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Roxarsone (ROX) (3-nitro-4-hydroxybenzene arsenic acid), an arsenic (As) containing compound is
widely used as a food additive in the production of broiler chickens to control coccidial intestinal
parasnes and to favour rapid growth. Broiler chickens receiving ROX in their diet (between 23 and
45 g ton™ food) excrete it untransformed in manure. This manure is commonly used as fertilizer,
polluting farming fields. However, several soil bacteria can degrade ROX, releasing inorganic As.
The results of this work demonstrated that a bacterial consortium, isolated from chicken manure
and cultured under anaerobic conditions, was mainly composed by bacilli. DGGE analysis of the
16s rDNA sequences demonstrated that Firmicutes, which has been reported as main components
in soils, sediments and animal faeces under anaerobic conditions, was the predominant tax a
present in the studied consortium. The growth kinetics of the consortium was higher in the
presence of ROX than in its absence, suggesting that ROX could be used as carbon source by the
consortium. ROX was degraded by the consortium producing inorganic As, mainly arsenite (As(lll)).
Concomitantly with ROX biotransformation, the consortium produced As free methane. These
results provide the first evidence that an anaerobic bacteria consortium isolated from chicken
manure can rapidly biotras form ROX to inorganic arsenic and produce arsenic free biogas.
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INTRODUCTION

Roxarsone (ROX) (3-nitro-4-hydroxybenzene arsenic acid),
is widely used as a food additive in broiler chickens
production. About 70% of broiler chickens receive ROX in
their diet (between 23 and 45 g ROX-ton food) to control
coccidial intestinal parasites and to sustain rapid growth
(Chapman and Johnson, 2002). Most of the ROX fed to
chickens is excreted untransformed in manure. Fresh
chicken manure typically contains between 14 and 48 mg
As-kg™" (Garbarino et al., 2003). Farmers commonly spread
poultry litter on the soil, as a valuable source of nitrogen,
potassium and phosphorus (Liu et al., 2014), incorporating
considerable amounts of As into farming fields. This
practice may lead to polluting side effects. In fact,
Wershaw et al. (1999) concluded that approximately 1x10°
kg-year” of ROX and its degradation products are added to
the environment when fowl manure is used as fertilizer. On
the other hand, Hancock et al. (2002) detected total As
concentrations of 27 mg-kg™ in fresh fowl manure, being
most of it organic As; nevertheless, in soil samples of
agricultural fields where chicken manure was used as
fertilizer, mainly inorganic As was detected. Between the
years 2013 and 2015, the Federal Drug Administration of
the USA (FDA, 2015) decided to withdraw the approval for
nitarsone, ROX and other arsenicals in the United States.

However, there is no indication that the marketing and
use of arsenicals will be discontinued internationally as an
additive for animal food (Nigra et al., 2017; FDA, 2015; Yao
et al., 2013).

ROX is highly soluble in water, facilitating its rapid
migration through the soil and contaminating both
superficial and groundwater water. During manure storage
and composting, ROX is transformed to even more toxic
As species, including arsenate (As(V)), arsenite (As(lll)),
dimethylarsinic acid (DMA) and 4-hydroxy-3-amino-
phenylarsonic acid (HAPA), depending on litter storage
period and redox conditions (Nachman et al., 2005; Zhang
et al.,, 2014). In addition, Mangalgiri et al. (2015), using
chicken litter slurries or sewage sludge, suggested that
biological processes are responsible for the transformation
of ROX. However, neither the microorganisms nor the
biological processes involved were identified.

There are few reports about the isolation and
identification of microorganisms involved in ROX
transformation. A study by Stolz et al. (2007) demonstrated
that Clostridium species present in fowl manure rapidly
transform ROX into inorganic arsenate under anaerobic
conditions. On the other hand, Garbarino et al. (2003)
performed  experiments that demonstrated the
biotransformation of ROX into inorganic As and other
organo-arsenical metabolites, but they did neither isolated
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nor identified the microorganisms involved in this process
or the impact of ROX on the bacterial community of the
soil.

Therefore, the aim of this work was to characterize an
indigenous bacterial consortium isolated from chicken
manure capable to degrade ROX under anaerobic
conditions, to evaluate its potential implications in the
mobilization of As inorganic compounds and its possible
capability to produce biogas.

MATERIALS AND METHODS
Sampling

A poultry litter sample was collected at a poultry industry
using ROX as chicken food additive. Sampling took place
in the vicinity of Florida, Bio Bio Region, Chile
(36247°31.02” South, 72°44°13.57” West).

Samples were obtained and stored in anaerobic vials at
4°C until further analysis. All further analyses were done at
the Laboratory of Environmental Microbiology, Department
of Microbiology, Faculty of Biological Sciences, University
of Concepcion, Concepcidn, Chile.

Enrichment of the bacterial consortium

A bacterial consortium was enriched inoculating 5 g of a
sample of chicken faeces in a flask containing 100mL of
the basal medium (Stolz et al., 2007) and incubated at
room temperature (nearly 25°C) with agitation (100 rpm)
under anaerobic condition (mixture of sterilized 80% N,
and 20% CO,) during four weeks in darkness. Starting at
day seven, 100 ml of fresh culture media were added once
a week for three weeks. After the four weeks period, the
bacterial consortium obtained was inoculated into two
flasks, one containing basal medium plus 0.5 mM ROX and
the second one with basal medium alone (negative
control). Both bacterial consortiums were cultured for 72 h
under the same conditions described above for further
studies.

Scanning Electronic Microscopy

Consortiums were studied by scanning electron
microscopy (SEM). Aliquots of each consortium were
obtained and they were harvested and processed as
described by Campos et al. (2011). Samples were studied
using a JEOL JSM 6380LV (JEOL USA, Inc., Peabody,
MA, USA) scanning electron microscope.



DNA Extraction, 16s
denaturing gradient gel
analysis

rDNA amplification and
electrophoresis (DGGE)

The bacterial consortiums were characterized by PCR-
DGGE. The total DNA of each bacterial consortium,
anaerobically grown in basal medium in the presence or
absence of ROX, was extracted using the Ultra Clean soll
DNA extraction kit (MO BIO Laboratories, Inc., Carlsbad,
CA, USA) following the instructions provided by the
manufacturer. Both total DNAs were amplified using rDNA
16s universal primers EUB 9-27 and EUB 1542 (Leon et al.
2012). Nested PCR of each consortium was performed
using the primer pair 341f and 534r-GC clamp attached to
the forward primer (Leon et al., 2012). The PCR conditions
were those described by Campos et al. (2011). DGGE was
performed using a DGGE 1001 system (C.B.S. Scientific
Company Inc., Thermo Fisher Scientific, USA). Fifteen pl of
PCR products of the V3 region of rDNA 16S were applied
directly onto 6% (w/v) polyacrylamide gels in 1X TAE (40
mM Tris-acetate, 1 mM EDTA) with a denaturant gradient
from 20 to 60% (100% denaturant contained urea 7 M and
40% formamide). Electrophoresis was performed at a
constant voltage of 200 V at 60°C for 6 h. After
electrophoresis, gels were stained for 20 min with SYBR
Gold nucleic acid gel stain (Invitrogen, Thermo Fisher
Scientific, USA), as specified by the manufacturer, and
they were visualized on a transilluminator (UVP
Inc.,Germany) (Campos et al. 2011). The most
representative bands were removed, reamplified and
purified to be sequenced by Macrogen Inc. (South Korea).
The sequences reported were edited and analysed using
the ARB bioinformatics tool (Campos et al., 2010)

Growth kinetics of bacterial consortiums

The growth kinetics of bacterial consortiums (cultured with
or without ROX) was determined, in ftriplicate, under
anaerobic condition, up to 48 h of incubation, by optical
density measurements (600 nm) in 96-well plates using a
microplate spectrophotometer (Epoch, BIOTEK,
Wisconsin, USA) (Guzman-Fierro et al., 2015). The curves
obtained were analyzed using mathematical modelling
approaches: Gompertz, logistic, exponential Malthusian,
exponential plateau and Weibull (Zwietering et al., 1990).
The best model was selected by the Fisher test and
comparing the coefficients of determination (RZ). Graphs,
statistics and models were made using Graph Pad Prism
version 5.0 (GraphPad software, San Diego, CA, USA).

Degradation of ROX by the bacterial consortium

Bacterial degradation of ROX was measured by means of
a spectrophotometric technique. The bacterial consortium
was grown in basal medium plus 0.5 mM ROX during 48 h
under anaerobic conditions. Sterile basal medium plus 0.5
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mM ROX was used as negative control. Aliquots (1 mL)
were obtained every 6h and filtered (sterile 0.22 [m
Millipore). Then, 200 L of each aliquot were transferred,
in triplicate, to 96-wells plates. ROX degradation was
quantified using a microplate spectrophotometer (Epoch,
BIOTEK), by means of spectrograms integration (310-500
nm) by the trapezoid method using the Gen5 software
(BIOTEK) (Guzman-Fierro et al., 2015). For detecting ROX
transformation into inorganic As, a 1 mL sample of the
supernatant was aseptically obtained every 6 h up to 48 h
from each consortium and filtered through a sterile
Millipore 0.22 um pore size filter. Inorganic As species
were detected by means of high performance liquid
chromatography (HPLC) coupled to atomic absorption
(AAS) according to Yafiez et al. (2015).

Assessment of biogas production by gas
chromatography with mass detector

The qualitative determination of biogas was performed by
means of gas chromatography with mass detector (GC-
MS). The bacterial consortium was grown in basal medium
with 0.5 mM ROX or without it during 48h under anaerobic
conditions. The biogas production was detected using a
gas chromatograph Agilent 7890A coupled to a mass
detector Agilent 5975C. Carrier gas was helium electronic
degree at a flow rate of 9.3mL-min” and a split flow of 32.4
mL-min”". The column used was an Agilent J&W type HP-
5MS, 30 m length, 0.25 mm internal diameter (id) and 0.25
mm thickness film of fused silica. The temperature of the
column, the injector port and the detector was 140, 180,
and 285 °C, respectively. Samples (100 L) from the
headspace were collected using a pressure-lock gas
syringe (Manzano et al., 2013). The results were obtained
comparing the chromatographic peaks obtained with those
available at the NISTO05 database.

Statistical analysis

Growth rates (k) of the models that best conformed to the
kinetics of bacterial consortiums growth and bacterial
kinetics ROX degradation were analysed by means of
Student's t-tests using the MINITAB version-15 software
(Minitab Inc, Pennsylvania, USA). P values <0.05 were
considered as statistically significant.

RESULTS AND DISCUSSION

A microbial consortium was isolated after 28 days of
enrichment, under anaerobic conditions, of a faeces
sample obtained from poultry of chicken feed with ROX
supplemented food. In order to assess the effect of ROX
on the consortium, it was cultured it in the presence of 0.5
mM ROX or its absence. Both cultures were observed
under SEM, the consortiums obtained were characterized
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Figure 1. Scanning electron micrographs of bacterial consortiums after 72 h of incubation under anaerobic conditions. A1-A3: bacterial consortium
cultured in the absence of roxarsone. B1-B3: bacterial consortium cultured in the presence of 0.5 mM roxarsone. Bar indicates 5 [Im.

Table 1. Microorganisms identified (by analysis of 16S rDNA sequences obtained by DGGE) in the consortiums grown in the presence of

0.5 mM roxarsone or its absence

Growth Growth
Band Closest relative sequenced ROX Pr' ROX Ab® Phylum Gen Bank Access
1 Bacillus ginsengisoli + Firmicutes NR109068.1
2 Alcaligenes faecalis + Proteo bacteria NR025357.1
3 Bacillus thermocopriae + Firmicutes NR109664.1
4 Bacillus horikoshii + Firmicutes KF625181.1
5 Lysinibacillus fusiformis + Firmicutes KF261599.1
6 Bacillus cereus + Firmicutes GU384235.1
7 Lysinibacillus sp. + Firmicutes KJ188109.1
8 Lysinibacillus odysseyi + Firmicutes KC149512.1
9 Bacillus niacini + Firmicutes AY509228.1
10 Uncultured Clostridium sp. + Firmicutes JX826397.1
11 Bacteroides fragilis + Bacteroidetes NC003228.3
12 Clostridium aceticum Firmicutes AB910752.1
13 Clostridium ljungdabhlii Firmicutes L34419.1

'Pr: microorganism present in the consortium grown in the presence of 0.5 mM roxarsone. 2Ab: microorganism present in the consortium grown in

the absence of roxarsone.

with respect to taxa present, growth kinetics, ROX
biotransformation and their capacity to produce biogas.
SEM analyses showed that after 72 h of incubation both
bacterial consortiums (with and without ROX) were
heterogeneous communities. No visual differences were
observed between both consortiums, being the bacillar
morphology predominant (Fig. 1). Guzman-Fierro et al.
(2015) also reported the predominance of bacillary species
in a consortium obtained from soil fertilized with ROX

containing chicken manure after 168h of culture under
aerobic conditions.

In order to assess the composition of the bacterial
communities of the consortiums, a nested PCR followed by
a DGGE under a denaturing gradient of 16s rDNA was
performed for each consortium (Fig. 2). The closest
GenBank matches for 16s rDNA sequences revealed that
the highest percentage of taxa belonged to phylum
Firmicutes (84.6%) (Table 1). Wiegel (2009) also reported
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Figure 2. Ten to sixty per cent denaturant gradient gel electrophoresis (DGGE) of amplified fragments of the variable region V3 of 16S rDNA of each
consortium. Consortiums were grown in the presence of 0.5 mM roxarsone (A) or in the absence of roxarsone (B). Numbers of the bands correspond to

the sequences reported in Table 1.

the predominance of Firmicutes in soils, sediments and
animal faeces under anaerobic conditions. In this work, the
microorganisms found only in the consortium cultured in
the presence of ROX were Bacillus ginsengisoli,
Alcaligenes faecalis, Clostridium aceticum and Clostridium
liungdahlii, suggesting that these are the microorganisms
able to metabolize this compound. Stolz et al. (2007)
reported that Clostridium spp. isolated from chicken faeces
biotransformed ROX into inorganic arsenical compounds
under anaerobic condition. Being present in the cultures
with and without ROX, Lysinibacillus fusiformis, Bacillus
cereus and Lysinibacillus sp. should be able to at least
tolerate ROX. In fact, Mafla et al. (2015) had already
reported the presence of Lysinibacillus sp. in a microcosm,
obtained from underground water, able to degrade ROX.
On the other hand, Bacillus thermocopriae, Bacillus
horikoshii,  Lysinibacillus  odysseyi, Bacillus niacini,
uncultured Clostridium sp. and Bacteroides fragillis were
only present in the consortium cultured in the absence of
ROX; therefore they should not be able to tolerate ROX or
its degradation products. Bacillus thermocopriae is a Gram
positive anaerobic facultative bacterium described as a

new species isolated from a compost sample of sludge
sewage and crop straw by Han et al. (2013).

The effect of the presence or absence of ROX on the
growth Kinetics of each consortium was studied and the
Weibull algorithm applied (Zwietering et al., 1990). This
model demonstrated that after 48 h of incubation, the
bacterial consortium cultured in the presence of ROX
showed a higher growth (Fig. 3). Growth rates (k) were
0.01790 OD-h" and 0.01291 OD-h™ in the presence or
absence of ROX, respectively. Student's t-test (with 95%
confidence) demonstrated significant differences between
both conditions (P=0.031), showing a 1.3 fold k increase
when ROX was present. Thus, it is possible that the
bacterial consortium having ROX available used it as an
additional carbon source. Guzman-Fierro et al. (2015)
reported similar results (k increase of 1.4 fold) in a ROX
degrading aerobic bacterial consortium isolated from an
agricultural soil fertilized with ROX fed chicken manure.

ROX biotransformation assessed by means of
spectrophotometric analysis revealed that 90.5% of the
compound was transformed after 48 h of anaerobic
incubation in the presence of the consortium (Fig. 4).
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Figure 3. Growth kinetics, determined by spectrophotometry at 600 nm, of the bacterial consortium cultured in the presence of 0.5 mM roxarsone or in

the absence of this compound

Under the same conditions but absence of the
consortium there was no ROX degradation, confirming that
it was, in fact, a biotransformation. The percentage of ROX
degradation achieved by the consortium obtained in this
work is in agreement with the percentage degradation
reported by Garbarino et al. (2003) in poultry litter.

Stolz et al. (2007) using Clostridium species cultured
under anaerobiosis reported ROX biotransformation rates
close to 100%, but after 9 days of culture. Therefore, using
a bacterial consortium including different bacterial groups,
such as this one isolated from broiler chicken manure,
acting in a collaborative fashion, may increase microbial
activity and consume more rapidly this organoarsenical
compound.

Studies have reported that lactate increased ROX
biodegradation under anaerobic conditions (Cortinas et al.,
2006; Stolz et al.,, 2007; Sierra-Alvarez et al., 2010),
favouring the growth of microorganisms. But, as showed in
this study, in the absence of lactate, the presence of ROX
in the medium increased the growth rate of the consortium
and it would stimulate the growth of certain
microorganisms, as observed in the results obtained by
DGGE. Thus, it is possible that ROX, or its degradation
intermediate compounds, may provide the electrons
required by the electron transport chain. In addition, Jiang
et al. (2013), studying soil bacterial communities, showed
significant effects of ROX in their diversity and metabolism.

In accordance with Wershaw et al. (1999), during ROX
metabolizing as a carbon source, firstly occurs the
reduction of the nitro group, then the oxidative fission of the
aromatic ring (most important stage) and finally the
breaking the C—As bond. Guzman-Fierro et al. (2015),
studying an aerobic consortium isolated from an agriculture

soil fertilized with ROX feed chicken manure, proposed that
the oxidation of aromatic and non-aromatic compounds did
not change despite ROX presence. These authors
suggested that the reduction of the nitro group, producing a
functional amine, should occur first, facilitating a decrease
in the stability of the aromatic ring resonance energy.

As well as monitoring ROX degradation, its
biotransformation into inorganic As species was measured
by HPLC-AAS. Results showed that under the cultured
conditions assayed, 95.6% of ROX was biotrans formed by
the consortium into inorganic As after 48 h of incubation
(Fig. 4). As(V) was the initially most abundant species but it
was rapidly reduced making As(lll) the predominant
inorganic As species. This reduction could be the
consequence of the changes in the microbiological
composition of the consortium after 48 h of incubation,
favouring species of microorganisms that provide electrons
to As(V) and transform it into As(lII).

Stolz et al. (2007) and Liang et al. (2014) reported
similar ROX degradation values after 168 h of incubation
under anaerobic conditions. Huang et al. (2019) reported
that during ROX biotransformation by Enterobacter sp
strain CZ-1, five metabolites including arsenate (As[V]),
arsenite (As[lll]), N-acetyl-4-hydroxy-m-arsanilic acid (N-
AHPAA), 3-amino-4-hydroxyphenylarsonic acid (3-AHPAA)
and a novel sulfur-containing As species (AsCgH;3N20gS)
were detected. D’Angelo et al. (2012) reported the
production of considerable amounts of arsenate and
several other ROX transformation intermediates while litter
is accumulated in broiler houses.

Yin et al. (2018) evaluated, in a lab-scale pilot employing
an anoxic-oxic (A-O) process, the effect of adding ROX to
the treatment process of livestock wastewater, reporting
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Figure 4. Roxarsone degradation determined by spectrophotometric analysis associated to spectrograms integration (310-500 nm) using the trapezoid
method. Squares correspond to roxarsone degradation by the microbial consortium in the presence of 0.5 mM roxarsone while circles correspond to the

control with 0.5 mM roxarsone but without the microbial consortium.
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Figure 5. Quantification, by high performance liquid chromatography coupled to atomic absorption spectrophotometry (HPLC-AAS), of the inorganic

arsenic species resulting from roxarsone biotransformation.

that after 85 days of operation of this process, As(V) and
residual ROX were the main As forms present.
Furthermore, the mass balance of As at steady state
revealed that around 0.08%, 3.91% and 96.01% of total As
was transformed into gas (biogas), solid (excess sludge)
and liquid (effluent), respectively. In this study, the assay
for detecting biogas demonstrated the generation of
methane gas (CH,), both in the presence and absence of
ROX, and no arsine was detected in the consortium
incubated in the presence of ROX. On the other hand, the
results showed that the methanogenesis was not inhibited
by the presence of ROX (Fig. 6). This result is in opposition
to previous studies reporting that methanogenic
microorganisms are inhibited by the presence of ROX or its
degradation metabolites and by inorganic As species
(Sierra-Alvarez et al., 2004; Sierra-Alvarez et al., 2010).

In general, it is known that inorganic As(V), the
dominating As species in soils, is subject to microbial
reduction and methylation leading to volatilization as
arsines. However, the reduction and methylation rates of
As, necessary prerequisites to arsine production, vary
greatly depending on soil properties, such as soil moisture
and temperature, abundance of different species of As and
microbial populations in soil (Turpeinen et al., 2002).
Furthermore, the search for volatile arsines by gas
chromatography gave negative results, suggesting that
volatile As species would not be liberated into the
environment if the gas is used as fuel.

In conclusion, these results provide the first evidence of
the feasibility of profiting from the metabolic activity of a
microbial community isolated from chicken manure to
simultaneously degrade ROX and to produce an As free
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CH, A

CH, B

Figure 6. Biogas detection by gas chromatography. A) Consortium grown without roxarsone; B) Consortium grown in the presence of 0.5 mM roxarsone.

Retention times: methane (CH4) 1 min; carbon dioxide (CO,) 3 min.

biogas. In addition, the methane yield was not affected by
the presence of the various arsenical compounds derived
from the degradation of ROX at a concentration of up to
0.5 mM.
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