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Abstract: Roxarsone, an organoarsenic compound, has been used extensively as an additive in poultry
feed to promote animal growth. Although roxarsone is moderately toxic, it can be converted into more
toxic compounds upon exposure to the environment, resulting in human health risks. This article
reports on a comparative study of roxarsone reduction by fermentative, anaerobic Cellulomonas sp.
Cellu-2a and a widely distributed metal-reducing bacterium, Shewanella oneidensis MR-1. The strain
Cellu-2a showed a faster roxarsone reduction capability by fermentative growth than by MR-1
in anaerobic respiration. With an environmentally relevant mineral, hydrous ferric oxide (HFO)
included in the incubations, there was a rather rapid abiotic (indirect, heterogeneous) reduction
of roxarsone by the solid phase Fe(II) in HFO generated by reduction of Fe(Ill) of HFO by MR-1,
while still direct reduction was major reaction by Cellu-2a even with HFO. This study provides
evidence of direct and/or indirect bacterial reduction of roxarsone in fermentative conditions as
well as in anaerobic respiration conditions, at exposure to the environment, which would assist
understanding of environmental behaviors of roxarsone in biological settings with HFO, a naturally

occurring ubiquitous mineral class.
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1. Introduction

Organoarsenic compounds have been implemented in a variety of industries: As pes-
ticides, poultry feed additives, herbicides, fungicides, etc. Despite their extensive use, the
fact that they are associated with arsenic cannot be neglected for their toxicity due to their
speciation. Among organoarsenic compounds, roxarsone (3-nitro 4-hydroxyphenyl arsonic
acid) has been used extensively on poultry farms as a feed additive for the promotion of
chicken growth [1,2]. Poultry houses and litter are known to be the main source for the
accumulation and spread of roxarsone in soil and water resources [3]. Roxarsone has also
been used as an anticoccidial agent [4]. The use of this compound has been banned by many
countries such as the USA, Canada, Australia, and the EU. In general, these applications
are declining in step with growing concerns about their impact on the environment and
human health, but roxarsone and other phenylarsonic acid derivates are still used in many
parts of Asia and in South American countries [5,6].

Roxarsone is highly soluble in water and hence its capacity for mobility in the en-
vironment is also higher. In turn, the chances of its contaminating the environment via
transport from soil to groundwater are high [3]. Roxarsone can be converted into toxic
products such as inorganic arsenic species upon exposure to the environment, resulting
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in human health risks [7]. Thus, monitoring these types of arsenic-based compounds and
the microbes responsible for their transformation in the environment is essential from an
environmental as well as a health perspective.

Researchers have reported that the compounds related to the transformation of roxar-
sone in the environment range from soil and water to a list of more specific compounds:
Arsenite, arsenate, dimethylarsinic acid (DMA), monomethylarsonic acid (MMA), and
3-amino-4-hydroxyphenylarsonic acid (3-AHPAA) with the facile reduction of a nitro
group [3,7-10]. Roxarsone transformation may occur through biotic or abiotic processes [11].
Moreover, several studies have shown that roxarsone can be adsorbed onto iron oxides
forming immobilized arsenic compounds, and this can control the mobility of roxarsone
from soil to groundwater and thus minimize its pollution [12-14]. In addition, it has
also been reported that Shewanella oneidensis MR-1, a widely distributed metal-reducing
bacterium, facilitated the reduction of roxarsone [15]. Other microbes such as Bacillus spp.,
Paenibacillus spp., Arthrobacter spp., Lysobacter spp., and Alkaliphilus spp. have also been
reported to be involved in the degradation of roxarsone, especially in brown soil [16].
Recently, the biotransformation of roxarsone by the aerobic soil bacterium Enterobacter sp.
CZ-1 has also been reported [17]. Even though the biotic, as well as abiotic degradation
and speciation of roxarsone in aerobic and anaerobic conditions, have been studied, the
information on the microorganisms responsible for the reduction in anaerobic conditions
is limited. The main objectives of this study were to assess reduction of roxarsone in
anaerobic conditions by Cellulomonas sp. strain Cellu-2a in fermentation condition with
or without hydrous ferric oxide (HFO), a class of naturally occurring ubiquitous minerals,
and to compare the direct and indirect reduction of roxarsone with the extensively studied
S. oneidensis MR-1.

2. Materials and Methods
2.1. Preparation of Enrichment Media

The modified freshwater (FW) medium was prepared with the following components
(in g/L): KHyPOy4 (0.6), NH4Cl1 (0.3), MgCl,-6H,O (0.4), and CaCl,-2H,0 (0.1) [18,19]. After
autoclaving and cooling, the medium (the final 1 L) was supplemented with 30 mL of
bicarbonate solution (84 g/L NaHCO3), 1 mL of selenite-tungstate solution (0.5 g/L NaOH,
3 mg/L NaySesH,0O, and 4 mg/L Na,WO42H,0), 1 mL of trace element solution, 1 mL of
vitamin solution, and 1 mL of vitamin B12 solution (50 mg/L cyanocobalamine).

The trace element solution contained (g /L) nitrilotriacetic acid (12.8), FeCl,-4H,0 (2),
CoCly-6H,0 (0.19), MnCl,-2H,0 (0.1), ZnCl; (0.07), H3BO3 (0.006), NiCl,-6H,O (0.024),
CuCl,-2H,0 (0.002), and NapMoOy-2H,0O (0.036). The vitamin solution contained (mg/L)
4-aminobenzoic acid (40), D(+)-biotin (10), nicotinic acid (100), calcium D(+)-panthothenate
(50), pyridoxine dihydrochloride (150), and thiamine chloride dihydrochloride (100) in
sodium phosphate buffer (10 mM; pH 7.1) [20]. The pH of the media was adjusted to 6.8-6.9
by using sterile diluted HCI or Na,COs5 solution. The medium was purged for 30 min with
N2:CO; (90:10) gas.

2.2. Direct Roxarsone Reduction Experiment in Anaerobic Conditions

A dissimilatory metal-reducing bacterium, Shewanella oneidensis strain MR-1 and a
fermentative Cr(VI)-reducing bacterium, Cellulomonas sp. strain Cellu-2a [21] were used
to assess on reduction of the organoarsenic compound, roxarsone in anaerobic conditions.
In addition to S. oneidensis MR-1 that has been known to reduce roxarsone as the electron
acceptor, Cellulomonas sp. Cellu-2a was chosen to know the potential of roxarsone degrada-
tion in the fermentative bacterial growths in comparison to the anaerobic respiration. In a
100 mL serum bottle containing 50 mL modified FW media, roxarsone was added at the
final concentration of 0.1 mM from 10 mM stock solution, and 10 mM lactate or 10 mM
sucrose was added as a sole carbon source for MR-1 or Cellu-2a, respectively, from 0.1 M
stock solutions. The serum bottle was sealed with a butyl rubber stopper, and a mixture of
gas (90% N»:10% CO,) was purged to the serum bottle. The cell inoculants were prepared
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by incubating the seed cultures (MR-1 or Cellu-2a) in tryptic soy broth (TSB) at 30 °C for
16 h aerobically and transferring the cells at 10~2 (v/v) into the fresh TSB for another 16 h
incubations. The harvested cells were washed by centrifugation (150 rpm for 5 min) and
resuspension in FW medium and normalized to ODgqg of 1.5 with FW medium (resulting
in 2 x 10° cells/mL). The cells of strain MR-1 or strain Cellu-2a were inoculated to the
experimental bottles at 10! (v/v) at the final concentration of 2.0 x 108 cells/mL. The
experiment was performed in triplicate individual incubations at 30 °C for both strains.
Abiotic control without the addition of any microorganism was also performed for both
bacterial strains.

2.3. Indirect Roxarsone Reduction Experiment in Anaerobic Conditions Using Solid Iron (HFO)

The HFO would undergo reduction by the bacterial strains of Cellu-2a and MR-1 and
the reduced solid phase Fe might act as a reductant for roxarsone reduction. Based on this
idea, the indirect roxarsone reduction experiment was performed similarly as mentioned
above in the direct reduction experiment, using the same conditions of the media, roxarsone
concentration, and the carbon sources, but with additional inclusion of 2 mM HFO. The
experiments were performed in triplicates. Abiotic controls in both conditions were also
conducted without the addition of any microorganism. The HFO solution was synthesized,
and the preparation method was provided in the previous publication [21].

2.4. Analytical Measurements

The samples were taken at selected time points of beginning (time 0), 2 days, 5 days,
10 days, 15 days, and 30 days after incubation. The growth of the bacteria was measured
by optical density at 600 nm (ODgqp). Roxarsone concentration was measured spectropho-
tometrically at a wavelength of 400 nm [13]. The ferrozine method was used for the
measurement of iron [22]. For ferrous iron measurement, the sample was first filtered
using a 0.22 pm cellulose syringe filter and 1 mL of the filtrate was mixed with the same
of 1 N HCL For total iron measurement, hydroxylamine hydrochloride was added to the
unfiltered or filtered sample to reduce all the ferric iron to ferrous iron. The measurements
were conducted using the spectrophotometer at a wavelength of 562 nm.

3. Results and Discussion
3.1. Direct Roxarsone Reduction Experiment

In the direct roxarsone reduction experiment, minor growth of the strain MR-1 was
observed with lactate as a carbon source (Figure 1A). Chen et al. [15] suggested that
S. oneidensis MR-1 was able to use roxarsone as a terminal electron acceptor. Therefore, it
was speculated that the minimal cell growth might be due to the anaerobic respiration using
roxarsone as the e-acceptor, even though experiments were not performed to confirm the
usage of roxarsone as the e-acceptor by MR-1 in this study. The concentration of roxarsone
was found to decrease gradually from the initial 97.5 pM to 2.6 & 1.2 uM at 30 days in the
incubations with MR-1, while in the uninoculated control the concentrations remained at
similar level from 2 days to 30 days at 63.8 uM (Figure 1A). For comparison, in the previous
work by Chen et al. [15], roxarsone concentrations decreased much faster to undetectable
levels within 5 days from the initial concentrations of 0.1 to 2.5 mM. It seems that incubation
conditions might affect metabolic activities of the microbes, e.g., concentration of electron
donor, which was 50 mM in the previous work and 10 mM in this study. During the
incubations, the pH of the media was rather stable, ranging from 6.8 to 7.2.

In the case of the strain Cellu-2a, the maximum growth was observed up to ODgg
of 0.090 % 0.005 at 2 days, using sucrose as a carbon source (Figure 1B). Since the strain
Cellu-2a has been reported to grow fermentatively with sucrose in the previous study [21],
the rapid growth was assumed to be due to fermentation. The roxarsone concentration
decreased rapidly to 5 days and reached to 16.8 &+ 1.4 uM at 10 days from the initial
97.6 + 0.1 uM (Figure 1B). In the abiotic control, no obvious reduction of roxarsone was
observed throughout the incubation (Figure 1B). For comparison of both strains, it seemed
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that Cellu-2a was better for roxarsone reduction than MR-1, possibly by forming larger cell
mass through fermentative growth.
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Figure 1. Optical density for bacterial cell growth and concentration of roxarsone in the direct
roxarsone reduction experiments with strain MR-1 (A) and strain Cellu-2a (B).

3.2. Indirect Roxarsone Reduction Experiment at Different Time Intervals

The roxarsone concentration was found to decrease when HFO was included in the
incubations of both strains of MR-1 and Cellu-2a (Figure 2A,B). However, the decrease
patterns were different from each other. In strain MR-1, there was a lag phase of roxar-
sone decrease to 10 days, with a relatively rapid decrease of roxarsone from 10 days to
15 days (Figure 2A), while roxarsone decreased rather rapidly to 5 days with strain Cellu-2a
(Figure 2B). It seems that there was a rather direct reduction of roxarsone in Cellu-2a incu-
bations even with HFO, as indicated by the similar pattern of roxarsone decrease in the
direct reduction experiment (Figure 1B).
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Figure 2. Roxarsone concentration in the indirect roxarsone reduction experiments with strain
MR-1 (A) and strain Cellu-2a (B).

In the indirect experiment with strain MR-1, ferrous iron was found to increase up
to 10 days and started to decrease gradually from 10 days to 30 days (Figure 3A). The
decrease of Fe(Il) may be caused by heterogeneous reduction of roxarsone on the solid
Fe(II) phases of the partially reduced HFO, which is, in turn, supported by the rapid
decrease of roxarsone from 10 days in Figure 2A. This suggests that the reduced Fe(II) on
HFO might have acted as a reductant for roxarsone. In the previous publication by Chen
et al. [15], it was reported that strain MR-1 reduced 1 mM roxarsone almost completely
within 40 h in the presence of soluble phase of ferric-citrate, which was much faster than the
incubation without ferric-citrate. However, in this study, with solid phase Fe of HFO, the
roxarsone decrease was delayed (Figure 2A), compared to the direct reduction without HFO
(Figure 1A). Once reduction of HFO generated Fe(Il) on solid surface of HFO, roxarsone
decreased relatively rapidly (Figure 2A). From this observation, it could be speculated
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that roxarsone would react both with soluble Fe(Ill) and solid phase Fe(Il). In addition,
the differences of incubation conditions such as concentrations of electron donor, electron
acceptor, and media composition might have affected the microbial metabolic activities on
roxarsone reduction in both studies. In the case of strain Cellu-2a, there was no observation
of decrease of the generated Fe(Il) (Figure 3B), and ferrous iron concentration increased up
to 1.91 £ 0.06 mM, which was a near complete reduction of the initial HFO (1.96 £ 0.03 mM)
(Figure 3B). Looking at the roxarsone decrease and Fe(II) production patterns together in
the Cellu-2a incubations (Figures 2B and 3B), it seemed that there was no indirect reduction
of roxarsone by the generated Fe(Il). Instead, the strain Cellu-2a might have reduced
roxarsone directly even with added HFO in fermentation conditions.
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Figure 3. Concentrations of 0.5 N HCl-extractable Fe(II) and Fe(IlI) from HFO in the indirect roxarsone
reduction experiments with strain MR-1 (A) and strain Cellu-2a (B).
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3.3. Environmental Aspects

Since roxarsone is considered to be relatively stable and inert towards degradation
in the animal body, it is presumed to be and non-toxic and excreted mainly unmetabo-
lized [23]. However, roxarsone can be rapidly converted into more toxic products, including
inorganic arsenic (As), DMA, 3-AHPAA, etc., after exposure to the environment or during
the composting of animal manure, leading to high environmental and human risk. From
poultry urine, feces, and manures, roxarsone might be released into the environment and
could be dispersed through surface water and/or groundwater, resulting in environmental
pollution.

Bacterial degradation of roxarsone, as suggested in this study, might be one of the
feasible solutions for alleviating the possible contamination in the environment. As the
strains MR-1 and Cellu-2a showed a reduction of roxarsone concentrations in the anaerobic
conditions, microorganisms performing similar anaerobic reactions in the environment
may contribute to the reduction of the contaminant. In this study, strain MR-1 showed
a gradual decrease of roxarsone with almost complete reduction (0.1 mM) in 30 days
(Figure 1A), while strain Cellu-2a showed a rapid direct reduction of roxarsone with
decreasing approximately 80% roxarsone in 5 days under the experimental condition
(Figure 1B). With HFO, a commonly found iron mineral type in the ambient environment,
roxarsone decreased more rapidly than without HFO in the incubation by strain MR-1,
which reduced Fe(Ill) in HFO to Fe(Il), in turn, reducing roxarsone indirectly (Figure 2A).
Solid phase Fe(Il) has been known to act as an efficient reductant, providing interfacial
surfaces, reactive to aqueous species of oxidants and transfer electrons between them [24].
The reduced iron Fe(II) on HFO surfaces by MR-1 might have acted as an efficient reductant
for roxarsone. This type of heterogeneous reaction on solid surfaces may have facilitated a
faster roxarsone decrease rather than a direct decrease by the cells.

The strain Cellu-2a indicated somewhat different patterns of roxarsone decrease,
which might not have been affected by heterogenous indirect reactions of the reduced
HFO. Since Cellu-2a was able to grow to much larger cell densities by sucrose fermentation
than MR-1, in advance to HFO reduction, roxarsone was reduced directly by the large
numbers of Cellu-2a cells. These direct and/or indirect bacterial reductions of roxarsone
may be considered as main degradation reactions in appropriate environmental conditions
by anaerobic cellular respiration and/or fermentation.

There is still limited information on the byproducts formed from the reduction of
roxarsone by strains MR-1 and Cellu-2a. Many researchers reported that roxarsone was
transformed to an aromatic amine of 3-AHPAA by a facile reduction of the nitro group
and other inorganic arsenic products such as As(Ill) and As(V) [25-27]. Furthermore, Chen
et al. [15] have reported that S. oneidensis MR-1 showed the transformation of roxarsone to
3-AHPAA in the presence of dissolved Fe(Ill). Although identification of the byproducts or
metabolites was not successful, like the above previous research, it will be important to
reveal the byproducts formed by strain Cellu-2a as well as MR-1 in both direct and indirect
reduction conditions. This would help the understanding of environmental behaviors of
roxarsone in the environment. By the assessment of bacterial degradation of roxarsone,
this study provides a better idea of roxarsone behavior in anaerobic conditions by bacterial
respiration and fermentation, and also by biotic and abiotic processes.

4. Conclusions

For more than 60 years, roxarsone has been used as a feed additive in the poultry
industry and known as an arsenic contamination source of poultry and foods. In this study,
roxarsone was found to be biologically degraded through anaerobic respiration as the
electron acceptor by strain MR-1 and fermentation as a potential side reaction by strain
Cellu-2a as well. Moreover, in the presence of environmentally relevant minerals of hydrous
ferric oxides, roxarsone was reduced indirectly by the biologically reduced solid phase
iron. Upon exposure of roxarsone to the environment, roxarsone may undergo biological
and physicochemical degradations, affecting bioavailability, environmental toxicity, and
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persistence. Efforts to understand biological degradations, as in this study, would help
better understand the environmental behaviors and fates of roxarsone.
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