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Abstract

The mechanism for perchlorate reduction was investigated using thiosulfate-driven (T-driven)
perchlorate reduction bacteria. The influences of various environmental conditions on perchlorate
reduction, including pH, temperature and electron acceptors were examined. The maximum
perchlorate removal rate was observed at pH 7.5 and 40 °C. Perchlorate reduction was delayed due
to the coexistence of perchlorate-chlorate and perchlorate-nitrate. The mechanism of the T-driven
perchlorate reduction electron transport chain (ETC) was also investigated by utilizing different
inhibitors. The results were as follows: firstly, the NADH dehydrogenase was not involved in the
ETC; secondly, the FAD dehydrogenase and quinone loop participated in the ETC; and thirdly,
cytochrome oxidase was the main pathway in the ETC. Meanwhile, microbial consortium structure
analysis indicated that Sulfurovum which can oxidize sulfur compounds coupled to the reduction
of nitrate or perchlorate was the primary bacterium in the T-driven and sulfur-driven consortium.
This study generates a better understanding of the mechanism of T-driven perchlorate reduction.

Keywords: Perchlorate reduction; Thiosulfate; Electron acceptor; Electron transport chain;
Microbial consortium structure

1. Introduction

Perchlorate is one of the major inorganic contaminants in surface and groundwater and is
commercially produced from solid rocket fuel propellants, explosives, and pyrotechnics (Wan et al.,
2016; Xu et al., 2015; Butler et al., 2010). The primary health problem caused by perchlorate is its
disruption of the thyroid function by interfering with iodine uptake, thus inhibiting thyroid hormone
production (Wang et al., 2014; Ju et al., 2008). In the United States, perchlorate has been detected
at more than 150 sites in more than 38 states (Boles etal.,, 2012). As a result, California,
Massachusetts, and Maryland have established their own individual standards of perchlorate levels
between 1 and 6 ug L' (Boles et al., 2012). Perchlorate has also been detected at many locations
throughout China (Ye etal.,, 2013; Shi etal., 2007). Shi etal. (2007) discovered that the
concentrations of perchlorate in sewage sludge, rice, bottled drinking water and milk ranged from
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0.56 to 379.90 ugkg', 0.16 to 4.88 ugkg', 0.04 to 2.01 ygL™" and 0.30 to 9.10 ug L™,
respectively. These results confirmed that perchlorate contamination is now widespread in China.
Therefore, determining a strategy to remove perchlorate contamination is important for protecting
the environment.

Strategies for treating perchlorate-contaminated waters include physicochemical methods and
biological methods (Baidas etal., 2011; Zhao etal., 2011; Xu and Logan, 2003). Biological
methods are a promising alternative to physicochemical approaches because of the low operational
cost associated with good performance for perchlorate remediation (Xu et al., 2015; Gao et al.,
2016; Xu and Logan, 2003).

Biological reduction relies on either heterotrophic or autotrophic microorganisms. Heterotrophic
reduction of perchlorate has been done using organic matter as electron donors, including acetate,
lactate, and ethanol (Anupama et al., 2015; Xu et al., 2015; Xu and Logan, 2003). However, the
residual organic substrate in the effluent can stimulate microbial growth in water distribution
systems and contribute to the formation of potentially toxic trihalomethanes during disinfection by
chlorination (Gao et al., 2016). Autotrophic reduction of perchlorate has been undertaken using
inorganic matter as electron donors, including hydrogen (London et al., 2011; Nerenberg et al.,
2008, 2006), reduced iron (Son et al., 2006), and sulfur compounds (Gao et al., 2016; Boles et al.,
2012; Ju et al., 2008, 2007) to overcome this problem.

Researchers have investigated sulfur compounds (S°, H2S and S203%7) as electron donors (Boles
etal., 2012; Ju et al., 2008, 2007). Because granular sulfur is insoluble in water, it has emerged as
a novel electron donor for packed bed reactors. However, for suspended sludge, thiosulfate is a
better electron donor than granular sulfur (Mora et al., 2015, 2014; Ju et al., 2008). Thiosulfate
serving as an electron donor for autotrophic perchlorate reduction has been reported in some studies
(Liebensteiner et al., 2015; Ju et al., 2008). Ju et al. (2008) evaluated various inoculum sources in
terms of their ability to utilize thiosulfate as an electron donor for perchlorate reduction. The
expected stoichiometry of the reaction is as follows:

S,05~ +ClO; + H;0—-2505 +Cl™ +2H"

However, few studies have examined environmental factors including temperature, pH value and
co-existing electron acceptors (e.g., nitrate and chlorate) on thiosulfate-driven (T-driven)
perchlorate reduction. Electron transport inhibitors, which could block certain parts of the electron
transfer chain, were used to analyze electron carrier participation in related biological processes
(Wang et al., 2016; Lian et al., 2016; Hong et al., 2007; Woznica et al., 2003). However, only a
few studies have examined the electron transport chain (ETC) mechanism and characteristics for
T-driven perchlorate reduction. Madigan etal. (2011) concluded that the electron transport
pathways of S° and S203?" as electron donors were similar. It should be noted that the relationship
between T-driven perchlorate reduction and sulfur-driven (S-driven) perchlorate reduction has not
yet been described.

The main objectives of this research were to: (1) investigate the influence of various environmental
conditions on T-driven perchlorate reduction bacteria (PCRB); (2) gain further insights into the
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perchlorate reduction process using inhibitors of the ETC; and (3) analyze the variation in the
microbial consortium structure among original activated sludge, T-driven PCRB and S-driven
PCRB.

2. Materials and methods
2.1. Bacteria inoculation and acclimation

Activated sludge was collected from a local municipal wastewater treatment plant (Qiaoxi District,
Shijiazhuang, China). This sludge was enriched in a basal medium containing C10s~ and S203%".
The composition of the basal medium was as follows (g L™!): 0.25 K:HPO4-3H20, 1.50
NaHCOs3-H20, 0.15 NH4Cl, 0.11 NaClO4 and 0.75 Na2S203. A microelement solution (1.0 mL L)
was added to the medium, which contained the following in g L™': 0.50 EDTA, 0.50 MnSO4-H2O,
0.10 FeSO4:7H20, 0.10 CaClz (anhydrous), 0.10 ZnSOs-7H20, 0.01 CuSO4-5H20, 0.01
Na:Mo0O4-2H20, 0.01 Na2W0O4-2H20 and 0.02 NiCl2-6H20.

The seed was acclimated in a 2 L sealed container consisting 1 L of sludge and 1 L of basal medium
at 35 °C with shaking. The initial C1O4~ concentration was 120 mg L', and the S203%~ content was
135 mg L', which was equal to the theoretical requirement for the complete reduction of Cl04~
according to reaction (1). When ClO4™ was depleted, 500 mL fresh medium (rate of displacement
being 25%) was added to the container for the next acclimation cycle (one day for a cycle). The
procedure for the analysis of volatile suspended solids (VSS) is illustrated in Fig. S1.

2.2. Chemicals

The inhibitors included cupricchloride (CuClz2), Rotenone, quinacrine dihydrochloride (QDH),
dicumarol, sodium azide (NaN3), and N,N’-Dicyclohexylcarbodiimide (DCCD). These inhibitors
were purchased from Sigma-Aldrich (St. Louis, MO). All other chemical reagents were of
analytical grade and purchased from Xiandai Ltd. (Shijiazhuang, China).

2.3. Experimental setup

The acclimation process was repeated for 70 cycles. Stable perchlorate reduction rate and biomass
were observed for 30 cycles. An uninoculated flask containing C104™, S203%™ and the basal medium
served as the control for abiotic reactions. Autoclaved control and no S203%~ control were run in
parallel, and the results are illustrated in Fig. S2. All experiments were conducted in 250 mL glass
flasks containing 100 mL of acclimated sludge (7.1 £ 0.2 g VSS L) and 150 mL of fresh basal
medium. All of the flasks were sealed at a temperature of 35 °C and purged with pure N2 to maintain
anaerobic conditions. Each flask was sampled at regular intervals for the measurement of ClO4",
CI', S203%, and SO4?". The specific molar yield of CI™ and SO4*>~ per M ClO4~ consumed, which
was linked to S2032" oxidation, is shown in Table S1. Each group was tested in triplicate. The
biomass concentration was considered constant throughout each test because the differences in the
VSS values before and after each experiment were detected within 5%.

2.3.1. Effect of pH and temperature on PCRB



To evaluate the effect of pH and temperature, T-driven PCRB was examined at pH values ranging
from 5.0 to 8.5 and temperatures from 20 °C to 60 °C. The tested sludge was obtained from the
32nd acclimation cycle. The medium containing 80 mg L' ClO4~ and 120 mg L™ S203%~ was
adjusted to different pH values (5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, and 8.5) with 1.0 M HCl or 1.0 M
NaOH. In the temperature experiment, cultures were grown at 20 °C, 30 °C, 40 °C, 50 °C and
60 °C.

2.3.2. Kinetics experiments

To evaluate the effect of chlorate or perchlorate concentration, T-driven PCRB was examined at
chlorate or perchlorate concentrations ranging from 20 mg L™! to 120 mg L™!. The tested sludge
was derived from the 38th acclimation cycle. The medium contained 150 mg L™! S203%". The
chlorate or perchlorate concentrations were 20, 40, 60, 80, 100 and 120 mg L™!. The kinetics of
perchlorate reduction by T-driven PCRB can be described by the Monod equation (Eq. (1)):

ds - qmaxXS

dt ' T K +S (1)

S is the (per)chlorate concentration (mg L™!); v is the removal rate of (per)chlorate (mg C1O4~ L™!
h!); X is microbial concentration (mg L™); gmax is the maximum specific substrate degradation
rate (mg ClO4~ g-VSS™! h™!); Ks is the half saturation constant.

2.3.3. Effect of co-existing nitrate and chlorate on PCRB

Two pairs of electron-acceptor systems (perchlorate-chlorate and perchlorate-nitrate) were tested
for their potential to receive the electrons from thiosulfate. The tested sludge originated from the
44th acclimation cycle. The concentrations of NO3~ and ClO3™ varied from 0 to 100 mg L™! while
the initial concentrations of ClO4~ and S203>~ were set at 80 and 200 mg L', respectively. The
NOs™ and C1O3™ concentrations were 0, 20, 40, 60, 80 and 100 mg L™'. Thirty-six flasks were sealed
and shaken once every 30 min.

2.3.4. Effect of electron transport inhibitors on perchlorate reduction

The tested sludge was from the 44th acclimation cycle and the inhibition sites of the inhibitors are
shown in Table S2. The initial perchlorate and S203>" concentrations were fixed at 80 and
120 mg L™, respectively, and the inhibitors concentrations ranged from 0 to 400 uM L' (Lian
etal., 2016; Wang et al., 2016; Xi et al., 2013).

2.3.5. Change in the microbial consortium structure

The different consortium structures of the original activated sludge, T-driven PCRB, and S-driven
PCRB were analyzed by 16S DNA metagenomic sequencing. A T-driven PCRB sample was
collected from the inoculated sludge, which was acclimated by thiosulfate after the 38th
acclimation cycle. An S-driven PCRB sample was collected from the inoculated sludge, which was
acclimated by sulfur after the 200™ cycle, and the acclimation procedure was similar to that for T-
driven PCRB.

2.4. Experimental setup



ate concentration(mg/L)

Samples (10 mL) were transferred from each flask for perchlorate measurement. The samples were
centrifuged at 10,000 g for 10 min. The supernatant was then filtered with a 0.22 um filter
membrane (nylon membrane). Concentrations of ClO4~, CIO3~, Cl, SO+, and NOs3~ were
analyzed using an ion chromatograph (Dionex 1100) fitted with a Dionex IonPac AS 20 analytical
column (4 x 250 mm) and a Dionex AG 20 guard column (4 x 50 mm). An eluent gradient
concentration (KOH) from 15 to 40 mM was utilized (0 min—10 min with 15 mM and 10 min—
21 min with 40 mM). And error in the parameter estimates was determined by approximating 95%
joint confidence limits for all experimental scenarios (With the error bars representing confidence
intervals). The pH was determined using pH meters (520A, Thermo Orion, USA), respectively.
The volatile suspended solids (VSS) were measured using standard methods (APHA, 1998). Then
the microbial consortium structure was examined using 16S DNA metagenomic sequencing
(Sangon Biotech Ltd, Shanghai China). Genomic DNA was extracted using a Qubit2.0 DNA Assay
Kit. The V3-V4 region of 16S rRNA genes was amplified using bacterial primers 341 F
(CCCTACACGACGCTCTTCCGATCTG CCTACGGGNGGCWGCAGQG) and 805R
(GACTGGAGTTCCTTGGCACCCGAGAATTCCAGACTACHVGGGTATCTAAT CO).
Furthermore the sequencing data analysis methods followed the method described by Ontiveros-
Valencia et al. (2013).

3. Results and discussion
3.1. Effect of pH and temperature

The pH and temperature could significantly affect the electron transfer reactions of ClO4™ to C1O3~
and CIOs™ to ClO2™ (Zhu et al., 2016; Song et al., 2015; Wu et al., 2008). To evaluate the effect of
pH and temperature, the T-driven PCRB was examined at pH values ranging from 5.0 to 8.5
(Fig. 1a) and at temperatures ranging from 20 °C to 60 °C (Fig. 1b).

As indicated in Fig. 1a, the promising perchlorate removal efficiencies were obtained at pH 7.5,
and the perchlorate removal efficiencies within 6 h were 63%, 76%, 82%, 91%, 97%, 100%, 94%
and 70% with pH values of 5.0, 6.0, 6.5, 7.0, 7.5, 8.0 and 8.5, respectively. The maximum specific
perchlorate degradation rate (qmax) (2.22 mg ClOs~ g-VSS™! h™!) was also obtained at pH 7.5
(Fig. 1a). This outcome has been documented in many studies (Zhu et al., 2016; Song et al., 2015;
Wu et al., 2008). The pH effect on the perchlorate reduction is that variations in pH change the
ionic form of the acid and base groups on the active sites of an enzyme (Xu et al., 2015).

As shown in Fig. 1b, the maximum specific perchlorate degradation rate was 2.26 mg ClO4~ g-
VSS™! h'! at 40 °C, and perchlorate could be completely reduced within 6 h. Subsequently, the
specific perchlorate degradation rate decreased remarkably when the temperature increased to
60 °C. The perchlorate removal efficiencies within 6 h were 55%, 89%, 98%, 48% and 36% at
20 °C, 30 °C, 40 °C, 50 °C and 60 °C, respectively (Fig. 1b). Microbial activity is significantly
affected by temperature and the optimal temperature for perchlorate reduction was approximately
37 °C, which was consistent with Zhu et al. (2016).
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Fig. 1. Effect of different (a) pH values and (b) temperatures on perchlorate reduction
(Conditions: biomass = 7.1 £ 0.2 g VSS L!; perchlorate concentration = 80 mg/L; thiosulfate
concentration = 120 mg/L; temperature of pH experiment = 35 °C; pH of temperature
experiment = 7.0 = 0.2).

3.2. Chlorate and perchlorate reduction kinetics

To evaluate the different removal rates between perchlorate and chlorate, the amount of chlorate
or perchlorate removal over time at different perchlorate concentrations (Fig. 2a) and chlorate
concentrations (Fig. 2b) was measured.
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Fig. 2. Effect of different initial (a) chlorate and (b) perchlorate concentrations on chlorate or
perchlorate reduction (Conditions: biomass = 7.1 = 0.2 g VSS L!; thiosulfate
concentration = 150 mg/L; temperature = 35 °C; pH = 7.0 £ 0.2).

As indicated in Fig. 2, perchlorate (20-120 mg L") was completely reduced within 8 h (Fig. 2a)
and chlorate (20-120 mg L™!) was completely reduced within 5 h (Fig. 2b). To facilitate a better
comparison, the specific perchlorate and chlorate degradation rates were calculated. The specific
chlorate and perchlorate degradation rate increased with the increase of initial chlorate and
perchlorate concentrations, respectively. The specific perchlorate degradation rate was 2.61 mg
ClO4 g-VSS™! h'! at the initial concentration of 120 mg L™' which was 2.36 times for the initial
concentration of 20 mg L' (Fig. 2a). And the specific perchlorate removal rate was much higher
than most of the values reported in previous studies (Table S3). The specific chlorate degradation
rate was 4.80 mg CIOs~ g-VSS™! h™! at the initial concentration of 120 mg L™! (Fig. 2b). The
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relationship between chlorate or perchlorate concentrations and the removal rate was well fitted by
the Monod model (Fig. S3). According to Eq. (1), the perchlorate kinetic parameters qmax and Ks
were calculated as 3.70 mg ClO4~ g-VSS™' h™! and 47.35 mg L, respectively. The chlorate kinetic
parameters gmax and Ks were calculated as 6.80 mg ClO3~ g-VSS™! h'! and 46.58 mg L,
respectively. The high gmax and Ks values implied the high removal rate and high tolerance against
highly concentrated chlorate or perchlorate. Hence, the chlorate removal rate was higher than the
perchlorate removal rate, and the tolerance against highly concentrated chlorate or perchlorate was
similar. Similar results were also observed in the study by Bardiya and Bae (2011), which utilized
chlorate in preference to perchlorate. Hence, the transformation of perchlorate into chlorate was
the rate-determining step for the T-driven perchlorate reduction.

3.3. Multiple electron acceptors

Nitrate and chlorate are often the concomitant pollutants in perchlorate wastewater, and these
inorganic electron acceptors can be reduced by most PCRB (Bardiya and Bae, 2011; Zhao et al.,
2011; Choi and Silverstein, 2008). These co-existing electron acceptors may regulate, hinder or
completely inhibit the perchlorate reduction (Xu et al., 2015; Bardiya and Bae, 2011; Zhao et al.,
2011). Interactions between perchlorate and other co-existing electron acceptors were evaluated in
this study.

3.3.1. Effect of chlorate on perchlorate reduction

The coexistence of perchlorate-chlorate experiment showed that chlorate significantly inhibited
perchlorate reduction (Fig. 3). Compared with the control (0 mg L™! chlorate), the inhibition effect
was enhanced by increasing the chlorate concentration. The perchlorate removal efficiencies within
6 h were 94%, 88%, 81%, 75% and 50% with CIO3~ concentration rose from 20 to 100 mg L™!
(Fig. 3a), which indicated that perchlorate reduction was delayed even co-existing a small amount
of chlorate (20 mg L™"). However, the specific perchlorate degradation rate was approximately
2.60 mg Cl04~ g-VSS™! h™! when the chlorate was completely removed (Fig. 3b). Nonetheless, the
inhibitory effect on perchlorate reduction could not be explained from the thermodynamic
perspective because the thermodynamics of chlorate reduction were lower than those of perchlorate
reduction (Xu et al., 2015). It has been suggested by Nerenberg et al. (2006) that chlorate was
preferentially reduced by (per)chlorate reductase in coexistence of perchlorate-chlorate. A similarly
strong inhibitory effect of chlorate on perchlorate was reported by Dudley et al. (2008).

3.3.2. Effect of nitrate on perchlorate reduction

The experiment for the coexistence of perchlorate-nitrate is displayed in Fig. 4. The inhibition
effect was enhanced as the nitrate concentration increasing. The perchlorate removal efficiencies
within 6 h were 76%, 58%, 36%, 16% and 0% as NOs~ concentration increased from 20 to
100 mg L' (Fig. 4a), which indicated that perchlorate reduction was delayed even co-existing a
small amount of NO3~ (20 mg L™!). However, this finding was contradictory with previous studies
that PCRB utilized perchlorate in preference to nitrate (Bardiya and Bae, 2011; Oosterkamp et al.,
2011; Xu et al., 2004). Xu et al. (2004) concluded that the perchlorate and nitrate was reduced by
perchlorate reductase and nitrate reductase, respectively. Nevertheless, several studies suggested
that perchlorate and nitrate were reduced by the same enzymes (Kotlarz et al., 2016; Zhu et al.,
2016; London et al., 2011; Butler et al., 2010; Choi and Silverstein, 2008). Choi and Silverstein
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(2008) observed that the presence of nitrate caused a long lag in perchlorate reduction until nitrate
had been completely reduced. Similar result was also found by Zhu et al. (2016). These indicated
that perchlorate and nitrate were catalyzed by the same perchlorate reductase in PCRB.
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Fig. 3. Effect of different initial chlorate concentrations on perchlorate reduction. (a) the changes
of perchlorate concentrations over time. (b) the changes of chlorate concentrations over time.
(Conditions: biomass = 7.1 + 0.2 g VSS L™!; perchlorate concentration = 80 mg/L; thiosulfate

concentration = 200 mg/L; temperature = 35 °C; pH =7.0 £ 0.2).

3.4. Effect of inhibitors on perchlorate reduction ETC

Several studies have focused on the mechanism of T-driven perchlorate reduction ETC. The aim
of this study was to explore the ETC of T-driven perchlorate reduction using six inhibitors.

CuClz2 and Rotenone are often used as an inhibitor of the NADH dehydrogenase (complex I) (Lian
etal., 2016; Wang et al., 2016). Cu®>* was reported to be a Fe-S cluster inhibitor that blocks electron
transfer to ubiquinone (Wang et al., 2016). Rotenone inhibited the NADH-ubiquinone reductase
activity (Wang et al., 2016; Lian et al., 2016). The effect of CuCl (Fig. 5a) and Rotenone (Fig. 5b)
revealed that the specific perchlorate degradation rate (2.35 mg ClOs~ g-VSS™! h™!) was similar at
Cu?" and Rotenone concentrations ranging from 0 to 400 uM L', In addition, the perchlorate
removal efficiency was 100% within 6 h even at Cu?>* and Rotenone concentration of 400 uM L.
This result indicated that complex I of the ETC might not be involved in the ETC of T-driven
perchlorate reduction.
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(Conditions: biomass = 7.1 + 0.2 g VSS L!; perchlorate concentration = 80 mg/L; thiosulfate
concentration = 200 mg/L; temperature = 35 °C; pH = 7.0 £ 0.2).

QDH inhibited FAD dehydrogenase (complex II) (Wang et al., 2016). The perchlorate removal
efficiencies were 100%, 100%, 99%, 98%, 93% and 72% within 6 h at QDH concentrations of 0,
20, 40, 100, 200 and 400 uM L', respectively. However, the perchlorate was completely reduced
within 9 h (Fig. 5¢). The result indicated that complex II participates in the ETC of T-driven
perchlorate reduction. But complex II was not the only pathway for T-driven perchlorate reduction.

Dicumarol was often used as an inhibitor of the quinone loop (Wang et al., 2016; Woznica et al.,
2003). The perchlorate removal efficiencies were 95% and 70% at the concentrations of 200 and
400 uM L', respectively. Perchlorate was completely reduced within 9 h (Fig. 5d). The inhibition
effect of dicumarol was similar to QDH. This result indicated that the electron was transport from
complex II to the quinone loop, suggesting that the quinone loop participates in the ETC of T-
driven perchlorate reduction.

NaNj3 inhibits cytochrome oxidase (complex IV) (Wang et al., 2016; Xi et al., 2013; Woznica et al.,
2003). The inhibition effect was enhanced by increasing the sodium azide concentration, and
perchlorate reduction appeared to be almost completely inhibited at the sodium azide concentration
of 400 uM L' (Fig. 5¢). The perchlorate removal efficiencies were 33% and 20% at the
concentrations of 200 and 400 uM L', respectively. The result suggested that complex IV was the
main pathway of ETC for T-driven perchlorate reduction.
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Fig. 5. Effect of inhibitors on perchlorate reduction. (a) CuClz (b) Rotenone (c) QDH (d)

Dicumarol (¢) NaNj3 (f) DCCD. (Conditions: biomass = 7.1 = 0.2 g VSS L!; perchlorate

concentration = 80 mg/L; thiosulfate concentration = 120 mg/L; temperature = 35 °C;
pH=7.0+0.2).

DCCD inhibits ATP synthase, enabling it to diminish the product of ATP (Hunt et al., 2010).
Perchlorate reduction appears to be completely inhibited at the DCCD concentration of 400 uM L™
(Fig. 5f). The perchlorate removal efficiencies were 100%, 100%, 98%, 97%, 85% and 20% within
6 h at DCCD concentrations of 0, 20, 40, 100, 200 and 400 uM L™!, respectively. Protons are a
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product of the oxidation of reduced sulfur compounds with the generation of a proton motive force
that leads to ATP synthesis by ATPase (Madigan et al., 2011). DCCD blocks the proton channel
and inhibits the activity of ATPase (Madigan et al., 2011). The distinct inhibition indicated that the
T-driven perchlorate reduction process was needed for energy.

Madigan et al. (2011) reported that ETC consists of complex I, the quinone pool, complex II,
complex III, cytochrome ¢ and complex IV. The ETC of T-driven perchlorate reduction was
explored using different inhibitors that inhibited different sites in the perchlorate reduction process.
Inhibitor experiments with Rotenone and CuCl> demonstrated that complex I was not involved in
the ETC. The perchlorate removal efficiency decreased at high QDH and dicumarol concentrations,
which indicated that complex II and quinone loop participated in the ETC. The NaN3 experiment
indicated that complex IV played an important role in the ETC. The inhibitor experiment with
DCCD indicated that the T-driven perchlorate reduction process was needed for energy.

The inhibitors were also applied for chlorate reduction (Fig. S4). A similar inhibition function was
found. The finding indicated that the T-driven PCRB could use a single enzyme, (per) chlorate
reductase, to reduce perchlorate to chlorate and chlorate to chlorite. Similarly, a single enzyme was
used for reducing perchlorate to chlorate and chlorate to chlorite had been reported by Xu et al.
(2015).

S203% as an electron donor for bioremediation had been reported by Madigan et al. (2011). S203%~
is first split into S° and SO3%, both of which are eventually oxidized to SO4>~. SO3* is oxidized to
SO4%, and the electrons transfer to cytochrome c. Part of the S° is reduced to HS™; then, the HS™ is
oxidized to SO4%>", and the electrons transfer to complex II. Most of the S° and S203%" provide
electrons to cytochrome C.

A schematic of the ETC for T-driven perchlorate reduction (Fig. 6) had been set up based on this
study and previous investigations (Lian et al., 2016; Wang et al., 2016; Xi et al., 2013; Madigan
etal., 2011; Woznica et al., 2003).

3.5. Microbial community analysis

The different microbial consortium structures of the original activated sludge, T-driven PCRB and
S-driven PCRB were analyzed by 16S DNA metagenomic sequencing. The bacterial sequences
were further assigned to known phylum, order and genus (Fig. 7).

The phylum analysis results (Fig. 7a) indicated that the majority of the sequences belonged to
Proteobacteria, Bacteroidetes, Chloroflexi, Firmicutes and Chlorobi. The proportions of
Proteobacteria and Chloroflexi in T-driven PCRB were 35.81% and 36.30%, respectively.
Compared with the original activated sludge, the proportion of Proteobacteria declined from 50.05%
to 35.81% while that of Chloroflexi increased from 8.82% to 36.30%. However, the proportion of
Proteobacteria was 83.00% in S-driven PCRB. Proteobacteria and Chloroflexi have been detected
in perchlorate reduction and denitrification (Lian et al., 2016). At the order level, the majority of
the sequences belonged to Anaerolineales, Campylobacterales, Clostridiales, Planctomycetales,
Xanthomonadales, Sphingobacteriales, Syntrophobacterales, Burkholderiales, Rhodocyclales,

Bacteroidales, Rhizobiales, Ignavibacteriales, Desulfobacterales and Rhodobacterales (Fig. 7b).
11



The sum of the 14 dominant order accounted for 52.65% (original activated sludge), 91.94% (T-
driven PCRB) and 79.13% (S-driven PCRB) of the total sequences. This indicated the level of
biodiversity decreased. Furthermore, Campylobacterales was found to be the largest order in T-
driven PCRB (34.99) and S-driven PCRB (64.96). Indicated here is the fact that both S-driven
PCRB and T-driven PCRB had a similar higher consortium structure similarity compared to the
original activated sludge.

Cytoplasm Periplasm

o,

"""" 2 Electron flow Per/Clr  (per)chlorate reductase

"""" 2 Proton flow Cld chlorite reductase

—y Substance flow
Fig. 6. The ETC of perchlorate reduction.

The genus level analyses provide a deeper understanding of the microbial consortium functions.
The majority of the sequences belonged to Sulfurovum, Longilinea, Leptolinea, Ornatilinea,
Smithella, Anaerolinea, Defluviimonas, and Ignavibacterium (Fig. 7c). Sulfurovum which can
oxidize sulfur compounds coupled to the reduction of nitrate or perchlorate was the primary
bacterium in T-driven PCRB (16.53%) and S-driven PCRB (57.79%) (Aranda et al., 2015; Inagaki
et al., 2004). However, the proportion of Sulfurovum was only 6.04% in the original activated
sludge (Fig. 7a). This outcome result indicated that Sulfurovum plays an important role in
thiosulfate or sulfur oxidizing perchlorate reduction. Longilinea, Acinetobacter and
Ignavibacterium were the most commonly reported sulfur-oxidizing autotrophic denitrifiers
(Zhang et al., 2015; Bhaskaran et al., 2013). Since perchlorate and nitrate have similar redox
potential, Longilinea, Acinetobacter and Ignavibacterium could reduce perchlorate and nitrate
simultaneously using sulfur-oxidizing.
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For T-driven PCRB, the abundance of Longilinea, Acinetobacter and Ignavibacterium were 9.15%,
1.43% and 1.12%, respectively. Longilinea emerged as the most commonly reported PCRB (Wan
etal.,, 2016), indicating that Longilinea, Acinetobacter and Ignavibacterium could oxidize
thiosulfate coupled to the reduction of perchlorate. Leptolinea has been known to act as a dominant
bacterial genus in sulfate reduction (Huang et al., 2015). Due to the presence of sulfate in T-driven
and S-driven systems, the abundance of Leptolinea was 6.94% and 1.00% for T-driven PCRB and
S-driven PCRB, respectively. The functions of those bacteria are summarized in Table S4. The
results of this study provide important information for accelerating the start-up of a sulfur-based
reactor by inoculating T-driven PCRB.

5. Conclusions

The mechanism of the ETC and the impacts of different influential factors on T-driven perchlorate
reduction were investigated. The maximum perchlorate reduction efficiency was observed at pH
7.5 and 40 °C. The perchlorate kinetic parameters of the maximum specific degradation rate (qmax)
were 3.70 mg ClO4~ g-VSS™' h™!, which was 0.54-time of chlorate kinetic parameters. The process
of perchlorate translated into chlorate was the rate limiting step. Perchlorate reduction was delayed
in presence of NO3s™ and ClOs™. The mechanism of ETC further elucidated the T-driven perchlorate
reduction process. Biodiversity decreased greatly during the acclimation process. Sulfurovum
which can oxidize sulfur compounds coupled to the reduction of nitrate or perchlorate was the
primary bacterium in T-driven PCRB (16.53%) and S-driven PCRB (57.79%). This result provides
important information for accelerating the start-up of a sulfur-based reactor by inoculating T-driven
PCRB. Overall, this study creates a deeper understanding of the mechanism of T-driven perchlorate
reduction.
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