341 
and transport (DET1124-1125). 342 
Discussion 343 

Inconsistent results for the effects of sulfate inhibition on the performance of 344 
dechlorination enrichment cultures have been reported in the literature. El Mamouni et al.  345 
31 reported that 10 mM sulfate addition to soil had no significant effect on TCE 346 
dechlorination by indigenous microorganisms while higher sulfate concentrations (15 and 347 
20 mM) yielded slower dechlorination. Heimann et al.30 reported that 2.5 mM sulfate 348 
inhibited dechlorination by a mixed anaerobic culture by reducing the H2 supply to low 349 
nanomolar H2. Conversely, sulfate did not affect dechlorination when rapid fermentation 350 
of lactate resulted in accumulation of hydrogen to levels >100 nM. Aulenta et al. 27 351 
reported that 3.7 mM sulfate adversely affected the rate of reductive dechlorination of an 352 
enriched dechlorinating community. These inconsistent findings make it difficult to 353 
understand potential mechanisms of sulfate inhibition and complicate the interpretation of 354 
bioremediation field data.  355 
Inhibition mechanism  356 

This study demonstrates that sulfide rather than sulfate exhibits inhibitory effects 357 
on dechlorination and growth of D. mccartyi, fermenting bacterium S. wolfei and sulfate 358 
reducing bacterium DvH. The cell yield of strain 195 decreased significantly at high 359 
sulfide concentrations (5 mM) while TCE dechlorination slowed, indicating that D. 360 
mccartyi decoupled growth from dechlorination when sulfide was introduced to the 361 
system at moderate to high concentrations. This result agrees with a previous study 362 
showing that sulfate did not inhibit D.mccartyi FL2 at high concentrations (10 mM).21 363 
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Sulfide exerts inhibitory effects on a variety of cultures with different thresholds.21, 49-53 A 364 
previous study reported that insoluble metal sulfide formation from mg/L concentrations 365 
of heavy metals deactivated sulfate reducing bacteria by acting as a physical barrier to the 366 
cells.46 At remediation sites, sulfate reduction can overlap with iron reduction which can 367 
lead to precipitated iron sulfide. The biogenic iron sulfide may reduce part of the sulfide 368 
toxicity and also perform abiotic chloroethene degradation when electron donor is in 369 
excess.54, 55 The overall TCE remediation may benefit from the resulting iron sulfide 370 
formation. However, this abiotic chloroethene degradation process was not investigated 371 
in this study. In our experimental set-up, D. mccartyi was grown as planktonic cells and 372 
trace metals were supplied at micro molar levels, below those needed to generate 373 
significant insoluble precipitation. In addition, our results demonstrated that sulfide 374 
inhibition is reversible, similar to the study conducted by Samhan-Arias56, indicating that 375 
inhibition was not due to trace metal deficiency. In the pH range (7.0~7.3) used in these 376 
experiments, H2S and HS- each counts for half of sulfide present in the culture.49 In some 377 
organisms, the toxicity of H2S has been attributed to its ability to inhibit cytochrome c-378 
oxidase in a similar manner to hydrogen cyanide (HCN) that prevents cellular respiration 379 
and inhibits the activity of a number of metal-containing enzymes by forming a complex 380 
bonds with metals.57 Although D. mccartyi genomes do not encode for cytochromes, they 381 
do encode for many metal-containing enzymes, including the critical reductive 382 
dehalogenases. The down-regulated genes for ATP synthase, biosynthesis and Hym 383 
hydrogenase during sulfide inhibition agree with the physiological observation of lower 384 
cell yields and reduced dechlorination rates in strain 195. A similar gene expression 385 
pattern of membrane-bound electron transferring complexes was observed in a previous 386 
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transcriptomic study of DvH during inhibition by nitrate reducing bacteria.58 In contrast, 387 
sulfide inhibition of metal-containing enzymes resulted in up-regulated expression of 388 
genes encoding for metal-containing enzymes involved in energy metabolism. The added 389 
counter ion sodium (in the form of sodium sulfide) was unlikely be inhibitory to the 390 
growth of strain 195, because in the sulfate inhibition experiment, we tested up to 10 mM 391 
sodium sulfate, and did not observe any inhibitory effect on growth or dechlorination 392 
performance of strain 195. 393 
Sulfate effects on dechlorination during electron acceptor limitation  394 

Faster growth kinetics of sulfate reducing bacteria under electron acceptor (TCE) 395 
limitation caused sulfide accumulation that inhibits the growth of D. mccartyi at high 396 
initial sulfate concentrations (5 mM). The results from the DvH/195 co-culture with 397 
lactate and sulfate addition showed that 5 mM initial sulfate inhibited both dechlorination 398 
and growth of strain 195. The same inhibition effect on dechlorination was also observed 399 
when DvH/195 was supplied with excess electron donor and in the ANAS enrichment 400 
culture supplied with lactate. This inhibition is consistent with previous observations that 401 
5 mM sulfide inhibited dehalogenation in soil free microcosms,29 and a recent field-scale 402 
enhanced reductive dechlorination (ERD) study that also showed reductive 403 
dechchlorination was negatively impacted with sulfate concentration above 5 mM when 404 
ethanol was supplied in excess as electron donor.15 While another recent field-scale study 405 
showed that sulfate below 2 mM was not inhibitory to reductive dechlorination in 406 
hyporheic zones16, which agrees with our observation that low sulfate concentration (2 407 
mM) did not inhibit DvH/195 or ANAS enrichment. No methane production was 408 
observed in sulfate-supplied ANAS under electron acceptor limitation, due to the low H2 409 
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production (~10 nM) compared to the control (~100 nM). Sulfate reducing bacteria 410 
(SRB) outcompete methanogens for H2, even at 2 mM initial sulfate.  411 
Sulfate effect on dechlorination under electron donor limitation  412 

The dechlorination rate and cell yield of strain 195 was little affected at tested 413 
sulfate concentrations (2 ~ 5 mM) in the tri-culture under electron donor limitation 414 
(Figure 1 D). The sulfate reduction rate by DvH was slower compared to the electron 415 
acceptor limitation (Figure 1 C, Table 1) due to the competition with strain 195 for H2, 416 
which agrees with a previous report using an enrichment culture growing at electron 417 
donor limiting condition.25 Reductive dechlorination accounted for 36~38% of consumed 418 
electrons while sulfate reduction accounted for 62~64% of consumed electrons. Similar 419 
observations were made using sediment slurries, in which the presence of PCE accounted 420 
for approximately 50% of the reducing equivalents with the remainder directed to sulfate 421 
reduction.59 On the contrary, in the cases where dehalogenation was inhibited (Table 1), 422 
hydrogen was provided in excess to the system to avoid hydrogen competition between 423 
sulfate reduction and dehalogenation. Therefore, accumulated sulfide was the reason for 424 
inhibited dehalogenation. 425 

The long term maintenance of tri-culture S.wolfei/DvH/195 consortia at electron 426 
donor limiting condition showed with the same initial cell inoculation of DvH and 195, 427 
195 became dominant after several sub-culturing event, demonstrating D. mccartyi out-428 
competes DvH for available H2 even in sulfate-rich (5 mM) environments. This finding is 429 
consistent with a recent study with a butyrate-fed dechlorinating enrichment culture in 430 
which D. mccartyi became the predominant species regardless of the sulfate 431 
concentrations (0.6 to 11.2 mM).32  Further, the H2 utilization half velocity coefficient for 432 
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sulfate reduction (KS-H2, sul) is reported to be 0.2~2.4 µM, 60-61 while for reductive 433 
dechlorination the reported value (KS-H2, dechlorition) is in the range of 2~7 nM,61,62 434 
indicating reductive dechlorination has a much higher H2 affinity and can outcompete 435 
sulfate reduction  at lower hydrogen concentrations. SEM photos of the tri-culture 436 
(Supporting material Figure S7) growing on butyrate (electron donor limitation) show 437 
cell aggregate formation between the fermenting syntrophs and the H2-consuming 438 
bacteria, demonstrating the cells are tend to form physical proximity during the 439 
syntrophic condition under electron donor limitation. This result is similar to a previous 440 
study that cell aggregates formed between S. wolfei and strain 195 during syntrophic 441 
growth.35 442 

The observed dechlorination rate of the sulfate-supplied ANAS enrichment 443 
culture under electron donor limitation was similar to the control group (no sulfate 444 
added). This agrees with the observations using constructed consortia, which demonstrate 445 
that reductive dechlorination rates are not affected by sulfate amendment (2mM and 5 446 
mM) under electron donor limitation. Also, the higher abundance of D. mccartyi (>30%) 447 
in the enrichment culture compared to the co- and tri-cultures may be another reason that 448 
dechlorination out-competes sulfate reduction.38 449 
Cell ratio effect 450 

Few studies have examined the effect of cell ratios of sulfate reducers to 451 
dechlorinators on dechlorination performance.63 In sulfate-rich environments, sulfate 452 
reducers may be the dominant species compared to D. mccartyi, resulting in competition 453 
for H2. This study showed that different initial cell ratios of sulfate reducing bacteria to 454 
D. mccartyi (from 0.3 to 3.0) resulted in no significant differences in dechlorination 455 
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profiles or cell growth (Table 1), demonstrating that initial cell ratios are not the most 456 
critical factor for controlling inhibition of reductive dechlorination in sulfate reducing 457 
environments.  458 

In conclusion, sulfide instead of sulfate is responsible for the inhibitory effects on 459 
dechlorination and growth by D. mccartyi. Under electron acceptor limited conditions, 460 
sulfate concentrations are the key factor that determines the extent of dechlorination, with 461 
high sulfate concentrations exhibiting inhibition due to the toxicity of the sulfate 462 
reduction product sulfide. Under electron donor limited conditions, D. mccartyi can 463 
successfully dechlorinate in anaerobic microbial communities regardless of sulfate 464 
concentrations, demonstrating the ability of D. mccartyi to effectively compete against 465 
other hydrogen-consuming bacteria. The inhibitory concentrations of sulfide on 466 
Dehalococcoides strains could be incorporated to current kinetic modeling in order to 467 
better predict reductive dechclorination process at sulfate reducing environment during 468 
bioremediation practice. 469 
 470 
Acknowledgement 471 
This work was funded through research grants from NIEHS (P42-ES04705-14) and NSF 472 
(CBET-1336709) 473 
Tables and Figures 474 
 475 
Figure 1. Ecological interactions between strain195, DvH and S. wolfei in constructed 476 
consortia and potential inhibitory effects of sulfate/sulfide.  A) Potential inhibitory effects 477 
of sulfate/sulfide on strain 195; B) DvH and 195 in a syntrophic co-culture with lactate as 478 
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electron donor and sulfate addition; C) DvH and 195 with H2 fed in excess as electron 479 
donor and sulfate addition; D) DvH, 195 and S. wolfei tri-culture (S. wolfei/ DvH/195) 480 
with butyrate as electron donor, and TCE and sulfate as electron acceptors.  Acetate is the 481 
carbon source for growth of 195. Dashed lines indicate potential inhibitory effect.  482 
 483 
 484 
Figure 2. Co-culture (DvH/195) electron acceptor limitation experiment. A) TCE 485 
dechlorination activity and H2 production with arrows showing lactate amendments of 486 
5mM and 2 mM; B) cell numbers; C) sulfate and sulfide concentrations. Symbols 487 
represent the mean of biological triplicates and error bars indicate standard deviation. 488 
Absence of error bars indicates error was smaller than the symbol. 489  490 
Figure 3. Constructed consortia amended with 5 mM sulfate along with TCE and H2. A 491 
and C: co-culture DvH/195 (inoculum ratio 1:1) with H2/CO2 headspace; B and D: Tri-492 
culture S.wolfei/DvH/195 (inoculum ratio 0.08:1:1) with 6 mM butyrate. Symbols 493 
represent the mean of biological triplicates and error bars indicate standard deviation. 494 
Absence of error bars indicates error was smaller than the symbol. 495 
 496 
Figure 4. TCE dechlorination profile of enrichment culture ANAS with different initial 497 
sulfate concentrations: A) with 20 mM lactate amendment and B) H2 amendment as 498 
electron donor. Sulfate consumption during the experiment: C) with 20 mM lactate 499 
amendment and D) H2 amendment as electron donor. Error bars indicate standard 500 
deviation of biological triplicate. Arrow indicates 20 mM lactate amendment to the 501 
culture on day 6.  502 
 503 
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Table 1. Substrate utilization rates and electron equivalent consumption by constructed consortia. 

electron 
donor 

Consortiua 
members 

DvH: 
195:S. 

wolfei 
ratioa  

Limiting 
substrate 

SO4
2- 

mM 

Cl- release 
rateb  

μmol Cl- d-1 

Sulfate 
reduction 

rate 
 μmol 

sulfate d-1 

specific 
dechlorination 

rate 
×10-10 μmol 

cell-1 d-1 

specific 
sulfate 

reduction rate 
×10-9 μmol 

cell-1 d-1 

Consumed 
electron equiv 
ratio of sulfate 

reduction to 
dechlorinationc 

Inhibition 
effect 

 
H2 
  

DvH/195   
 

3:1 
acceptor 

 

 
2 
 

20.2 ± 0.3 30.0 ± 1.5 6.2 ± 1.2 4.2 ± 0.6 1.8:1 
 

NO 
 

1:1 22.1 ± 0.4 28.4 ± 1.7 6.5 ± 1.1 4.4 ± 0.3 1.7:1 
1:3 22.6 ± 0.3 27.9 ± 1.1 5.5± 0.7 3.8 ± 0.2 1.6:1 

 
 H2 

  

DvH/195   
 

3:1 
acceptor 

  

 
5 
 

1.1 ± 0.1 40.4 ± 0.5 5.5 ±0.5 2.1 ± 0.3 346:1 

YES 
 

1:1 1.4 ± 0.3 41.3 ± 0.8 5.7 ±0.1 3.2 ± 0.7 282:1 
1:3 1.6 ± 0.4 37.6 ± 2.1 5.1 ±0.3 2.2 ± 0.5 199:1 

Butyrate 
 
 

S.wolfei/DvH
/195  

3:1:0.08 
  

 donor 
 

 
2 
 

29.8 ± 0.9 15.0 ±1.1 4.6 ± 0.7 5.0 ± 1.3 1.6:1 
 

NO 
 

1:1:0.08 25.7 ± 0.6 14.3 ± 0.3 4.6 ± 0.3 7.1 ± 1.8 1.8:1 
1:3:0.24 25.1 ±0.1 13.8 ±0.7 4.2 ± 0.3 6.3 ± 1.1 1.6:1 

Butyrate 
   

S.wolfei/DvH
/195    

3:1:0.08 
  

 donor 
 

 
5 

23.2 ±0.7 13.1±1.1 8.0 ± 2.1 6.6 ± 1.2 1.8:1 

 
NO 

 

1:1:0.08 23.1 ±0.3 10.7 ± 2.1 5.3 ± 1.1 5.3 ± 0.7 1.8:1 
1:3:0.24 

23.7 ±0.1 11.9 ± 0.8 5.4 ± 0.7 4.0 ± 0.3 
1.6:1 

a. Initial cell ratios from table S2. 
b. Cl- 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. 
c. 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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