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Chapter 1

Introduction

1.1 Uses of antimony

Antimony (Sb) is a kind of metalloid which belongs to group 15 of the Periodic Table
along with pnictogen including nitrogen (N), phosphorus (P), arsenic (As), bismuth (Bi) and
perhaps the uncharacterized synthetic element moscovium (Mc). It has an atomic weight of 122
and a density of 6.697 kg/m> at 26 °C (Anderson, 2012). Sb can exist in a variety of oxidation
states (-II1, O, III, V) but mainly found in two oxidation states III (antimonite (Sb(Ill)) and V
(antimonate (Sb(V)) in environment (Filella et al., 2002a). Since antimony is a strong
chalcophile element, it mainly occurs in nature as Sb,S; (stibnite) and Sb2O3 (valentinite).

Sb and its compounds were found as early as 4000 BCE and have been used in medicines
and cosmetics since ancient times. Besides, Sb was used for purifying gold from copper and
silver up in 18th century (Filella et al., 2002a). As to modern industry, Sb is frequently used in
the production of alloys for years. In addition, Sb and its compounds are widely utilized as
semiconductor materials, a catalyst for polyethylene terephthalate synthesis, battery
manufacture and in various operations such as production of paint pigments, flame retardants,
brake linings, plastics, glassware and ceramics (Ungreanu et al., 2015).

World reserves of Sb are over 2 million tons in 2006 and are mainly located in Bolivia,
China, Russia, South Africa and Mexico (Carlin, 2000). Nowadays, Sb is the ninth-most mined
metal worldwide (Scheinost et al., 2006) and current world production of Sb is over 140,000
tons per year (Table 1-1). Such huge annual production and consumption of Sb may generate a

mass of Sb-contaminated wastes, which probably cause serious environmental pollution.

11



Table 1-1 Major Sb mine production in the world from 2010 to 2015 (in metric tons) (Survey,
U.S.G., 2012, 2013, 2014, 2015, 2016)

Country Antimony mine production / Metric tons
Year

2010 2011 2012 2013 2014 2015
China 120,000 150,000 145,000 120,000 120,000 115,000
Russia 3000 3300 6500 7000 9000 9000
Australia - - - - 5800 5500
Bolivia 3000 3900 4000 5000 5500 5000
Tajikistan 2000 2000 2000 4700 4700 4700
Turkey - - - - 4500 4500
Burma - - - 9000 3300 3500
South Africa 3000 4700 3800 3100 1600 -

1.2 Sb pollution in aquatic environment

Recent years, Sb pollution was detected in several rivers (Wilson et al., 2009; Zhang et al.,
2009; Wu et al., 2011; Asaoka et al., 2012). Although Sb also occurs in aquatic environment as
a result of rock weathering or soil runoff, the release caused by human activities can reach up
to 100 times natural levels (Filella et al., 2002a). Historical and current mining and smelting
activities are the main reason that expedites the diffusion of Sb in aquatic and soil systems
through the discharge of mine wastes (Lin et al., 2018; Sh et al., 2012). Since China has the
largest reserves of Sb in the world with 114 Sb mines located within 18 provinces or
autonomous regions (He et al., 2012), China plays an important role in global anthropogenic
Sb emissions (Tian et al., 2012). For example, Gao et al. (2012) found that Sb concentration in
the sediments of the Beijiang River (in south China) reached 39.0 mg/kg mainly due to the

metal smelting industries and local mining activities in the upper regions of the river. High
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concentration of Sb was also observed in the water flowing through Xikuangshan mine area
(Hunan, China), which is the world’s largest Sb mine, as a result of Sb release from waste heaps
and the tailing ponds (Zhou et al., 2017). Water samples from Xikuangshan mine area showed
higher level of Sb (2-6384 pg/L) than the world average level (1 ug/L) (Wang et al., 2011), and
the Sb concentration in surrounding water area was 53.6 + 46.7 pg/L (Fu et al., 2010). Sb
contamination was also found in many other aquatic environment near mining area (Culioli et

al., 2009; Resongles et al., 2013; Ritchie et al., 2013; Cidu et al., 2018).

1.3 Toxicity and water quality guidelines of Sb

Sb and its compounds have been considered as highly toxic chemicals, and inorganic
compounds of Sb are more toxic than its organic species (Herath et at., 2017). Inhalational
exposure to Sb compounds may cause respiratory effects, cardiovascular -effects,
gastrointestinal effects, dermal effects and reproductive effects on humans (Sundar and
Chakravarty, 2010). Although there is inadequate evidence for carcinogenicity of Sb in human,
it has been proved that Sb2S; and Sb,Os; may cause lung tumours in rats. Besides, in vitro
genotoxicity studies showed positive results in chromosome breakage in human leukocytes tests,
bacterial mutation tests and chromosomal aberration tests in cultured mammalian cells (Paton
et al., 1972; Asakura et al., 2009). In addition, Sb has emetic properties, and as low as 0.529
mg/kg will bring about vomiting (Sundar and Chakravarty, 2010). Sb and it compounds also
have negative impacts on other creatures. For example, Sb(V) and Sb(III) show significant
inhibition on culturable soil bacterial populations and stimulating effects on actinomycetes
(Herath et at., 2017). The increasing Sb concentration in water, sediment and soil environments
can change the diversity and structure of microbial communities (Sun et al., 2017; Wang et al.,
2018; Xiao et al., 2016). Although the plants are more tolerant to Sb compared with animals,

the accumulation of high concentrations of Sb may result in the significant suppression of leaf
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and root biomass production (Shtangeeva et al., 2011). Since 1970s, Sb and its compounds have
been labeled as priority pollutants by the United States Environmental Protection Agency
(USEPA) (USEPA, 1979) and the European Union (EU) (EU, 1976) (Ungreanu et al., 2015; He
et al., 2018). USEPA allows the maximum Sb contamination level in drinking water at 6 pg/L
(USEPA, 2009). The maximum allowable concentration of Sb in drinking water set by World
Health Organization (WHO) is 5 pg/L (WHO, 2003). In addition, other organizations and
countries also have their standards for antimony (Table 1-2). Considering the high toxicity of
Sb, its emission standards for wastewater have been set by some countries and organizations.
For example, emission standards for Sb in China, which has the largest reserves of Sb in the
world, has been set at 1 mg/L (Emission standards of pollutants for stannum, antimony, mercury

and industry, 2014).
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Table 1-2 Standards and guideline for Sb in drinking water and effluent

Organization/ Country Limit Category Reference
World Health Organization 5 pg/L Guideline value in drinking water WHO (2003)
(WHO)
United States 6 ng/L Maximum contaminant level goal for USEPA (2009)
the safe drinking water
Canada 6 ng/L Maximum acceptable concentration in Guidelines for Canadian drinking water quality (1997)
drinking water
European Union (EU) 5 ng/L Drinking water standards EU (1998)
China 5 ng/L Drinking water standards National standards of China for drinking water quality
(2006)
1 mg/L Emission standards for effluent Emission standards of pollutants for stannum, antimony
and mercury industries (2014)
Japan 0.02 mg/L  Guideline value in aquatic environments Ministry of the environment of Japan (2004)
Business for social 0.5mg/LL  Limit value for wastewater Sustainable water group water quality guidelines (2010)
responsibility (BSR)-
sustainable water group
International Finance 0.3 mg/LL  Guideline value in effluent of glass Environmental, health, and safety guidelines for glass

Corporation, World Bank
Group

manufacturing

manufacturing (2007)
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1.4 Present removal technologies of soluble Sb

As mentioned above, since Sb has become recognized as an important pollutant in aquatic
environment, it is necessary to remove soluble Sb from industrial wastewater and/or
contaminated water, i.e. water phase. Current Sb removal technologies are based on
physicochemical principles such as adsorption, coagulation, membrane separation,
electrochemical treatment, ion exchange, and extraction (Ungreanu et al., 2015; Li et al., 2018).
However, these technologies have some weak points. In general, physicochemical treatment
technologies possess the problem of high-cost and huge energy/resource consumption. Also by-
products generated by the physicochemical treatment technologies, e.g., adsorbents after
adsorption treatment, inorganic sludge of coagulation, need further treatment or disposal, and
may cause secondary Sb pollution (Li et al., 2018). In addition, current physicochemical
technologies are not necessarily effective: removal efficiency is considerably varied depending
on chemical form of Sb (Li et al., 2018). In aqueous phase, Sb mainly exists in two oxidation
states (Il and V) (Filella et al., 2002a, 2002b). Although Sb(IIl) can be relatively easily
removed (Filella et al., 2002a, 2002b), the present technologies cannot well function against
Sb(V). Therefore, conversion of redox state from Sb(V) to Sb(IIl) should be the key for

establishing the technologies to remove soluble Sb.

1.5 Possibility of biological removal of soluble Sb

Though biological wastewater technologies generally have advantages of low-cost and
energy/resource-saving properties compared with physicochemical technologies, a typical
biological treatment technology, conventional activated sludge process, cannot reduce the Sb
concentration in sewage at all (Hargreaves et al., 2016). However, some researchers are
focusing on biological methods for Sb removal using specific microbial reactions, namely

microbial Sb(V) reduction. Recently, it has been reported that some microorganisms can reduce
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Sb(V) to Sb(III) especially under anaerobic conditions, and resultant Sb(III) is subsequently
removed from aqueous phase by forming precipitates like SboO3 and Sb,S; via naturally
occurring chemical reactions. However, despite myriads of previous reports on microbial
Sb(IIT) oxidation (Hamamura et al., 2013; Han et al., 2016; Terry et al., 2015), knowledge on
microbial Sb(V) reduction is limited. From the limited studies on microbial reduction of S(V),

it has become known to proceed via indirect and direct mechanisms (Figs. 1-1, 1-2).

Organic matter SO

ST + SB(V)em——p SH(III)

S
Simple organic compounds / CO, Energy 1
Precipitate

Sb,S,

Fig. 1-1 Sb(V) reduction by sulfide produced by SRB (indirect mechanism)

Organic matter

-
Sb(V)-reducing Sbh(V)
bacterium
Sh(III)
Simple organic compounds / CO, 1
Energy
Precipitate

Sh,04

Fig. 1-2 Microbiological Sb(V) reduction by anaerobic respiration (direct mechanism)
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1.5.1 Sb(V) reduction by indirect pathway

In the indirect pathway, Sb(V) is chemically reduced to Sb(IIl) by sulfide produced by
sulfate-reducing bacteria (SRB). Study by Wang et al. (2013) noted that SRB enriched from
anaerobic sludge could effectively remove Sb(V) and soluble Sb from water under anaerobic
condition. SRB can reduce sulfate to sulfide while oxidizing some carbon source (Eq. (1-1)).
Then Sb(V) was reduced to Sb(IIT) chemically by H>S (Eq. (1-2)). The reduction product Sb(III)
is combined with S* to form stibnite (Sb2S3) precipitate (Eq. (1-3)), leading to the decline of
soluble Sb. According to this study, reduction of Sb(V) and the removal of soluble Sb in the
SRB-precipitation system highly depended on solution pH and SRB activity. The maximum
removal efficiency of both Sb(V) and soluble Sb was observed at pH 7. Under the circumstance,

20 mg/L Sb(V) was reduced to 0.16 mg/L by SBR system within 7 d.
2CH3CHOHCOOH + 3S04* — 6HCO3 +3HS  (1-1)

Sb(OH)s + HaS + H™ — Sb(OH)3 + S(s) +3H20 (1-2)

2Sb(OH)3 + 3H2S— Sb,S3) + 6H20 (1-3)
HaS — H' + HS- (1-4)
HS — H' + S* (1-5)

The bio-precipitation of soluble Sb by a mixed batch culture of SRB was also achieved
in the study of Zhang et al. (2016). 93% of the total Sb in simulated wastewater was removed
during 11-d period of batch experiment at an initial pH 7 at 20 °C. The scanning electron
microscope (SEM) examination showed that the formed precipitates were a mixture of
amorphous phases of the metal precipitates and bacteria, and the strongest peaks of energy-
dispersive X-ray spectroscopy (EDX) spectrum were Sb and S, suggesting that Sb,S3 was the
predominant product of the bio-precipitation of Sb by SRB. This study also indicated that in
addition to the formation of Sb2S3, Sb sorption on the biomass of SRB also contributed slightly

to the removal of Sb from the simulated wastewater.
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Xi et al. (2020) have reported that the coexisting ferrous ions (Fe(Il)) in SRB system could
increase the metabolic activity of SRB and accelerate the bio-precipitation of Sb(IIl) via the
indirect pathway. Characterization of the precipitate suggested that the soluble Sb was mainly

converted to Sb>S3 and Sb,Os in this situation.

1.5.2 Sb(V) reduction by direct pathway

In addition to indirect pathway, direct Sb(V) reduction is caused via heterotrophic
anaerobic respiration by dissimilatory Sb(V)-reducing microorganisms using appropriate
organics as electron donors (direct pathway). Wang et al. (2018) enriched a Sb(V) reducing
microbiota from the surface water near an active Sb mine. After the enrichment with feeding
2mM K[Sb(OH)s], the Sb(V) reducing microbiota was dominated by Alkaliphilus (18—36%),
Clostridiaceae (17—18%), Tissierella (24—27%), and Lysinibacillus (16—37%). This enrichment
reduced 88% of the soluble Sb(V) to Sb(III) utilizing lactate as carbon source following Eq. (1-

6). Formed Sb(III) could be immobilized as Sb(OH); and/or Sb,0s into the solid phase.

3CH;CHOHCOO" + 4Sb(OH)s + H* — 3CH;COO" + 3HCOs" + 4Sb(OH); (1-6)

Microbial community enriched by Zhu et al. (2018) also could reduce Sb(V) in absence of
sulfate with acetate as electron donor, indicating the occurrence of Sb(V) reduction via direct
pathway. Nearly 100% of the initial Sb(V) (1 mM) was reduced within 12 h and over 50% of
the aqueous Sb was removed. The microbial consortium was also able to reduce Sb(V) using
Hb as the sole electron donor (Lai et al., 2016). Sb(V) reduction by the H>-fed culture had a
similar pattern and rate of Sb(V) reduction to that observed when using lactate as the sole
electron donor. During the Sb(V) reduction, SboO3 was generated as the precipitates. Other
enriched microbial communities that can reduce aqueous Sb(V) in direct pathway utilizing

organics as electron donors were reported (Nguyen et al., 2018; Lai et al., 2018a).
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1.6 Isolation of Sb(V)-reducing bacteria

In order to clarify the detailed mechanisms of microbial Sb(V) reduction and to obtain
useful biocatalysts for treatment/remediation of aquatic Sb contamination, Sb(V)-reducing
bacteria have been isolated successfully and characterized in the recent previous studies.
Although Sb(V) reduction by an isolated strain of SRB was reported, its reduction performance
was extremely inefficient as reported by Li et al. (2019). On the other hand, some bacterial
strains capable of efficiently reducing of Sb(V) by anaerobic respiration have been isolated and
clearly described as followings.

An novel anaerobic, Gram-negative bacterium, designated strain MLFW-2" was isolated
as the first Sb(V)-reducing bacterium by Abin and Hollibaugh (2014), and is the most-well
characterized Sb(V)-reducing bacterium. This isolated strain could reduce 2 mM Sb(V) in
approximately 80 h at 30 °C with 1 mM lactate as the sole carbon source. Lactate was consumed
and oxidized to acetate accompanied with Sb(V) reduction. The cell density increased to an
extent during the cultivation, suggesting that strain Desulfuribacillus stibiiarsenatis MLFW-2T
obtained energy from this reaction. The formation of white precipitate was observed as Sb(V)
reduction proceeded, and its EDX analysis showed that the precipitate was comprised of Sb and
O in the atomic ratio consistent with SboO3. The visualization by SEM showed that the
precipitate occurred in two different structures, cubic and “bowtie” types; the former was
identified as sénarmontite, while the latter as valentinite by X-ray diffraction (XRD) analysis.

Follow-up studies were performed to further characterize strain MLFW-2T (Abin and
Hollibaugh, 2017; 2019). It was shown that the optimal growth of strain MLFW-2" was
achieved at 34 °C and pH 8.25-8.50 in medium containing 0.75 % (w/v) NaCl (Abin and
Hollibaugh, 2017). Lactate, pyruvate, formate and H> could be utilized as electron donors to
support the growth. In addition to Sb(V), strain MLFW-2T was able to reduce nitrate, nitrite,

DMSO, arsenate, antimonate, selenate and selenite. Enzymes of the dimethyl sulfoxide
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reductase (DMSOR) family found in strain MLFW-2T were considered to contribute to the
dissimilatory metabolism of these compounds (Abin and Hollibaugh, 2019). The results of gene
transcriptional assay in strain MLFW-2T indicated that respiratory antimonate reductase (anrA4),
respiratory arsenate reductase (arrA), periplasmic nitrate reductase (napA) and membrane-
bound selenate reductase (s7dA) were induced by the presence of antimonate, arsenate, nitrate
and selenate, respectively.

The second Sb(V)-reducing bacterium, Sinorhizobium sp. JUK-1, was isolated from the
water outlet of an antimony factory in Korea by Nguyen and Lee (2014). 5 mM Sb(V) was
reduced to Sb(III) during the incubation at 30 °C with an initial pH 7.7. Acetate was used as
electron donor in this study and the reaction was described as follows:

CH3COO" + 4Sb(OH)s” + 3H" — 2HCO3™ + 4Sb(OH)3 + 8H,O
The soluble Sb decreased during the Sb(V) reduction by this strain as a result of the production
of precipitates. According to the result of EDX analysis, it was clarified that the precipitate was
composed of Sb, O, C, Na and Mg. The inductively coupled plasma mass spectrometry (ICP-
MS) analysis of the digested precipitate showed that it contained 53% Sb, 0.3% Ca and 0.4%
Mg by weight, suggesting the main component of the precipitates should be Sb.

In addition, very recent studies have demonstrated that some Shewanella strains possess
the capability to reduce Sb(V). Shewanella sp. CNZ-1, which was isolated from marine
sediments, could reduce and remove Sb(V) under anoxic conditions (Zhang et al., 2019).
However, the efficiency of Sb(V) reduction by CNZ-1 was much lower than the above-
mentioned two strains, and it was estimated that the biosorption mainly contributed to the
removal of Sb(V). Shewanella sp. ANA-3 was also capable of Sb(V) reduction by using it as
electron acceptor with lactate as sole carbon source in dissimilatory metabolism (Wang et al.,
2020). All of the Sb(V)-reducing bacterial strains above could reduce Sb(V) only under strict

anaerobic conditions.
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1.7 Objective of this study

It seems possible to develop biological technologies for removing soluble Sb in
wastewater using microbial Sb(V) reduction, which can give the benefits of low-cost and
environmental-friendliness compared with existing physicochemical technologies. However,
the knowledge about the microorganisms which can reduce Sb(V) and remove aqueous Sb is
still very limited, and this lack of the knowledge may be an obstacle of progress in the
technology development. Therefore, it is necessary to heap up the knowledge on the microbial
Sb(V) reduction, especially focusing on the acquisition of effective Sb(V)-reducing bacteria
applicable to treatment of Sb-containing wastewater. The objective of this study is to isolate
and characterize effective Sb(V)-reducing bacteria for developing microbial technologies for
removing Sb(V) in aqueous phase.

This chapter, Chapter 1, described the present situation of pollution of aquatic environment
by Sb, and emphasized the importance of development of biological wastewater treatment
technologies for Sb-containing wastewater as the background of this study. Based on the review
of the previous related research articles, the object of this study was set as mentioned above.

In Chapter 2, microbial Sb(V) reduction and removal potentials in aquatic sediments were
investigated under anaerobic conditions to heap up the basic knowledge on microbial Sb(V)
reduction in aquatic environment, and also to find out the environmental sample suitable for
screening/isolating effective Sb(V)-reducing bacteria.

In Chapter 3, three facultative-anaerobic Sb(V)-reducing bacterial strains were isolated
from the sludge collected from a wastewater treatment facility in an antimony products plant.
Two of the isolated strains were designated as Dechloromonas sp. AR-2 and Propionivibrio sp.
AR-3, and their ability to reduce Sb(V) and remove soluble Sb from water phase was
investigated so as to evaluate their potential to be utilized in Sb-containing wastewater

treatment.
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In Chapter 4, possible factors affecting the Sb(V)-reducing capability of strains
Dechloromonas sp. AR-2 and Propionivibrio sp. AR-3 were investigated to further characterize
these two Sb(V)-reducing bacteria from the viewpoints of the practical application to
wastewater treatment.

Chapter 5 represented the summary and conclusions given from this study. Strains
Dechloromonas sp. AR-2 and Propionivibrio sp. AR-3, isolated as novel Sb(V)-reducing
bacteria, were evaluated as the biocatalysts for treatment of Sb-containing wastewater, and
necessary future studies on these two strains were discussed to realize the practical wastewater

treatment technologies.
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Chapter 2
Microbial antimonate reduction and removal potentials in

aquatic sediments

2.1 Introduction

The objective of the study in this chapter was to evaluate the potential of Sb(V) reduction
and Sb removal from the aqueous phase by native microbes in the aquatic environment so as to
find out the environmental samples suitable for screening of effective Sb(V)-reducing bacteria.
Sediment samples were collected from two rivers with and without the impact of Sb mining
activities. They were tested for their Sb(V) reduction capabilities in the presence of high and
minimum concentrations of sulfate to estimate the contribution of direct and indirect pathways.
In addition, microbial consortia capable of Sb(V) reduction were enriched under minimum
sulfate conditions using sediment samples with distinct characteristics of Sb(V) reduction, and

microbial community compositions in two enrichment cultures were characterized.
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2.2 Materials and methods
2.2.1 Sediment and water samples

Sediment samples and corresponding subsurface water samples were collected from the
Ai River in Osaka, Japan, on January 9", 2019, and the Yagi River in Hyogo, Japan, on April
9th 2019 (Fig. 2-1). The Ai River flows through northern Osaka, and there has been no report
on significant Sb pollution in this river. Eleven sampling points (A1l to All, from upstream to
downstream) were selected to cover upstream to downstream regions of the river. The Yagi
River flows through an Sb mine area. Three sampling points (B1 to B3, from upstream to
downstream) were selected on the Yagi River, among which sampling point B2 was located
adjacent to the wastewater outlet of an antimony products plant (N35.3649, E134.6184). All
collected samples were transported on ice to the laboratory, and the sediment samples were

sieved through a 2.0 mm screen before storage at 4 °C.
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Fig. 2-1 The location of sampling points in the Ai River (Osaka, Japan) and Yagi River (Hyogo,
Japan).
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2.2.2 Culture media

The minimal salt medium containing sodium lactate and Sb(V) (L-Sb(V)-MSM) was
composed of the following ingredients: NaCl 1.2 g/L, KC1 0.3 g/L., NH4C1 0.3 g/L, KH2PO4 0.2
g/L, Na;S04 0.06 mM or 2.5 mM, MgCl,-6H>0 0.4 g/L, CaCl,-2H>O 0.15 g/L, H3BO3 1.2
mg/L, CoCl2-6H20 0.34 mg/L, CuCl>-2H20 0.18 mg/L, MnCl;-4H>0O 0.2 mg/L, ZnCl, 0.44
mg/L, HEPES 20 mM, sodium lactate 5 mM, and K[Sb(OH)s] 1 mM, and used as the basic
medium. Sodium lactate was used as a sole carbon source because it has been usually used as
the electron donor for antimonate bio-reduction in previous studies, and K[Sb(OH)¢] as the
source of Sb(V) (Wang et al., 2013; Abin and Hollibaugh, 2014; Wang et al., 2018). The pH of
the medium was adjusted to 7.0. Supplementation with Na;SO4 at 2.5 and 0.06 mM was
intended to make high and minimum sulfate levels, respectively (hereinafter designated as the
Shigh and Siow conditions, respectively). The medium was added into glass serum bottles and

sterilized by autoclaving (121 °C, 20 min).

2.2.3 Sb(V) removal experiments

Sediment suspension was prepared by adding 5 g-wet of each sediment sample into 50 mL
of sterile inorganic salt solution (NaCl 1.2 g/L, KCI 0.3 g/L, NH4Cl 0.3 g/L, KH2PO4 0.2 g/L,
MgCl,-6H>0 0.4 g/L, and HEPES 20 mM) in a 100 mL serum bottle. To maintain the activity
of anaerobic microorganisms, the serum bottle was closed with a rubber stopper and sealed with
an aluminum crimp, and the sediment suspension was purged with nitrogen gas for 15 min and
shaken at 120 rpm for 30 min. The sediment suspension (6 mL) was then inoculated into 54 mL
of sterile L-Sb(V)-MSM in a 100 mL serum bottle. After purging with nitrogen gas for 15 min,
the culture was incubated at 28 °C with rotary shaking at 120 rpm for 15 d. Aliquots (2 mL) of
the supernatant of the cultures were collected every 5 d for chemical analysis. Sterilized control

for each sediment sample was prepared by autoclaving before the incubation. All experiments
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were performed in triplicates.

2.2.4 Enrichment experiments

The culture of samples A5, A7, A1l and B2 after 15 d of Sb(V) removal experiments under
the Siow condition were used as the inoculum for enrichment of Sb(V)-reducing bacteria. Three
milliliters of the culture was inoculated into 50 mL serum bottles containing 27 mL fresh L-
Sb(V)-MSM under the Siow condition. The culture was then anaerobically incubated as
described above. Every 7 d, 3 mL of the culture was subcultured into 27 mL fresh medium and
cultivated in the same manner. The samples of the cultures were collected before and after the

subcultures, for chemical analysis.

2.2.5 Microbial community analysis

The cultures were centrifuged (20000xg, 4 °C, 10 min), and the pellets were washed twice
with 5 mg/L sodium tripolyphosphate solution and resuspended in the same solution, which
was then subjected to DNA extraction. Genomic DNA was extracted using Fast DNA SPIN Kit
for soil (MP Biomedicals, Solon, OH, USA) following manufacturer’s instructions, and stored
at -20 °C until further use.

Amplicon sequencing targeting the V4 hypervariable region of 16S rRNA genes by
Illumina Miseq was performed by the Bioengineering Lab (Kanagawa, Japan). Primers 515F
and 806R (Peiffer et al., 2013) were used in a two-step tailed PCR to construct amplicon
libraries. The procedures are provided in Table 2-1 and Table 2-2. The resulting amplicon was
barcoded with the Index PCR primers (Illumina, San Diego, CA, USA) and sequenced on an
llumina MiSeq platform (Illumina) with 2 x 300 bp paired end sequencing. Quality filtering of
the raw sequencing data was conducted using QIIME v2.0 (Caporaso et al., 2010). The quality

scores are provided in Table 2-3. The high-quality sequences were then clustered into
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operational taxonomic units (OTUs) based on a 97% similarity threshold. The taxonomic
assignments for the representative sequence from each OTU were conducted using QIIME v2.0
against the EzBioCloud 16S database (Yoon et al., 2017). Raw sequence reads were deposited

in the DNA Data Bank of Japan (DDBJ) Sequence Archive database under the accession

number DRA010123.
Table 2-1 Composition of PCR mixture
Ingredient Volume (puL)
10x Ex Buffer 1.0
dNTPs (each 2.5 mM) 0.8
10 uM Forward primer* 0.5
10 uM Reverse primer* 0.5
Template DNA (1st step) or PCR products (5 ng/uL) (2nd step) 2.0
Ex Taq hot start version (Takara Bio, Shiga, Japan) (5U/uL) 0.1
Double distilled water 5.1

*Following primers were used for the 1st and 2nd PCR:

[1st PCR]

Forward primer: 5'-ACACTCTTTCCCTACACGACGCTCTTCCGATCT-NNNNN-
GTGCCAGCMGCCGCGGTAA-3’

Reverse primer:
5'-GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT-NNNNN-
GGACTACHVGGGTWTCTAAT-3'

[2nd PCR]

Forward primer: 5'-AATGATACGGCGACCACCGAGATCTACAC-Index2-
ACACTCTTTCCCTACACGACGC-3’

Reverse primer:
5'-CAAGCAGAAGACGGCATACGAGAT-Index-GTGACTGGAGTTCAGACGTGTG-3'

Table 2-2 Thermal cycling conditions

Ist PCR 2nd PCR
94 °C 2 min 1 cycle 94 °C 2 min 1 cycle
94 °C 30 sec 94 °C 30 sec
50 °C 30 sec 30 cycles 60 °C 30 sec 10 cycles
72 °C 30 sec 72 °C 30 sec
72 °C 5 min 1 cycle 72 °C 5 min 1 cycle
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Table 2-3 The quality scores for the sequencings*

Enrichment culture Q20 (%) Q30 (%)
Allon7d 93.6 85.9
Allon28d 93.9 86.3
B2on7d 93.7 86.2
B2 on 28 d 93.5 85.7

*The Q20 and Q30 values indicate the proportion with the accuracy of over 99.00%

and 99.90% within the total read numbers, respectively.

2.2.6 Chemical analysis

The pH of the water samples was measured on site using a portable pH meter (LAQUA
NAVI F-52S, HORIBA, Kyoto, Japan). The pH, volatile solids (VS), and water content of the
sediment samples were determined according to the Method of Soil Analysis (JSF T 121, JSF
T 221, 1990).

For analysis of solid Sb, the sediment samples were dried at 100 °C for 4 h and digested
by aqua-regia at 100 °C for 1 h. After cooling to the room temperature, the suspension was
filtered through a 0.45 pum cellulose acetate membrane filter (Advantec Toyo Kaisha, Ltd.,
Tokyo, Japan). Water samples and culture samples from the Sb(V) removal and enrichment
experiments were also filtered through the same membrane filter prior to the analysis of soluble
Sb, sulfate and sulfide. Inductively coupled plasma-atomic emission spectrometry (ICP-AES;
SPS7800, SII Nano Technology, Tokyo, Japan) was used to determine the concentration of total
Sb content in sediment and soluble Sb in water samples and culture solution. Speciation of
Sb(V) and Sb(IIl) in the samples was performed by a Shimadzu LC-20A high performance
liquid chromatography system (HPLC; Shimadzu, Kyoto, Japan) and a hydride generation-
atomic fluorescence spectrometry (HGMillennium Excalibur System, P S analytical, Kent, UK).
A PRP-X100 anion exchange HPLC column (Hamilton, Reno, NV, USA) and a mobile phase
of 200 mM ammonium tartrate (pH 5) were used for the separation of Sb(V) and Sb(III). The

separated Sb species were detected with a hollow cathode lamp for Sb (Super lamp P802SF;
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Photron Pty Ltd., Victoria, Australia). The sulfate concentration was measured using an HIC SP
ion chromatography system (Shimadzu) with a Dionex lonPac AS4A-SC column (Thermo
Fisher Scientific Inc., Waltham, MA, USA). A mixture of 1.7 mM NaHCO3 and 1.8 mM
Na;CO; was used as the mobile phase. The sulfide concentration was determined by the
photometric method using a Spectroquant sulfide test kit (Merck KGaA, Darmstadt, Germany)

and a UV-1850 UV-Vis spectrophotometer (Shimadzu).

2.3 Results
2.3.1 Characteristics of sediment and water in investigated rivers

Sb contents and other parameters of the sediment and water samples collected from the
two rivers are presented in Table 2-4. The VS concentrations of the sediment samples varied
largely, ranging from 6.6 to 177.6 mg g”'. The pH of the sediment samples was almost neutral
(6.5 to 8.1), whereas the pH of the water samples was neutral or weakly alkaline (7.1 to 9.0)
and slightly higher than that of the sediment sample at all of the sampling points. The
concentration of soluble Sb in all water samples was below the detection limit (<0.01 mM).
Total Sb content in the sediment samples from both rivers ranged from 0.04 to 0.25 mmol kg™,
except in sample B3, which contained a much higher level of Sb (1.46 mmol kg™!) probably due
to contribution from the upstream Sb mine area. The overall concentration of sulfate in water
samples, which may affect the fate of Sb, was below 0.5 mM, except in samples A1l and B2

whose sulfate concentration was 2.2 and 2.3 mM, respectively.

2.3.2 Sb reduction and removal potential of sediment samples

Time courses of Sb concentrations under two different sulfate conditions and of sulfate
concentrations under the Spign condition for all 14 sediment samples are shown in Fig. 2-3. Sb
removal efficiency and sulfate consumptions during the 15-d experiments are summarized in

Table 2-5. Microbial communities in 8 of the 14 samples had the potential of Sb removal under
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the Shign condition accompanied with the decline of sulfate, reaching the highest Sb removal
efficiency of 99.4%. Besides, 6 of the 8 samples could obviously remove Sb under the Siow
condition with the highest removal efficiency of 89.0%. The concentration of sulfide increased
slightly accompanied with the decline of sulfate under the Snign condition. However, the
maximum concentration of sulfide on 15 d was 0.06 mM, and the accumulation of sulfide could
not stoichiometrically account for the decline of sulfate (0.37-2.57 mM), far less than the
anticipated values. Although the average Sb(V) concentrations after 5 d were slightly higher
than those on 0 d in several cases, they were probably caused by the variations of triplicate
experiments using natural microbial communities and the measurement errors. Under both Shigh
and Siw conditions, a significant decrease in soluble Sb was not observed during the
experimental period in sterilized control experiments (data not shown), suggesting that the
decrease in soluble Sb in the test systems was resulted from microbial activities in the sediment
samples.

Sb removal property for the 14 sediment samples tested in this study were classified into
four patterns (patterns I to IV) based on the detailed time courses of soluble Sb removal under
both Shigh and Siow conditions (Fig. 2-3). The patterns of Sb removal properties for each samples
are shown Table 2.5. Six samples (A1, A2, A3, A8, B1, and B3) showed negligible Sb removal
under both Shigh and Siow conditions (pattern I; Fig. 2-3a). Both soluble Sb concentration and
redox states of Sb did not significantly change during the 15-d experimental timeframe, except
a slight reduction of Sb(V) into Sb(III) after 15 d in sample A8 (Fig. 2-3a).

In two samples, A4 and A5, soluble Sb and sulfate apparently decreased between 10 and
15 days under the Shigh condition, whereas Sb removal did not occur under the Siow condition
(pattern II; Fig. 2-3b).

The remaining six samples showed notable Sb removal ability under both Shigh and Siow

conditions. In five of the six samples (A6, A7, A9, A10, and A1), soluble Sb began to decrease
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within 10 d and reached to less than 20% of the initial concentration after 15 d under both Shign
and Siow conditions (pattern III; Fig. 2-3¢). Under the Shigh condition, sulfate concentration also
decreased concomitantly with the decline in soluble Sb. Sb(III) was slightly detected along with
the decline in Sb(V), suggesting that Sb(V) was reduced to Sb(IIl) and then removed from the
liquid phase. In addition, the reduction in Sb(V) occurred faster under the Siow condition than
under the Shigh condition. Sample B2, which was collected at a place adjacent to the wastewater
outlet of a Sb refinery plant, showed different Sb removal ability from the others. Soluble Sb
removal was nearly completed within 10 d regardless of the sulfate concentration (pattern IV;
Fig. 2-3d). Almost all the Sb(V) was reduced within 5 d under both Spigh and Siow conditions.
Sulfate reduction occurred only from 5 to 10 d.

Precipitates were formed in cases where soluble Sb was significantly removed. The
precipitates formed under the Spign condition were colored rufous or orange red (Fig. 2-2a),
suggesting the formation of SboS3 (Wang et al., 2018). In contrast, pale yellow precipitates were
formed under the Siow condition (Fig. 2-2b). Since pure Sb2O3 forms white precipitates (Abin
and Hollibaugh, 2014), the pale yellow precipitates observed in this study might be of Sb203

mixed with a small amount of Sb,S3 or other precipitates.

Fig. 2-2 Precipitates formed under the Shigh (2) and Siow conditions (b) during Sb(V) removal

experiments. Examples for sample B2 are shown.
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Table 2-4 Characteristics of sediment and subsurface water at sampling points

Sediment Subsurface water

Sampling point Water content VS Sb content Sulfate _
%) (g &) pH (mmol ke pH concentration

(mM)

Al 24.0 20.6 7.0 0.06 8.7 0.4

A2 34.9 17.2 8.1 0.08 9.0 0.3

A3 25.5 15.1 7.1 0.06 9.0 0.3

A4 22.1 18.2 7.3 0.08 8.4 0.3

AS 59.0 49.6 7.6 0.08 8.4 0.2

A6 50.8 70.4 6.9 0.08 8.5 0.2

A7 31.6 22.8 6.7 0.04 7.3 0.4

A8 18.4 6.6 6.6 0.06 7.1 0.4

A9 25.5 23.5 6.7 0.08 7.4 0.3

Al0 63.1 76.0 6.8 0.12 7.4 0.3

All 69.6 177.6 6.5 0.25 7.2 2.2

B1 28.8 39.6 7.0 0.13 7.6 0.1

B2 423 47.2 7.0 0.12 7.4 2.3

B3 26.0 30.7 6.6 1.46 8.0 0.1
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Table 2-5 Removal efficiency (%) of soluble Sb under high and minimum sulfate conditions (Shigh and Siow, respectively) and depletion efficiency

(%) of sulfate under the Shigh condition by sediment microbial communities after 15 d

Classification
Sb/sulfate Pattern [ Pattern II Pattern 111 Pattern IV
Al A2 A3 A8 Bl B3 A4 A5 A6 A7 A9 Al0  All B2
Sb (Siow) 00 00 00 00 00 00 47 61 873 8.0 885 812 832 843
Sb(Swmg) 00 00 00 00 00 00 8.6 247 980 994 879 970 869 984
Sulfate (Swgr) 0.0 00 00 00 00 00 713 142 854 844 289 977 164 396
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Fig. 2-3 (a) Temporal changes in soluble Sb and sulfate concentrations and valence states of
soluble Sb during Sb(V) removal experiments for all the 14 samples under both sulfate
conditions (S+: Shigh condition; S-: Siow condition) (pattern I: Al, A2, A3, A8, Bl, and B3)
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Fig. 2-3 (¢) Temporal changes in soluble Sb and sulfate concentrations and valence states of

soluble Sb during Sb(V) removal experiments for all the 14 samples under both sulfate
conditions (S+: Shigh condition; S-: Siow condition) (pattern I1I: A6, A7, A9, A10, and A11).
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2.3.3 Attempt to Enrich Sb(V)-reducing bacteria

After the above Sb(V) removal experiments, the cultures of samples A5, A7, A1l and B2,
whose Sb removal potentials were respectively assigned into patterns II, III, III and IV, were
selected as the inoculum for the enrichment of Sb(V)-reducing bacteria. Fig. 2-4 shows the
change in soluble Sb concentration during enrichment of the 4 cultures under the Siow condition.
In the enrichment culture derived from sample A5, classified as pattern II, soluble Sb was stably
removed from the 1st to 3rd batches. However, soluble Sb removal ability was lost in the 4th
batch (Fig. 2-4a). Soluble Sb removal ability of the enrichment cultures from samples A7 and
A11 (Sb removal pattern III) also disappeared in the 2nd and 4th batches, respectively (Figs. 2-
4b, 2-4c). In contrast, the enrichment culture of sample B2 (Sb removal pattern IV) could
steadily remove over 85% of soluble Sb within 7 d during 4 cycles of sequential batch

cultivation (Fig. 2-4d).
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Fig. 2-4 Temporal changes in soluble Sb concentration during enrichment experiments under
the Siow condition (a: AS5; b: A7; c: All; d: B2).
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2.3.4 Microbial community compositions in enrichment cultures

Enrichment cultures derived from samples A11 and B2 were selected as representatives of
the ones that lost Sb removal ability and maintained stable Sb removal ability during the
enrichment process, respectively, for microbial community analysis. Fig. 2-5 shows the
phylogenetic compositions at the genus level of the enrichment cultures at the of the 1st and 4th
batches (7 and 28 d, respectively).

During the enrichment process of sample B2, overall bacterial composition did not greatly
change and major genera were stably maintained in the culture, although several major genera
enhanced their dominance (Fig. 2-5b). Dendrosporobacter was consistently dominant and
increased its abundance from 29.79% on 7 d to 35.87% on 28 d. Azospira was the second major
genus, and its abundance also increased from 15.37% on 7 d to 22.43% on 28 d. Additionally,
the abundance of Dechloromonas and an uncultured genus classified within the order
Bacteroidales was enhanced from 7.55% and 7.08% on 7 d to 14.02% and 11.86% on 28 d,
respectively.

In contrast, the enrichment culture of sample A1l consisted of more diverse genera than
sample B2, and its compositions changed drastically during the enrichment process (Fig. 2-5a).
The enrichment culture was dominated by Azospira (18.02%), Halodesulfovibrio (14.49%),
Clostridium (14.71%), and uncultured genera belonging to the families Erysipelotrichaceae
(8.11%) and Acholeplasmataceae (7.70%) on 7 d. Although Halodesulfovibrio increased its
abundance to 23.70%, Azospira, Clostridium, and two uncultured genera of the families
Erysipelotrichaceae and Acholeplasmataceae largely decreased their abundance to 1.22%,

1.70%, and less than 1%, respectively.
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Fig. 2-5 Microbial community compositions at the genus level in enrichment cultures from
samples A1l (a) and B2 (b) after 7 and 28 d.

2.4 Discussion

In this study, Sb(V) reduction and removal ability of sediment microbial communities in
rivers with and without the impact of Sb mine activities was evaluated. Of the 14 samples
investigated, six (pattern I: A1, A2, A3, A8, B1, and B3) did not show any Sb removal ability
regardless of the sulfate level, whereas the other eight samples showed obvious Sb removal
ability. These eight samples included those from the sampling points with and without
anthropogenic Sb impact. This implies that microbial Sb reduction and removal potential is
relatively widely distributed in river sediments. In addition, of the eight samples with Sb

removal ability, two (pattern II: A4 and A5) removed soluble Sb only under the Shigh condition,
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while the other six (pattern III: A6, A7, A9, A10 and All; pattern IV: B2) enabled Sb(V)
reduction and soluble Sb removal regardless of the sulfate concentration. Furthermore, sample
B2 (pattern IV) exhibited remarkably strong Sb reduction and removal ability compared with
the other samples. These results suggest that the mechanism and strength of Sb(V) reduction
and removal by microbial communities in river sediments are quite different from each other.

In all samples classified into patterns II to IV, soluble Sb was removed along with the
reduction of sulfate under the Shign condition (Fig.2-3). The simultaneous formation of rufous
or orange red precipitates (Fig. 2-2) suggested the formation of Sb,S3 precipitates (Wang et al.,
2013). Thus, Sb removal under the Shign condition likely occurred primarily through the indirect
pathway: Sulfate that was abundantly present in the culture was reduced to sulfide by SRB,
which was followed by the chemical reduction of Sb(V) to Sb(IIl) coupled with sulfide
oxidation. However, it is also possible that both direct and indirect Sb(V) reduction mechanisms
proceed owing to the co-existence of SRB and Sb(V)-reducing bacteria in the sediment samples.
Based on the temporal changes in Sb(V) and sulfate concentrations, Sb(V) and sulfate
reductions occurring under the Shigh condition may be further classified into three distinct
groups. The first group is the one where Sb(V) reduction occurs more preferably than sulfate
reduction, as represented by sample B2. The second group is the one where both Sb(V) and
sulfate reductions are initiated almost simultaneously, but only sulfate reduction slows down
later, as represented by sample A9. In the third group represented by sample A7, Sb(V) and
sulfate reductions occur simultaneously. The well-known indirect Sb(V) reduction via sulfide
generated by SRB activities was likely to occur exclusively in the third group, whereas in the
first and second groups indirect Sb(V) reduction and Sb removal via sulfide provided by SRB
and direct Sb(V) reduction by Sb(V)-reducing bacteria would occur in combination, which
could not be confirmed in this study and requires further study.

On the other hand, under the Siow condition, we expected that the indirect Sb(V) reduction
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pathway was restricted and the direct pathway should occur exclusively because of the
deficiency of sulfate supplemented in the medium. We found transient generation of small
amounts of Sb(III) along with Sb removal and the formation of pale yellow precipitates under
the Siow condition in patterns III and IV (Fig. 2-3), indicating soluble Sb removal through the
direct Sb(V) reduction pathway mediated by Sb-reducing bacteria in those sediment samples.
The reason why not white (pure SboO3) but pale yellow precipitates were generated was likely
because of unexpected minor contribution of the indirect pathway with sulfate that was
provided from the sediment samples. If only the indirect pathway contributes to the Sb removal,
the ratio of the amounts of the consumed sulfate to the amount of the removed Sb was
theoretically 2.5:1 (Wang et al., 2013; Zhu et al., 2018). However, the observed ratios in our
experiments (Table 2-5) were much lower than the theoretical one for samples A9, A11, and B2
even under the Shigh condition. This indicates that direct Sb(V) reduction must have also greatly
contributed to the Sb removal in these cases. Altogether, our results indicate the presence of
multiple types of Sb(V) reduction ability in microbial communities in river sediments: the
contribution of the indirect pathway by SRB and/or direct pathway by Sb(V)-reducing bacteria.

Sb(III) generated by microbial Sb(V) reduction can readily precipitate under the reducing
environment (Li et al., 2016). Nevertheless, in most cases classified under patterns III and IV,
even when Sb(V) disappeared, low concentrations of Sb(III) (less than 0.18 mM) persisted and
consequently soluble Sb was not completely removed especially under the Siow condition (Fig.
2-3). These phenomena were probably due to the slight dissolution of SboO3 precipitates in the
water phase as reported in Lemire et al. (1999). Besides, in most cases of pattern I1I, where Sb
removal occurred under both Siow and Shigh conditions, Sb(V) reduction was faster under the
Siow condition than under the Spign condition (Fig. 2-3). This suggests that the efficiency of
Sb(V) reduction to Sb(III) by Sb(V)-reducing bacteria (direct pathway) is higher than that by

SRB (indirect pathway).
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Although four sediment samples, all of which exhibited Sb removal ability under the Siow
condition, were used for enrichment of Sb(V)-reducing bacteria, only sample B2 from the mine
area could maintain Sb removal ability at the end of the 4 cycles 7-d batch enrichment (Fig. 2-
4). The enrichment culture of sample B2 still maintained its efficient Sb removal thereafter
(data not shown). The results of microbial community analysis revealed that although microbial
community composition in the enrichment culture from sample B2 was stable, that from sample
A1l changed drastically during enrichment (Fig. 2-5). These results suggested that a
considerable decrease or loss of Sb(V)-reducing bacteria, which were present in the original
sediment samples, would result in partial or complete loss of Sb removal ability during
enrichment in three samples A5, A7 and A11.

To date, only two strains have been well characterized as Sb(V)-reducing bacteria:
Desulfribacillus  stibiiarsenatis MLFW-2 (Abin and Hollibaugh, 2014; 2017) and
Sinorhizobium sp. JUK-1 (Nguyen and Lee, 2014). These genera were not detected in the
enrichment cultures analyzed in this study (Fig. 2-5). Alternatively, Azospira, Dechloromonas,
and Dendrosporobacter dominated continuously in the enrichment culture derived from sample
B2, which stably maintained Sb(V) reducing ability (Fig. 2-5b). Among them, Azospira was
predominated on 7 d in enrichment culture of sample A1l with high Sb removal ability.
However, the abundance was largely decreased with worsening of Sb removal ability (Fig. 2-
5a). The abundance of Chlostridium was also decreased with Sb removal ability in enrichment
culture of sample A11 (Fig. 2-5a). Thus, some or all of Azospira, Chlostridium, Dechloromonas,
and Dendrosporobacter probably contributed to Sb(V) reduction in enrichment cultures and
their original sediment samples, although the contribution of other populations cannot be ruled
out. Previous studies have found that Azospira can reduce (per)chlorate, nitrate and selenium
oxyanions (Hunter 2007; Nam et al., 2016). Additionally, Dechloromonas has been reported to

be capable of dissimilatory reduction of (per)chlorate, sulfate, nitrate, and nitrite (Achenbach
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et al.,2001; Horn et al., 2005). Further, Dendrosporobacter was formerly classified in the genus
Chlostridium (Strompl et al., 2000), and has been detected in anaerobic sludge capable of
reducing selenate to elemental selenium, although its function was not clarified (Lenz et al.,

2008).
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2.5 Summary

In this study, Sb(V) reduction and removal potential of microorganisms in river sediments
was evaluated in the presence of high and minimum concentrations of sulfate. The results
revealed that Sb(V) was reduced and removed from the aqueous phase by microorganisms in
most tested sediment samples. This indicated that microorganisms capable of reducing Sb(V)
and removing soluble Sb are widespread in the natural aquatic environment, irrespective of the
historical impact of Sb mining activity. Our results also clarified that microbial communities in
the environment possess multiple types of Sb(V) reduction and removal ability (i.e., direct and
indirect pathways and their combinations). However, the Sb(V) reduction efficiency is
comparatively higher under the Siow condition than under the Shigh condition, where direct and
indirect Sb(V) reduction pathways primarily occur, respectively, suggesting that the efficiency
of Sb(V) reduction to Sb(IIT) by Sb(V)-reducing bacteria is higher than that by SRB. Further,
the results of enrichment Sb(V)-reducing bacteria from selected samples suggested that the
Sb(V)-reducing bacteria can be stably enriched from the sediment sample which has
experienced significant Sb contamination. Therefore, to obtain effective biocatalysts for
effective Sb removal, it is better to target the bacteria capable of Se(V) reduction via direct
pathway, and to use Sb-contaminated environmental samples as the source for enrichment and

isolation of Sb(V)-reducing bacteria.
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Chapter 3
Isolation and characterization of facultative-anaerobic

antimonate-reducing bacteria

3.1 Introduction

To date, two different types of dissimilatory Sb(V)-reducing bacteria, Desulfuribacillus
stibiiarsenatis MLFW-2 and Sinorhizobium sp. JUK-1 (Abin and Hollibaugh, 2014; Nguyen
and Lee, 2014) have been well-characterized for their Sb(V) reduction abilities. Sb(V) reduction
by these strains generated insoluble precipitates, suggesting the feasibility of Sb(V) reduction
for aqueous Sb removal. However, both strains are obligate anaerobes and require strictly
anaerobic conditions for cultivation and Sb(V) reduction, thereby limiting the range of their
application. To our knowledge, no Sb(V)-reducing strain capable of growing under the aerobic
conditions or even reducing Sb(V) in the presence of oxygen has been found so far, despite the
usefulness of such a strain in practical Sb-removal technology. In this chapter, Sb(V)-reducing
bacterial strains capable of aerobic growth were newly isolated from sludge collected from a
wastewater treatment facility in an antimony products plant. The isolated strains were

phylogenetically identified and their growth and Sb(V) reduction capability were characterized.

48



3.2 Materials and methods
3.2.1 Culture media and cultivation conditions

The anoxic minimal medium (AMM, Macy et al., 1989) was used to enrich, cultivate, and
characterize Sb(V)-reducing bacteria. AMM was prepared with ultrapure water and contained
the following ingredients: NaCl 1.2 g/L, KCI1 0.3 g/L., NH4C1 0.3 g/L, KH2PO4 0.2 g/L, NaxSO4
0.009 g/L, MgCl>-6H>0 0.4 g/L, CaCl>-2H>0O 0.15 g/L, H3;BO;3 0.06 mg/L, CoCl2-6H20 0.19
mg/L, CuCl>-6H20 0.002 mg/L, MnClz4H>O 0.1 mg/L, ZnCl> 0.07 mg/L, FeCl,-4H>O 1.5
mg/L, NaMoO4-6H20 0.036 mg/L, NiCl>-6H>0 0.024 mg/L, 25% HCI 0.01 mL/L, vitamin
solution 10 mL/L and HEPES 20 mM. Vitamin solution contained p-aminobenzoric acid 5 mg/L,
biotin 5 mg/L, folic acid 2 mg/L, thiotic acid 5 mg/L pyridoxine-HCI 1 mg/L, riboflavin-HCI 5
mg/L, niacinamide 5 mg/L, D-Ca-pantothenate 5 mg/L and cyanocobalamin (B12) 0.1 mg/L
(Oremland et al., 1994). K[Sb(OH)s] was added at 5 mM as the source of Sb(V) to AMM.
Sodium lactate or sodium acetate was added at 5 mM as the sole carbon source to AMM
containing Sb(V), and these media were designated L-Sb(V)-AMM and A-Sb(V)-AMM,
respectively. The pH of both media was adjusted to 7.0. To isolate and cultivate Sb(V)-reducing
bacteria, 1/10 strength Tryptic Soy Broth (1/10 TSB; Becton, Dickinson and Company, Sparks,
MD, USA) and LB broth (Lennox; Becton, Dickinson, and Company, Sparks, MD, USA) were
also used. Agar was added at 1.5% (w/v) to make solid media. Unless otherwise noted,
cultivation was conducted at 28 °C. For aerobic and microaerobic cultivation, the liquid culture
was sealed with a silicone sponge plug; then, the culture was incubated with rotary shaking at
120 rpm for aerobic conditions, whereas it was incubated statically without shaking for
microaerobic conditions. The creation of microaerobic condition with static cultivation has been
verified previously (Somerville and Proctor, 2013). Anaerobic cultivation of the liquid culture
was conducted with rotary shaking at 120 rpm after being sealed with a butyl rubber septum

and an aluminum crimp, followed by purging nitrogen gas for 15 min.
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3.2.2 Enrichment of the Sb(V)-reducing bacteria

The sludge used as the inoculum for the enrichment of Sb(V)-reducing bacteria was
collected from a sedimentation basin in the wastewater treatment facility in an antimony
product plant in Hyogo, Japan, considering the results obtained in Chapter 2. The sample was
transported on ice to the laboratory and stored at 4 °C until use. The pH of the sludge sample
was 7.3 and its aqueous phase contained Sb at 1.95 mg /L.

Before enrichment of the Sb(V)-reducing bacteria, the sludge sample (5 g-wet) was added
to 50 mL of L-Sb(V)-AMM, excluding Sb(V), in a 100 mL glass vial. After creating anaerobic
conditions as described above, the culture was shaken at 120 rpm and 28 °C for 30 min and
homogenized using a VCX130PB ultrasonic processor (Sonics & Materials, Newtown, CT,
USA) for 1 min to disperse the flocs. Four milliliters of the pretreated inoculum culture was
inoculated into 36 mL of L-Sb(V)-AMM in a 100 mL glass vial. Then, the culture was incubated
anaerobically. Aliquots (4 mL) of the culture were subcultured in 36 mL fresh medium at an

interval of 10 d from the 1st to 4th batch cycles and 7 d after the 5th batch cycle.

3.2.3 Isolation of Sb(V)-reducing bacteria

The enrichment culture after the 6th batch cycle was appropriately diluted by 5 mg/L
sodium tripolyphosphate solution. Then 100 uL. was spread on 1/10 TSB and L-Sb(V)-AMM
agar media and cultivated at 28 °C under aerobic and anaerobic conditions, respectively.
Anaerobic incubation was carried out using Anaero Pack anaerobic cultivation sets (Mitsubishi
gas chemical, Tokyo, Japan). Morphologically different colonies appearing on each medium
were picked up, and repeatedly transferred onto agar plate to isolate those strains as possible
Sb(V)-reducing bacteria. The isolated strains were cultured with LB broth under the aerobic

condition, and the growth ability of them under aerobic condition was confirmed. The isolated
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strains which showed aerobic growth was examined for Sb(V)-reducing ability in L-Sb(V)-

AMM, and ones with positive results were isolated as Sb(V)-reducing bacteria.

3.2.4 Phylogenetic, physiological and biochemical characterization

The isolated Sb(V)-reducing strains were phylogenetically identified based on partial 16S
rRNA gene sequences. Genomic DNA was extracted using the Cica Geneus DNA extraction
reagent (Kanto Chemical, Tokyo, Japan). Partial sequences of the 16S rRNA genes were
amplified using universal primers 27F and 1392R (Weisburg et al., 1994; Lane et al., 1985).
The PCR products were purified using a NucleoSpin Gel and PCR Clean-up kit (Takara Bio,
Shiga, Japan), and sequenced by Macrogen Japan (Kyoto, Japan). The obtained sequences were
compared with sequences in the NCBI database using the BLAST search program
(http://www.ncbi.gov/blast/). The partial 16S rRNA gene sequences of isolated strains were
deposited in GenBank/EMBL/DDBJ databases under the accession numbers LC569773 to
LC569775.

Physiological and biochemical characterization of isolated strains were entrusted to
Techno Suruga Laboratory (Shizuoka, Japan). Microscopic observation of cell morphology, and
catalase, oxidase, oxidation-fermentation (O/F), and organic compounds utilization tests were

conducted by Techno Suruga Laboratory.

3.2.5 Characterization of growth ability

The isolated strains were inoculated into LB broth and cultivated under aerobic condition
for 24-48 h. The cells were collected by centrifugation (6000 xg, 4 °C, 10 min), inoculated into
fresh LB broth, and cultured again for 7 h. Thereafter, the cells were collected in the same
manner, washed with an inorganic solution (Table 3-1). The collected cells were inoculated into

5 mL of LB broth in L-shaped test tubes at an initial optical density at 600 nm (ODsgoo) of 0.05.
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The effects of temperature on the growth of isolated strains were tested in LB broth (pH 7.8) at

20, 28, 37, and 45 °C. The effects of pH were examined at 28 °C using LB broth whose initial

pH was adjusted to 5.0-8.5 using the appropriate buffer (Table 3-2). All cultivations used to

examine the effects of temperature and pH on growth were conducted in a TVS062CA compact

rocking incubator (Advantec) with shaking at 70 rpm, and the optical density of the culture at

660 nm was automatically recorded every 30 min. All experiments were run in triplicate.

Table 3-1 Composition of the inorganic solution

Component Concentration
NaCl 1.2 g/L

KCI 0.3 g/L
NH4Cl 0.3 g/L
KH2PO4 0.2 g/L
NaxSO4 0.009 g/L
MgClL-6H>0 0.4 g/L

HEPES (pH 7.0) 20 mM

Table 3-2 Bufters used to adjust the pH of LB broth in experiments to test the growth ability of
strains AR-2 and AR-3

pH Buffer

5.0 MES (2-(N-Morpholino)ethanesulfonic acid)

6.0 MES

7.0 HEPES (2-[4-(2-Hydroxyethyl)-1-piperazinyl]ethanesulfonic acid)
7.8 CHES (N-Cyclohexyl-2-aminoethanesulfonic acid)

8.5 CAPS (N-Cyclohexyl-3-aminopropanesulfonic acid)
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3.2.6 Sb(V) reduction experiments

To characterize the ability of Sb(V) reduction, the isolated strains were precultivated as
described above and inoculated into 20 mL of A-Sb(V)-AMM in a 50 mL glass vial at an initial
ODgoo 0of 0.05. The culture was incubated under aerobic, microaerobic, and anaerobic conditions
as mentioned in 3.2.1. Controls without inoculation of the isolated strains or supplementation
with acetate were also prepared. Multiple identical cultures for the test and control systems
were prepared, and three vials were sacrificed periodically to monitor variations in Sb, acetate,
and protein concentrations during the Sb(V) reduction experiments. Because the formation of
precipitates might disturb the determination of ODgoo, protein concentration, which has been

confirmed to be positively correlated to cell concentration (Fig. 3-1), was used to represent the

cell concentration of isolated strains during Sb(V) reduction experiments.

Cell concentration (cells/mL)

Cell concentration (cells/mL)

Fig. 3-1 Relationships between cell concentrations (y) and ODeoo values (a and b) or protein

concentrations (c and d) (x) for strains AR-2 (a and c, respectively) and AR-3 (b and d,
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3.2.7 Analytical methods

Before analyses of soluble Sb and acetate, the collected samples were filtered through a
0.2 um cellulose acetate membrane filter (Advantec). ICP-AES (SII Nano Technology) was
used to determine the concentration of total soluble Sb. The speciation of Sb(V) and Sb(III) was
performed using a HPLC-HG-AFS with a mobile phase of 200 mM ammonium tartrate (pH
5.0) as described in 2.2.6. The acetate concentration was determined with a Shimadzu LC-10A
HPLC system equipped with an Aminex HPX-87H ion exclusion column (Bio-Rad
Laboratories, Hercules, CA, USA) using a mobile phase of 5.0 mM sulfuric acid.

The ODesoo of the culture was measured with a UV-1850 UV—vis spectrophotometer
(Shimadzu). The protein concentration was determined using a BCA Protein Assay kit (Takara
Bio) and an Epoch 2 microplate spectrophotometer (BioTek, Winooski, VT, USA). In the
preliminary study, cell concentration was determined using haemocytometer (Erma, Tokyo,
Japan) for confirming its linear relationships with ODgoo and protein concentration. The
quantity of cells on haemocytometer were counted with Fluorescence Microscope (BX50,

Olympus, Tokyo, Japan).

3.2.8 Solid analysis

For analysis of precipitates, the washed cells were inoculated into 60 mL of A-Sb(V)-
AMM in a 100 mL glass vial at an initial ODgoo of 0.05 and cultivated anaerobically for 7 or 35
d. The culture was centrifuged (2000 xg, 24 °C, 1 min), and the recovered precipitates were
rinsed successively with ultrapure water, 100% acetone, and ultrapure water. After removing
the supernatant, the precipitates were vacuum-dried and stored in a desiccator until use.

The morphology and elemental distributions of the solids were analyzed through SEM-
EDX (SU-70, Hitachi, Tokyo, Japan) at accelerating voltages of 10 or 15 kV. The crystal

structure was analyzed by XRD using a Rigaku Ultima IV high-performance, multi-purpose
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XRD system (Rigaku, Tokyo, Japan) at 40 kV and 40 mA.

3.3 Results and discussion
3.3.1 Isolation and identification of Sb(V) reducing bacteria

Enrichment of Sb(V)-reducing bacteria from the inoculum sludge was conducted with six
sequential batch cultivations. In the 1st batch of the enrichment experiment, soluble Sb was
removed sufficiently and yellowish precipitates were formed in the culture (Fig. 3-2). Thereafter,
although Sb removal occurred stably, the color of precipitates gradually changed during the
enrichment process and became white by the 6th batch (Fig. 3-2). According to the evidence
provided in previous studies, the white precipitates were likely SboO3 formed by microbial
Sb(V) reduction (Abin and Hollibaugh, 2014). These results indicated the enrichment of Sb(V)-

reducing bacteria during the enrichment process.

Fig. 3-2 Appearance of the enrichment culture before the onset of enrichment (a) and after the
Ist (b) and 6th batches (c).

Isolation of Sb(V)-reducing bacteria from the enrichment culture was attempted after the
6th batch with two distinct cultivation conditions. Two different types of bacterial colonies
appeared on the 1/10 TSB solid media under aerobic condition, and one type appeared on L-
Sb(V)-AMM solid media under anaerobic conditions. Consequently, two strains designated
strains AR-1 and AR-2 and one strain designated strain AR-3 were isolated successfully by
aerobic cultivation on 1/10 TSB agar medium and anaerobic cultivation on L-Sb(V)-AMM agar

medium, respectively. These three strains were confirmed to possess Sb(V)-reducing abilities
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(data not shown), 1.e., three Sb(V)-reducing bacterial strains were obtained. Based on the partial
16S rRNA gene sequences, all three strains belonged to the order Rhodocyclales of the class [3-
Proteobacteria. The sequences of strains AR-1 and AR-3 (1292 and 1294 bp, respectively)
shared identical sequences for 1292 bp (an additional nucleotide at both the 5’- and 3'-ends
occurred in the sequence for strain AR-3) and had 99.7% and 99.8% nucleotide similarities with
that of Propionivibrio militaris MP" (accession No. NR_125528), respectively (Table 3-3). The
16S rRNA gene sequence of strain AR-2 (1290 bp) had 98.4% nucleotide similarity with that
of Dechloromonas agitata CKBT (accession No. NR_024884). Thus, the isolated strains were
identified as Propionivibrio sp. AR-1, Dechloromonas sp. AR-2, and Propionivibrio sp. AR-3.
Because of the identical 16S rRNA gene sequences, strain AR-3 was chosen from strains AR-1

and AR-3 as the representative for further characterization.

3.3.2 Physiological and biochemical characteristics of strains AR-2 and AR-3

Both strains AR-2 and AR-3 were gram-negative, rod-shaped, non-spore-forming motile
bacteria, and positive for catalase, oxidase, nitrate reduction, and cytochrome oxidase tests
(Table 3-3, Table 3-4). Both strains were capable of growing under both aerobic and anaerobic
conditions; it should be noted that Sb(V)-reducing bacteria which can grow aerobically have
never been reported before these strains. Additionally, they can grow in LB medium under the
following temperature and initial pH conditions: 15-37 °C and pH 6-8.5 for strain AR-2 and
15-37 °C and pH 5-8.5 for strain AR-3. These fundamental physiological and biochemical
characteristics of strains AR-2 and AR-3 were similar to those of D. agitata and P. militaris
(Achenbach et al., 2001; Thrash et al., 2010), respectively. However, neither strains AR-2 nor
AR-3 could assimilate most of the carbohydrates and fatty acids tested, including glucose and

citrate, which required further study to explore the preferable substrates for their growth.
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Table 3-3 Physiological and phylogenetic characteristics of strains AR-2 and AR-3

Strain AR-2 AR-3
Rod Rod
Cellular morphology
(0.7-0.8 x 1.0-2.0 um) (0.5-0.7 x 1.5-3.0 pm)
Gram stain - -
Spore - -
Motility + +
Catalase test + +
Oxidase test + +
OJF test - -
Growable temperature in LB medium 15-37 °C 15-37 °C
Growable pH in LB medium 6-8.5 5-8.5
. Dechloromonas  agitata Propionivibrio militaris
Closest relative of 16S rRNA gene T T
CKB MP
sequence . o
(Similarity: 98.4%) (Similarity: 99.8%)

+: Positive; —: Negative; O/F test: oxidation-fermentation test.
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Table 3-4 Results of biochemical and assimilation tests of strains AR-2 and AR-3
Reaction/Enzyme AR-2 AR-3

Biochemical tests Nitrate reduction + +

Indole production - -
Glucose fermentation - -
Arginine dihydrolase - -
Urease - -
Hydrolysis (esculin) - -
Hydrolysis (gelatin) - -
B-Galactosidase - -

Cytochrome oxidase + +

Assimilation tests Glucose - -
L-Arabinose - -
D-Mannose - -
D-Mannitol - -
N-acetyl-D-glucosamine - -
Maltose + +
Potassium gluconate - -
n-Capric acid - -
Adipic acid - -
DL-Hydroxybutanedioic acid - -
Sodium citrate - -

Phenyl acetate + -

+: Positive, -: Negative

3.3.3 Anaerobic Sb(V) reduction by strains AR-2 and AR-3

Time courses of soluble Sb(V) and Sb(III) concentrations during anaerobic Sb reduction
experiments are shown in Fig. 3-3. No significant Sb(V) reduction occurred in the abiotic
control. When strains AR-2 and AR-3 were inoculated with the addition of acetate, Sb(V)
concentration in the liquid phase declined concomitantly with acetate consumption after 2 d

and reached 0.4-0.5 mM after 7 d (Fig. 3-3).

58



4

Sb concentration (mM)

3
i
£
-
@
g
S
o
7]

Time (d) Time (d)
—8— Sb(V) —8— Sh(V)
= -0~ = Sp(Ih = -0- - Sb(Il)
—&— Sb(V) (without noculum) —— Sb(V) (without inoculum)
= -0 - Sb(II) (without noculum) = -0 = Sb(III) (without inoculum)
—a&— Sb(V) (without carbon source) —&— Sb(V) (without carbon source)
= =& - Sbilll) (without carbon source) = =& = ShIIl) (without carbon source)

Acetate concentration (mM)
w

0 1 2 3 4 5 6 7
Time (d)
—0— AR-2 - A= AR-3 =+==¥-++ abiotic

Fig. 3-3 Time course of soluble Sb(V) and Sb(Ill) during anaerobic Sb(V) reduction by strains

AR-2 (a) and AR-3 (b) and acetate consumption (c). Error bars represent the standard deviation
(n=23).

Fig. 3-4 Precipitates formed during Sb(V) reduction experiments under microaerobic (a) and

anaerobic conditions (b).
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Along with the decline of soluble Sb(V), Sb(IIl) was detected in the liquid phase and
reached 0.4—0.5 mM after 7 d. Additionally, white precipitates were observed during the Sb(V)
reduction (Fig. 3-4). These results indicate that both strains AR-2 and AR-3 were capable of
respiratory Sb(V) reduction, and a large portion of Sb(IIl) formed by Sb(V) reduction was
removed from the liquid phase as insoluble Sb compounds. Among the two previously isolated
Sb(V)-reducing bacterial strains, D. stibiiarsenatis MLFW-2 could completely reduce 2 mM
Sb(V) within approximately 80 h (Abin and Hollibaugh, 2014). Another Sb(V)-reducing strain,
Sinorhizobium sp. JUK-1, reduced half of 5 mM Sb(V) after 100 h, and further reduced it to
less than 0.5 mM after approximately 150 h, with the remaining of soluble Sb(III) being 3 mM
(Nguyen and Lee, 2014). Thus, the Sb(V) reduction and removal abilities of strains AR-2 and
AR-3 were comparable to or higher than those of previous isolates.

Anaerobic respiration using Sb(V) and acetate as the electron acceptor and donor,
respectively, can be described with the following equation (Nguyen and Lee, 2014):

4Sb(OH)s + CH3COO™ + 3H* — 4Sb(OH); + 2HCOs™ + 8H,0

a b
4 4 r
@
3.5 ‘ 35 }
s . | 3
g 25 o .- g a5 - @
- -
S ° < y=5.555x 2t ®
2 R2=0.9898 2
LS g LS y=4.2271x
R2=0.9944
1 1 @
0.5 | 0.5
0 d . . 0 ke r r r )
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
A Acetate (mM) A Acetate (mM)

Fig. 3-5 The relationship between acetate consumption (AAcetate) and Sb(V) decline (ASb(V))
during anaerobic Sb(V) reduction by strains AR-2 (a) and AR-3 (b).
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Fig. 3-6 Positive correlations between cell growth represented by the increase of protein
concentration and acetate consumption (AAcetate) (a and b) and between cell growth and Sb(V)
decline (ASb(V)) (¢ and d) during anaerobic Sb(V) reduction by strains AR-2 (a and c,
respectively) and AR-3 (b and d, respectively).

According to the equation, the molar ratio of Sb(V) reduction (ASb(V)) to acetate
consumption (AAcetate) during anaerobic respiration should be 4:1. As shown in Fig. 3-5, linear
correlations between ASb(V) and AAcetate occurred during Sb(V) reduction with both strains.
The cell growth of both strains was also correlated with each of ASb(V) and AAcetate (Fig. 3-
6), which suggests the strains can obtain energy for proliferation from the reactions. The ratio
of ASb(V) to AAcetate during Sb(V) reduction by strain AR-2 was 4.2:1, which was close to
the theoretical value. On the other hand, the ASb(V)/AAcetate ratio during Sb(V) reduction by
strain AR-2 was 5.6:1, which was higher than the theoretical value. Although Sb(V) reduction
by strain AR-3 did not occur without the addition of acetate (Fig. 3-3 b), the slight Sb(V)

reduction by strain AR-2 was observed even when acetate was not added (Fig. 3-3 a).
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Dechloromonas sp., to which strain AR-2 belongs, has been known to accumulate
polyhydroxyalkanoates (PHA) as intracellular carbon and energy storage compounds (Salineo
et al.,2009). Thus, larger Sb(V) reduction by strain AR-2 than that estimated theoretically from
acetate consumption was probably caused by utilizing PHA as an additional electron donor for

anaerobic Sb(V) respiration.

3.3.4 Effects of oxygen on Sb(V) reduction by strains AR-2 and AR-3

In contrast to Sb(V)-reducing bacteria isolated in previous studies, which were obligate
anaerobes (Abin and Hollibaugh, 2014; Nguyen and Lee, 2014), both stains AR-2 and AR-3
were facultative anaerobes. Therefore, the possibility of Sb(V) reduction by the strains not only
under the anaerobic conditions but also under aerobic or microaerobic conditions was
investigated. During the Sb(V) reduction experiment using strain AR-2 under aerobic
conditions, Sb(V) reduction was not observed, although the cell density (protein concentration)
increased sharply concomitant with rapid consumption of acetate (Fig. 3-7a, b and 3-8). When
strain AR-3 was used, rapid growth with acetate consumption was also found and the Sb(V)
concentration declined marginally from 1 to 2 d; however, Sb(IIl) was never detected (Fig. 3-
7¢) and the total soluble Sb concentration remained unchanged (data not shown).

Therefore, it is suggested that Sb(V) reduction by both strains is not possible under aerobic
conditions. In contrast, obvious Sb(V) reduction by both strains was detected under the
microaerobic conditions with the appearance of Sb(IIl) and relatively rapid cell growth (Fig. 3-
7 and 3-8). Notably, Sb(V) reduction efficiency by strain AR-3 under microaerobic conditions
was comparable to that under anaerobic conditions (Fig. 3-7¢). Sb(V) reduction by strain AR-
2 under microaerobic conditions was also similar to that under anaerobic conditions during the
initial period, although it slowed during the latter period (Fig. 3-7a). These results indicated that

both strains AR-2 and AR-3 were capable of Sb(V) reduction even under microaerobic
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conditions (i.e., in the partial presence of dissolved oxygen). It was also worth noting that both
strains were capable of growing more efficiently under microaerobic conditions than under

anaerobic conditions even when Sb(V) was used as the electron acceptor.
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Fig. 3-7 Time course of soluble Sb(V) and Sb(III) (a,c) and protein concentrations (b,d) during
Sb(V) reduction experiments under anaerobic, microaerobic, and aerobic conditions by strains

AR-2 (a and b, respectively) and AR-3 (c and d, respectively). Error bars represent the standard
deviation (n = 3).
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To our knowledge, this was the first study indicating the possibility of microbial Sb(V)
reduction without strict control of anaerobic conditions. Under microaerobic conditions,
dissolved oxygen in the culture was consumed through the initial rapid growth of strains AR-2
and AR-3, which enabled the occurrence of their anaerobic respiration using Sb(V) as the
electron acceptor. The Sb(V) reduction and growth abilities of the strains under microaerobic
conditions present a great advantage for strains AR-2 and AR-3 in practical application for

Sb(V) treatment.

Acetate concentration (mM)

Acetate concentration (mM)

0 1 2 3 4 5 6 7
Time (d) Time (d)
—®— anaerobic —#— microaerobic —&— aerobic —®— anaerobic —#®— microaerobic —&— aerobic

Fig. 3-8 Acetate consumption during anaerobic, microaerobic and aerobic Sb(V) reduction

experiments by strains AR-2 (a) and AR-3 (b). Error bars indicate the standard deviation (n =
3).

3.3.5 Properties of precipitates formed during Sb(V) reduction

The scanning electron micrographs of white precipitates formed during anaerobic Sb(V)
reduction by strains AR-2 and AR-3 are shown in Fig. 3a and b, respectively. The precipitates
were produced extracellularly by both strains, and the aggregates of spherical particles
measured 0.1-0.5 um. EDX analysis showed that the particles produced by both strains
comprised Sb and O (Fig. 3-9c¢, d), with an atomic ratio (Sb:O) of approximately 1:4 (Table 3-

5). The results suggested that the precipitates were likely solid forms of Sb>O3 and/or Sb(OH)s.
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Sb(OH)3 could be formed by biological reduction of Sb(OH)s™ and further dehydrated to form
Sb,O3 (Zotov et al., 2003; Abin and Hollibaugh, 2014).

Earlier studies have reported that microbial Sb(V) reduction could form Sb,Os precipitates
as cubic (sénarmontite) and orthorhombic polymorphs (valentinite) or amorphous bio-minerals
(Abin and Hollibaugh, 2014; Lai et al., 2016; Lai et al., 2018a; Nguyen et al., 2019). Nguyen
et al. also reported the simultaneous formation of amorphous and crystallized Sb>O3 as products
of microbial Sb(V) reduction. In contrast, Nguyen and Lee demonstrated the formation of
Sb(OH)3 precipitates as amorphous particles (Nguyen and Lee, 2014). Based on the XRD
patterns registered in the Powder Diffraction File (PDF) database of the International Center
for Diffraction Data, strong peaks of crystalline Sb compounds appeared to be detected at 20 of
27.698, 32.077, and 45.985 (cubic SboOs; PDF#05-0534) or of 25.172, 28.382, and 28.605
(orthorhombic Sb,0Os3; PDF#11-0689) in XRD analysis. However, XRD analysis of the
precipitates formed during Sb(V) reduction by strains AR-2 and AR-3 did not detect any
significant peaks (Fig. 3-9e, f), which possibly resulted from the very small particle size and/or
amorphous structure. Based on the similarity in the size and structure, the precipitates formed
by strains AR-2 and AR-3 in this study were likely amorphous Sb(OH)3 solids, as found by
Nguyen and Lee (2014). Amorphous Sb(OH); could develop into crystallized Sb,O; by
prolonged incubation time. Increased particle size and crystallization were observed when
Sb(V) reduction experiments with strain AR-2 were extended to 35 d, whereas similar
crystallization was not detected during Sb(V) reduction by strain AR-3 (Fig. 3-10), which

requires further study.
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Fig. 3-9 Scanning electron micrographs (a, b), EDX spectra (c, d), and X-ray diffraction patterns
(e and f) of precipitates formed during anaerobic Sb(V) reduction for 7 d by strains AR-2 (a, ¢

and e, respectively) and AR-3 (b, d, and f, respectively).

Table 3-5 Elemental distribution in precipitates formed through anaerobic Sb(V) reduction by

strains AR-2 and AR-3
Elemental Distribution in Precipitates (%)

Strain

(0] S Sb
AR-2 78.2 - 21.8
AR-3 2.4 0.1 17.5
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Fig. 3-10 Scanning electron micrographs of precipitates after 35 d in anaerobic Sb(V) reduction

experiments using strains AR-2 (a) and AR-3 (b).
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3.4 Summary

In this chapter, three novel Sb(V)-reducing bacterial strains, all of them can aerobically
grow, were isolated successfully from the sludge collected from the wastewater treatment
facility in an antimony products plant. Two of the isolated strains, designated Dechloromonas
sp. AR-2 and Propionivibrio sp. AR-3, were characterized for their Sb(V)-reducing ability. Both
of the two strains can efficiently reduce Sb(V) and grow under anaerobic conditions, using
Sb(V) and acetate as the electron accepter and donor, respectively. Meanwhile, most of the
soluble Sb was removed from the aqueous phase as a result of the formation of white precipitate,
which were likely amorphous Sb(OH); solids. In addition, respiratory Sb(V) reduction by both
strains occurred under not only anaerobic but also microaerobic conditions. The occurrence of
Sb(V) reduction under microaerobic condition (not strict anaerobic condition) has never been
reported before this study. The first (and the second) facultative anaerobic, Sb(V)-reducing
bacteria, strains AR-2 and AR-3, are considered to have a great advantage in practical

application to Sb(V)-containing wastewater treatment.
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Chapter 4
Factors  affecting antimonate  bio-reduction by
Dechloromonas sp. AR-2 and Propionivibrio sp. AR-3

4.1 Introduction

In chapter 3, novel Sh(V)-reducing bacterial strains capable of growing both aerobically
and anaerobically were isolated successfully. Two of the isolated strains AR-2 and AR-3 were
found to respiratory reduce Sh(V) to Sb(l11) not only under anaerobic conditions but also under
microaerobic conditions. The evidence suggested the feasibility of the two strains to be used in
practical Sb treatment and remediation. However, factors affecting their Sb(V) reduction and
removal abilities were still unclarified, in spite that the knowledge is requisite for practical
application.

The objective of this chapter was to investigate the effects of representative environmental
factors on Sb(V) reduction by strains AR-2 and AR-3. Effects of temperature and pH and
usability of different organic compounds as the electron donor were examined to clarify
fundamental environmental settings for application of strains AR-2 and AR-3. In addition, their
utilization of electron acceptors other than Sb(V) under anaerobic conditions was tested, and
the possibility of other coexisting electron acceptors to inhibit their Sb(V) reduction were

explored.
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4.2 Materials and methods
4.2.1 Media

LB broth was used in the pre-cultivation of two Sh(V)-reducing bacteria strains. AMM
was used for characterization of Sb(V)-reduction abilities of the strains. Unless otherwise stated,
the pH of the media was adjusted to 7 with HEPES buffer, and K[Sb(OH)e] was added at 5 mM
as Sh(V) source. Hereinafter, AMM supplemented with 5 mM K[Sb(OH)s] designated as
Sb(V)-AMM. TSB supplemented with 5 mM K[Sb(OH)s] was also used in the investigation of
effects of carbon sources on Sb(V) reduction. All cultivations were conducted in a 50 mL glass
vial containing 20 mL medium with rotary shaking at 120 rpm. When cultivated under
anaerobic conditions, the vial was sealed with a butyl rubber septum and an aluminum crimp

and purged with nitrogen gas for 15 min.

4.2.2 Pre-cultivation
The strains were precultured and collected following the steps described in section 3.2.5.
The collected cells were inoculated into the media used in each experiments to yield an ODsooof

0.05.

4.2.3 Effects of temperature and pH on Sb(V) reduction

The effects of temperature and pH on their Sb(V) reduction were examined using lactate,
a common electron donor for anaerobic respiration, as the sole carbon source. The effects of
temperature on Sb(V) reduction by the strains were tested at 15, 20, 25, 30 and 35 °C,
temperatures at which the strains are capable of growth according to the result in section 3.3.2,
with an initial pH of 7.0. The effect of pH was examined at 28 °C using Sb(V)-AMM, the pH
of which was adjusted to 5.0 and 6.0 with MES bufter, 7.0 with HEPES buffer, and 8.0 with

CHES buffer. An abiotic control was prepared in each experiment, and all experiments were
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conducted in triplicate for 7 d.

4.2.4 Sb(V) reduction with various electron donors

The results in chapter 3 indicated the usable electron donor in the anaerobic respiration of
strains AR-2 and AR-3 is considerably limited. Based on the evidence that simple fatty acids
and carbohydrates can be used as electron donor in Sb(V) bio-reduction (Nguyen et al., 2018),
reduction by the two strains was examined with lactate and acetate as the representative fatty
acids and maltose as the utilizable carbohydrate according to the result in section 3.3.2. Each
organic compound was added to Sb(V)-AMM at an initial concentration of 5 mM. TSB
containing 5 mM Sb(V) was also prepared to investigate the ability of the strains to reduce

Sb(V) with a complex carbon source. All cultivations were conducted at 28 °C.

4.2.5 Utilization of various electron acceptors and their effects on Sb(V) reduction

To evaluate the utilization of various electron acceptors by the isolated strains, the
precultured strains were inoculated into AMM containing 5 mM of sodium acetate. Sb(V),
NaNOs (nitrate), NaH2AsO4 (As(V)), NaxSeOs (Se(VI)), Na,SO4 (sulfate), or FeClz (Fe(IIl))
were added to the media at 1 mM, and their utilization as the electron acceptor was examined.
An abiotic control was prepared for each experiment. Experiments were also conducted using
Sb(V)-AMM supplemented with 1 mM of As(V) and nitrate to evaluate the effects of coexisting
electron acceptors on Sb(V) reduction. All experiments were carried out in triplicate at 28 °C

for 7 d.

4.2.6 Chemical analysis

The ODsggo of the culture was determined as described in section 3.2.7.
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Before the chemical analysis, the collected samples were filtered through a 0.2 pum
cellulose acetate membrane filter (Advantec). Sb(V) concentration was determined by an HIC-
SP ion chromatography system (Shimadzu) with Shim-pack IC-SA3 column (Shimadzu) using
3 mM Na2COs solution as the mobile phase or by HPLC-HG-AFS. Sb(l11) was also determined
by HPLC-HG-AFS. Concentrations of As(V), Se(VI), Se(lV), nitrate and sulfate were
measured using a HIC-SP ion chromatography system with a Dionex lonPac AS4A-SC column
(Thermo Fisher Scientific Inc) using 3 mM NaxCOz solution as mobile phase. ICP-AES (SlI
Nano Technology) was used to determine the total concentration of soluble Sb, As, Se and Fe.
The Fe(Il) concentration was measured using UV-vis spectrophotometer (Shimadzu) at 510
nm using 1,10-phenanthroline according to the procedures of JIS K 0400-57-10. As(I11) and
Fe(lll) concentrations were calculated as the difference between total As and As(V)
concentrations and between total Fe and Fe(ll) concentrations, respectively. The concentrations
of organic compounds were determined with a Shimadzu LC-10A HPLC system (Shimadzu)
equipped with an Aminex HPX-87H ion exclusion column (Bio-Rad Laboratories) using a

mobile phase of 5.0 mM sulfuric acid.

4.3 Results and discussion
4.3.1 Effects of temperature on Sb(V) reduction

To clarify the effects of temperature on Sb(V) reduction by strains AR-2 and AR-3, Sb(V)
reduction experiments were performed at various temperatures (15-35 °C). The time courses
of Sb(V) and soluble Sb concentrations in all experiments are shown in Fig. 4-1 and Fig. 4-2.
Temporal changes in Sb(V) reduction and Sb removal efficiency under different temperature

conditions are depicted in Fig. 4-3.
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By day 7 of the experimental period, both strains AR-2 and AR-3 had reduced more than
89.6% and 89.5% of the initial Sb(V), respectively, and correspondingly removed more than
74.3% and 79.8% of the aqueous Sb, respectively, irrespective of the temperature conditions.
The fact that Sb removal efficiency was slightly lower than Sb(V) reduction efficiency
suggested the incomplete precipitation of generated Sb(III).

In strain AR-2, Sb(V) reduction occurred efficiently after 1 d when the temperature was
set at 25-30 °C and reached over 70% within 2 d (Fig. 4-3a). However, Sb(V) reduction was
considerably lower at lower (15 and 20 °C) and higher (35 °C) temperatures, with a lag of 1 d
before the onset of reduction (Fig. 4-1). Regarding strain AR-3, Sb(V) reduction initiated after

a lag of 1 d at all tested temperatures (Fig. 4-2). The Sb(V) reduction and removal abilities of
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strain AR-3 were the highest at 25 °C, and Sb(V) reduction reached over 60 % within 2 d; they
were slightly lower at 20 and 30 °C and notably lower at 15 and 35 °C (Fig. 4-3b).

From the experimental results, the optimal temperatures for Sb(V) reduction and Sb
removal by strains AR-2 and AR-3 were found to be 25-30 °C and 25 °C, respectively. However,
when the cultivation was prolonged to 7 d, both strains showed good performance in reducing
Sb(V) and removing Sb within the tested temperature range (15-35 °C); the final Sb(V)
reduction efficiencies were 89.6-93.8% and 89.5-95.9% and the final Sb removal efficiencies
were 74.3-76.1% and 79.8-87.9% in strains AR-2 and AR-3, respectively. Therefore, the results
suggest that both strains could be applied to treat Sb-containing wastewater under a relatively
wide temperature range, that is, under normal ambient temperatures. However, as the reduction
of Sb(V) at 15-20 °C and 35 °C required a relatively longer reaction time, the hydraulic
retention time of the treatment process should be extended at temperatures outside of the

optimal range.

4.3.2 Effects of pH on Sb(V) reduction

To clarify the effects of pH on Sb(V) reduction by strains AR-2 and AR-3, Sb(V) reduction
experiments were performed using media with pH values between 5 and 8. The time courses of
Sb(V) and soluble Sb concentrations in all experiments are shown in Fig. 4-4 and Fig. 4-5.
Temporal variations in Sb(V) reduction and Sb removal efficiency under different pH
conditions are shown in Fig. 4-6. During Sb(V) reduction experiments in which the initial pH
was adjusted from 5 to 8, no notable variations in pH were observed (data not shown).

pH exerted a greater influence on Sb(V) reduction and Sb removal capabilities of both
strains than did temperature, and the effects of pH on strains AR-2 and AR-3 were similar. When
the pH was adjusted to 5, both strains reduced only appropriately 10% of Sb(V) and removed

no aqueous Sb by day 7 of the experimental period. In contrast, efficient Sb(V) reduction and
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resultant aqueous Sb removal by both strains occurred when the pH was adjusted to 6 or higher,
with the highest Sb(V) reduction and removal abilities of over around 90% occurring at pH 7.
At pH 6, the final Sb(V) reduction and aqueous Sb removal efficiencies after 7 d reached almost
the same level as that at pH 7, although the reduction and removal speeds were slower. In
contrast, at pH 8, in addition to the slowing of Sb(V) reduction and aqueous Sb removal, the
final Sb(V) reduction and removal levels after 7 d were 16% to 27%, much lower than those at
pH 6-7. Thus, alkaline conditions appeared to have more detrimental effects on Sb(V) reduction

by both strains than did acidic conditions.
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The results above indicated that the pH of Sb-containing wastewater should be adjusted to
slightly acidic to neutral conditions before bio-treatment using strains AR-2 and AR-3. The pH
of the water sample from the wastewater treatment facility where the sources of strains AR-2
and AR-3 were collected, was 6.7. In addition, previous studies showed that pH values of the
wastewater and mine water from the Xikuangshan Sb mine area were within the range of 6—8
and 7.56-9.88, respectively (Zhu et al., 2011; Wen et al., 2016). Therefore, at least some actual
Sb-containing wastewater can be treated without pH adjustment with strains AR-2 and AR-3,

although alkaline wastewater should be neutralized before treatment.
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4.3.3 Effects of carbon source on Sb(V) reduction

Sb(V) reduction via anaerobic respiration requires an electron donor, and the
supplementation of appropriate organic compounds for use as electron donors is important for
facilitating the biological treatment of Sb-containing wastewater, since such wastewater
typically lacks utilizable organic compounds. Nguyen et al. (2018) investigated suitable
electron donors for Sb(V) reduction by a soil microbial consortium among acetate, lactate,
propionate, butyrate, glucose, inositol, and hydrogen and found that saccharides such as glucose
were preferable. In contrast, optimal electron donors for Sb(V) reduction by pure Sb(V)-

reducing bacteria have not been well described (Abin and Hollibaugh, 2014; Nguyen and Lee,
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2014; Zhang and Hu, 2019; Wang et al., 2020). Therefore, this study selected lactate, acetate,
and maltose as potential electron donors and examined their applicability for Sb(V) reduction
by strains AR-2 and AR-3.

Efficient Sb(V) reduction by both strains was observed when acetate or lactate was applied,
with Sb(V) reduction efficiencies of over 85% after 7 d, indicating that simple fatty acids such
as acetate and lactate are preferable electron donors for Sb(V) reduction. Among the two fatty
acids, lactate appeared to be a more efficient electron donor, allowing faster and higher Sb(V)
reduction by both strains (Fig. 4-7). The occurrence of acetate was detected during lactate
consumption by strain AR-2 (Fig. 4-7a), suggesting the transformation of lactate into acetate
through anaerobic respiration as reported in previous studies (Abin and Hollibaugh, 2014;
Wang et al., 2018). However, the same phenomenon was not observed in experiments
employing strain AR-3 (Fig. 4-7b). Because of slightly more efficient utilization of acetate by
strain AR-3 than that by strain AR-2 (Fig. 4-7c and d), strain AR-3 may quickly utilize acetate
generated through lactate degradation for Sb(V) reduction. On the other hand, when maltose
was supplemented, the two strains consumed very little; consumption by strain AR-3 was
especially low. The resultant Sb(V) reduction efficiency of strain AR-2 within 7 d was 26.6%,
and that of strain AR-3 was only 9.5%. In experiments using any of the three carbon sources
(lactate, acetate, or maltose), major portions of Sb(IIl) generated by Sb(V) reduction were
successfully removed from the aqueous phase by precipitation. When using lactate and acetate

as electron donors, approximately 80% of Sb could be removed within 7 d.
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In addition, TSB was used to investigate the use of complex proteinous organics (as a
proxy for inexpensive organic wastes) as potential electron donors for Sb(V) reduction. TSB
was found to support Sb(V) reduction by the two strains to a certain degree; Sb(V) reduction
was about 50% after 7 d for both strains. However, soluble Sb removal was only around 15%
after 7 d, probably due to inhibition of Sb(III) precipitation by some ingredients in TSB.

The obtained results suggested that the carbon sources available for effective Sb(V)
reduction and removal by both strains are very limited, and only lactate and acetate are effective
carbon sources. Since these simple fatty acids are relatively inexpensive and have been utilized
in environmental applications as electron donors for the denitrification and dechlorination of
solvents (Li et al., 2016a; Du et al., 2017a; Wang et al., 2017; Deshmukh et al., 2009), they are
acceptable for practical use. However, it is still desirable to identify less costly electron donors

for effective Sb(V) reduction by strains AR-2 and AR-3.

4.3.4 Utilization of other electron acceptors

Sb(V) reduction through anaerobic respiration is reported to be catalyzed by enzymes
belonging to the DMSOR family (Abin and Hollibaugh, 2019). A previous study found that D.
stibiiarsenatis MLFW-2 can reduce nitrate, nitrite, arsenate, selenate, selenite, and
dimethylsulfoxide in addition to Sb(V) under anaerobic conditions owing to its DMSOR family
enzymes (Abin and Hollibaug, 2019). Thus, if other electron acceptors that can be reduced by
a Sb(V)-reducing strain coexist with Sb(V) in wastewater, Sb(V) reduction by the Sb(V)-
reducing strain may be competitively inhibited, resulting in reduced Sb removal. In contrast,
the range of electron acceptors reducible by a Sb(V)-reducing strain should vary depending on
the substrate specificity of its DMSOR family enzymes. Therefore, the ability of strains AR-2
and AR-3 to reduce various electron acceptors (As(V), Se(VI), Fe(Ill), nitrate, and sulfate) in

addition to Sb(V) was evaluated.
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The results are shown in Fig. 4-8. Throughout the 7 d experimental period, no reduction
of electron acceptors was observed in abiotic controls (data not shown). Therefore, a significant
decrease in the concentration of tested electron acceptors is considered to reflect bio-reduction.

Strain AR-2 could reduce nitrate in addition to Sb(V), but did not significantly reduce
As(V), Se(VI), Fe(Ill), and sulfate. Nitrate was rapidly reduced by strain AR-2 and was
removed completely within 24 h, indicating that nitrate is an efficient electron acceptor (Fig. 4-
8d).

Strain AR-3 could utilize As(V) and nitrate in addition to Sb(V) as the electron acceptor,
but not Se(VI), Fe(Ill), or sulfate (Fig. 4-8). Unlike strain AR-2, nearly 80% of As(V) was
reduced by AR-3 within 7 d with the generation of almost equimolar As(III) (Fig. 4-8a). Nitrate
was reduced rapidly and removed completely within 3 d (Fig. 4-8d).

Compared with an obligate anaerobic Sb(V)-reducing bacterium, D. stibiiarsenatis
MLFW-2, utilizable electron acceptors for strains AR-2 and AR-3 under anaerobic conditions
are very limited, probably because these strains are facultative anaerobic bacteria. Because
facultative anaerobic bacteria can utilize oxygen as a very efficient electron acceptor for energy
acquisition, it may be possible that they have not developed versatile anaerobic respiration

pathways using various electron acceptors.

4.3.5 Effects of coexisting electron acceptors on Sb(V) reduction

As Sb(V) reduction via anaerobic respiration is possibly inhibited by the presence of other
electron acceptors, this study evaluated the effects of coexisting electron acceptors that can be
reduced by AR-2 and AR-3 on Sb(V) reduction. Sb(V) reduction experiments in the absence
and presence of electron acceptors utilizable by strains AR-2 and AR-3 were comparably
performed. The results for strains AR-2 and AR-3 are shown in Figs. 4-9 and 4-10, respectively.

As shown in Fig. 4-9, coexisting nitrate did not have a significant effect on Sb(V) reduction
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and soluble Sb removal by strain AR-2 overall, although Sb(V) reduction efficiency was slightly
lower in the presence of nitrate at the end of the 7-d experiment. Soluble Sb(V) removal reached
about 75% both in the presence and absence of nitrate. In addition, the reduction of nitrate was

not inhibited by the coexistence of Sb(V) (Fig. 4-9b).
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Fig. 4-9 (a) Sb(V) reduction and Sb removal by strain AR-2 in the coexistence of nitrate and (b)
the change in coexisting nitrate during Sb(V) reduction. Error bars represent the standard

deviation (n = 3)

The coexistence of nitrate showed a minor inhibitory effect on Sb(V) reduction by strain

AR-3; Sb(V) reduction at 7 d dropped to 85% in the presence of nitrate compared with 95%
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observed in its absence (Fig. 4-10c). On the other hand, the removal efficiency of soluble Sb
was almost the same in the presence and absence of nitrate. In addition, nitrate reduction was
not largely affected when coexisting with Sb(V) (Fig. 4-10d). The coexisting As(V) showed a
slight inhibitory effect on Sb(V) reduction by strain AR-3 (Fig. 4-10a), and both Sb(V)
reduction and soluble Sb removal efficiencies were slightly lower in the presence of As(V)
compared with those in the absence of As(V). However, the final Sb removal efficiency was
still relatively high (75%) even in the presence of As(V). As(V) reduction was not significantly
influenced by the presence of Sb(V) (Fig. 4-10b).

Thus, the results indicate that the presence of other electron acceptors does not severely
inhibit Sb(V) reduction and removal capability by strains AR-2 and AR-3. Therefore, although
Sb(V) typically occurs with other possible electron acceptors such as As(V) and nitrate in
wastewater (Zhu et al., 2011; Wen et al., 2016; Arnold et al., 2019), it seems feasible to reduce
Sb(V) and remove soluble Sb from such wastewater using strains AR-2 and AR-3. Although a
slight decline in Sb(V) reduction was observed in the presence of coexisting electron acceptors,
this did not seem to reflect competitive inhibition. Therefore, in strains AR-2 and AR-3, the
reduction of Sb(V) and the other electron acceptors (nitrate for strain AR-2 and nitrate and

As(V) for strain AR-3) is likely catalyzed by distinct enzymes.
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4.4 Summary

In this chapter, the effects of temperature, pH, carbon sources (electron donors), and
coexisting electron acceptors on Sb(V) reduction by strains AR-2 and AR-3 were evaluated.
Efficient Sb(V) reduction and removal by both strains, with approximately 90% Sb(V)
reduction and over 74% Sb removal from the aqueous phase, were observed over 7 d under a
relatively wide temperature range of 15-35 °C and around neutral pH (6—7). Therein, optimal
temperature for Sb(V) reduction by AR-2 and AR-3 was 25-30 °C and 25 °C, respectively, and
the highest Sb(V) reduction efficiencies of both strains were achieved when pH was 7. Carbon
sources for the two strains to use in Sb(V) reduction and removal are limited, among which
simple fatty acids such as lactate and acetate are more effective. In addition to Sb(V), AR-2 can
also reduce nitrate, while As(V) and nitrate are available electron acceptors for AR-3. The
copresence of those usable electron acceptors would not inhibit the Sb(V) reduction by the two
strains. These results suggest that while work remains to identify suitable electron donors for
effective Sb(V) reduction, strains AR-2 and AR-3 are useful for effective reduction and removal
of soluble Sb(V) in wastewater. The limit of the application of Sb(V) bio-treatment by the two
strains might be the usable carbon source. In consequence, searching for some cost-effective

substrates for Sb(V) reduction should be an important subject in the next stage.
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Chapter 5
Summary and conclusions

Although Sb is a kind of widely utilized metalloid, many countries and organizations have
strict limits for its discharge into environment because of its high toxicity. Especially Sb
pollution has become apparent recently, and the necessity of Sb removal from wastewater is
emphasized. However, existing physico-chemical technologies for Sb-containing wastewater
treatment are not always effective and have common problems of high-cost and huge energy-
/resource-consumption. Instead, the biological treatment technology utilizing microbial Sb(V)
reduction is attracting a significant concern as a promising alternative to remove soluble Sb(V),
which can give the benefits of low-cost and environmental-friendliness. However, current
knowledge about microbial Sb(V) reduction is still limited. Currently, there are only a few
reports about the successful isolation of Sb(V)-reducing bacteria, and furthermore those
isolated bacteria in previous reports seem not always effective to be utilized in wastewater
treatment.

Therefore, the objective of this thesis was to isolate and characterize novel Sb(V)-reducing
bacteria which can be effectively utilized in Sb wastewater treatment.

In Chapter 1, literature review was performed on the present situation of Sh pollution in
aquatic environment and related regulations, existing technologies of Sb wastewater treatment,
and microbial Sb(V) reduction and previously reported Sb(V)-reducing bacteria as the
background of this study. Based on the review, the objective of this study was set as mentioned
above.

In Chapter 2, the potential of Sb(V) reduction and removal from the aqueous phase by
microbial communities existing in river sediments was evaluated to find out the environmental

sample suitable for screening/isolating effective Sb(V)-reducing bacteria. Among the tested
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sediment samples, microbial communities in most of the samples could reduce and remove
Sb(V) in the presence/absence of high concentrations of sulfate, indicating the wide distribution
of microbial Sb(V) reduction potential in the environment, irrespective of the anthropogenic
impact. The Sb(V) reduction and removal abilities under different sulfate levels also suggested
the presence of multiple types of Sb(V) reduction and removal pathways, including the direct
Sb(V) reduction by anaerobic respiration, indirect (chemical) Sb(V) reduction by SRB, and
their combination. It was also suggested that Sb(V)-reducing bacteria have higher Sb(V)
reduction capability than SRB. Further it was clarified that Sb(V)-reducing bacteria can be more
stably enriched from the sediment with the impact of Sb contamination than from those without
significant Sb contamination. These indicated that it is recommended to use Sb-contaminated
environmental samples as the source for enrichment and isolation of effective Sb(V)-reducing
bacteria in the following section.

In Chapter 3, three facultative-anaerobic Sb(V)-reducing bacterial strains were isolated
successfully and two of the isolated strains, designated Dechloromonas sp. AR-2 and
Propionivibrio sp. AR-3, were characterized based on their growth and Sb(V) reducing abilities
in order to evaluate their potential to be utilized in Sb-containing wastewater treatment. Both
of the strains can reduce 5.0 mM Sb(V) efficiently within 7 d under anaerobic conditions with
acetate as electron donor. Along with Sb(V) reduction, major portion of the soluble Sb was
removed from the aqueous phase as a result of the formation of white precipitates, which were
likely amorphous Sb(OH);3 solids. In addition, both strains could reduce Sb(V) under not only
anaerobic but also microaerobic conditions, indicating that both strains possess significant
potential in Sb wastewater treatment.

In Chapter 4, the factors that may affect the Sb(V) reduction by the strains AR-2 and AR-
3 were investigated in order to clarify the appropriate conditions for the successful application

of these strains. The effects of temperature, pH, carbon source and coexistence of other
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utilizable electron acceptors were evaluated. Sb(V) was efficiently reduced and removed by
both strains in 7 d at the temperature range of 15-35 °C and around neutral pH (6—7). In contrast,
the carbon sources usable by these strains as electron donors for Sb respiration were limited to
simple fatty acids such as acetate and lactate. Although strain AR-2 utilized nitrate and AR-3
utilized nitrate and arsenate as electron acceptors for anaerobic respiration in addition to Sb(V),
the copresence of other electron acceptors did not inhibit Sb(V) reduction. These results suggest
that strains AR-2 and AR-3 can be applied in the practical treatment of Sb(V)-containing
wastewater.

In this study, novel Sb(V)-reducing bacterial strains have been successfully isolated, and
Dechloromonas sp. AR-2 and Propionivibrio sp. AR-3 were further characterized as the bio-
catalysts to be utilized in Sb-containing wastewater treatment. It should be noted that strains
AR-2 and AR-3 are the first (and second) Sb(V)-reducing bacteria which can aerobically grow;
i.e., facultative anaerobic Sb(V)-reducing bacteria has never been reported before this study.
Further it was clarified that strains AR-2 and AR-3 can efficiently reduce Sb(V) under not only
anaerobic condition but also microaerobic condition for the first time. These novel, facultative
anaerobic, Sb(V)-reducing bacteria strains AR-2 and AR-3, are considered to give a great
advantage in Sb(V)-containing wastewater treatment. Large amounts of inoculum for bio-
treatment processes can be easily obtained, because aerobic growth is much effective compared
with anaerobic growth. Another significant advantage is that strict control of anaerobic
condition for Sb(V) reduction is not required for utilizing these strains for wastewater treatment,
which means that stable process control is easy to be achieved.

This study further investigated the environmental factors which can affect Sb(V) reduction
ability of strains AR-2 and AR-3, aiming to basically evaluate the applicability of these strains
to practical wastewater treatment conditions. The results indicated that Sb(V) reduction by these

strains is not drastically inhibited under general wastewater treatment conditions as for
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temperature, pH and co-presence of electron acceptors other than Sb(V). However, further
studies are necessary to overcome clarified limitations of these strains for achieving efficient
soluble Sb removal (Table 5-1), before strains AR-2 and AR-3 can be utilized in practical

wastewater treatment.

Table 5-1 Further studies required for practical applications of AR-2 and AR-3

€ To optimize the cultivation conditions in order to completely reduce Sb(V) and remove
soluble Sb from water phase within shorter period, because a considerable portion of
Sb(V) and soluble Sb remained even at the end of 7-d cultivation in this study. Possibly
post-treatment technologies for removing remaining soluble Sb should be developed to
achieve sufficient treatment performance like chemical coagulation and adsorption.

€ To identify the possible factors which inhibit Sb(V) reduction and soluble Sb removal in
real wastewaters other than low/high temperature and pH and electron acceptors (e.g.,
toxic metals, high salinity) and to develop pre-treatment methods to reduce their
inhibitory effects.

€ To find out cheaper carbon sources including organic wastes (electron donors) available
for efficient Sb(V) reduction and soluble Sb removal other than lactate and acetate for
cost-reduction of the treatment.

€ To design the bioreactors suitable for utilizing the Sb(V)-reducing bacteria and to
develop reactor operation strategies for efficient treatment. Possibly process
configuration including pre-treatment and post-treatment and bioreactor should be
considered.

€ To test the long-term performance of treatment process(es) including the bioreactor for
typical, real Sb-containing wastewater in lab- to bench-scale at first. Further step up to
pilot-scale tests to upgrade the process to find out the real problem and improvement

points.
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