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ic effects of roxarsone on
biological nitrogen and phosphorus removal and its
mechanism†
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Roxarsone is often used in livestock and poultry feed and is discharged into wastewater treatment plants

after consumption. The potential toxicity of roxarsone to activated sludge in wastewater treatment plants

has been attracting increasing concern. However, the acute and chronic toxicities of roxarsone to

biological nutrient removal (BNR) have never been reported in the literature. In this paper, the potential

effects of short-term and long-term exposure to different concentrations of roxarsone in the range of

0–120 mg L�1 on the performance of BNR were investigated. The experimental results show that short-

and long-term exposure to low concentrations of roxarsone (0–30 mg L�1) had a negligible influence on

nitrogen and phosphorus removal. However, a high concentration of roxarsone (120 mg L�1) seriously

inhibited biological phosphorus removal and denitrification. Mechanistic investigations suggested that

the high concentration of roxarsone was capable of inhibiting the synthesis and subsequent oxidation of

intracellular polyhydroxyalkanoate, which reduced the efficiencies of aerobic phosphorus uptake and

denitrification. Further study showed that high concentrations of roxarsone could inhibit the activities of

key enzymes and reduce the relative abundance of microorganisms responsible for BNR.
1. Introduction

Recently, organoarsenic compounds such as roxarsone and
arsanilic acid have been widely used as feed additives in animal
husbandry because organoarsenic compounds have the
advantages of improving livestock resistance to disease,
improving feed conversion rate, and promoting animal
growth.1,2 In China, the amount of organoarsenic additives used
is huge; it was reported that the arsenic content in chicken
manure can be as high as 21.6 mg kg�1, and its content in pig
manure can reach 83.9 mg kg�1.3 Roxarsone (4-hydroxy-3-
nitrobenzenearsonic acid), a commonly used animal feed
additive, contains as ion and organic functional groups. Rox-
arsone is widely used in the broiler production industry at levels
of 20–50 mg kg�1.4,5 Livestock and poultry can not digest rox-
arsone, and it is excreted unchanged in manure.6 The wide-
spread use of organoarsenic additives will eventually result in
the additives entering into environmental water bodies through
runoff and animal wastewater, causing severe environmental
risks.6

The activated sludge process is one of the most widely used
techniques in wastewater treatment plants (WWTPs) to remove
nutrients via aggregation, settling, precipitation, biosorption,
ne, Hainan Medical University, Haikou,

6.com

ESI) available: This le contains Fig. S1
k

93
degradation, and other processes.7–9 Currently, in China, the
main function of WWTPs is to remove excess nitrogen and
phosphorus from water using functional microorganisms such
as nitrifying bacteria, denitrifying bacteria and phosphorus-
accumulating organisms (PAOs).10,11 Roxarsone in livestock
and poultry wastewater enters WWTPs, where it affects the
performance of biological nitrogen and phosphorus removal.
Previous studies on the impacts of roxarsone on bioreactor
performance mostly concentrated on pure-medium or single-
operating mode. For example, Chen (2007) investigated the
effect of roxarsone on microbial activities in soil and revealed
that the presence of roxarsone seriously inhibited the processes
of ammonication and nitrication.12 A recent study showed
that roxarsone had a signicant inhibitory effect on the removal
of chemical oxygen demand (COD), anaerobic phosphate
release and aerobic phosphorus uptake when the concentration
of roxarsone was more than 40 mg L�1 in the enhanced bio-
logical phosphorus removal (BPR) process.1 Liu et al. (2014)
reported the fate of roxarsone during the biological nitrogen
removal process in a wastewater treatment system and found
negligible roxarsone removal during the biological nitrogen
removal process; this result was attributed to the emergence of
a small amount of 3-amino-4-hydroxyphenylarsonic acid
(HAPA) and inorganic arsenic.6 Although some efforts have
been devoted to the effect of roxarsone on biological nitrogen or
phosphate removal in wastewater systems, these investigations
were all one-dimensional studies. In fact, the removal of organic
matter, BNR and BPR should be considered simultaneously in
This journal is © The Royal Society of Chemistry 2017
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a real WWTP. However, the chronic and acute impacts of rox-
arsone on biological nutrient removal (BNR) have rarely been
explored until now. In addition, the effects of roxarsone on the
biochemical metabolism of substances, the activities of key
enzymes, and the relative abundance of microbes are scarcely
documented in the literature.

The aim of this paper is to systematically evaluate the poten-
tial acute and chronic toxicities of roxarsone on the performance
of BNR and the associated mechanism. First, the short-term and
long-term effects of roxarsone on BNR performance were inves-
tigated. Second, the details of how roxarsone affects BNR were
investigated from the aspects of changes in nutrients during one
cycle, production and degradation of intracellular polymers, and
the surface integrity of activated sludge. Third, the activities of
key enzymes responsible for biological nitrogen and phosphorus
removal were compared in the presence of different concentra-
tions of roxarsone. Finally, the relative abundances of functional
microorganisms [PAOs, glycogen-accumulating organisms
(GAOs), ammonia-oxidizing bacteria (AOB), and nitrite-oxidizing
bacteria (NOB)] at different roxarsone concentrations were
compared. The ndings obtained in this work might provide
insights into the potential impacts of roxarsone on BNR and
provide some guidance for the treatment of wastewater con-
taining roxarsone in real situations.
2. Materials and methods
2.1 Synthetic wastewater and inoculated sludge

Synthetic wastewater was used in this work. Acetate and propio-
nate are the main carbon sources in WWTP inuent; thus, this
study used sodium acetate and sodium propionate as carbon
sources, and the initial COD concentration was maintained at
300 � 10 mg L�1. NH4Cl and KH2PO4 were used as sources of
nitrogen and phosphorus, and the initial concentrations of
NH4

+–N and PO4
3�–P were controlled at 30 � 1 and 10 � 0.5 mg

L�1, respectively. Additionally, the trace elements required by
microorganisms were included in the synthetic wastewater at the
following concentrations based on the literature (mg L�1): FeCl3
(0.50); Al2(SO4)318H2O (0.25); ZnSO4$7H2O (0.11); MnSO4H2O
(0.05); CoSO46H2O (0.05); NiCl26H2O (0.05); (NH4)6Mo7O24$4H2O
(0.05); H3BO4 (0.05); and CuCl2 (0.05).6

In this experiment, the inoculated sludge used was taken from
the bioreactor of a local WWTP in Haikou, Hainan province. The
inoculated sludge was rst pre-cultured with synthetic waste-
water at 20 �C; the concentration of mixed liquid-suspended
solids in the wastewater was maintained at 2500 � 50 mg L�1,
and the pH was controlled at 7.0 � 0.5 using an autotitrator.
2.2 Short-term effect of roxarsone on BNR performance

In this work, ve 10.0 L sequencing batch reactors (SBRs) were
used to assess the potential impact of roxarsone on BNR
performance. The SBRs were operated for three cycles per day,
and each cycle lasted 8 h (90 min anaerobic phase + 150 min oxic
phase + 120 min anoxic phase + 30 min settling and decanting +
90 min idle period). Aer the settling phase, 6.6 L of supernatant
was discharged and replaced with the same volume of synthetic
This journal is © The Royal Society of Chemistry 2017
feeding medium, resulting in a hydraulic retention time of 12 h.
At the same time, 0.625 L of slurry mixture was discharged at the
end of the oxic stage but before the anoxic phase to control the
sludge retention time to 16 d. Despite the relatively high rox-
arsone concentration in animal wastewater, limited information
is available on roxarsone in the wastewater treatment process.
The actual roxarsone concentration in animal wastewater has
rarely been reported. Liu et al. (2014) used 80mg L�1 roxarsone to
explore the toxic effects of roxarsone on microorganisms.6 Based
on the reference, the concentration of roxarsone increased
properly because of the extensive production and use of rox-
arsone. Thus, different doses of roxarsone were added to the
SBRs at the initial stage of anaerobic treatment to control the
concentration of roxarsone to 30, 60, 90, and 120 mg L�1. One
SBR without roxarsone served as the control experiment. During
the anaerobic and anoxic phases, the sludge and roxarsone were
mixed with a mixer at a speed of 120 rpm to allow full exposure.
Triplicate samples were taken from each reactor at different
stages for measurement.

2.3 Long-term effect of roxarsone on BNR performance

To investigate the long-term effects of the presence of roxarsone on
BNR performance, ve 10.0 L SBR experiments were conducted.
The operating mode of the reactor was similar to that described in
Section 2.2. The reactors were continuously operated for 120 d, and
the effluent was monitored daily. When the reactor was stable, the
changes in phosphate, nitrate nitrogen, nitrite nitrogen, organic
matter, intracellular polymers [polyhydroxyalkanoate (PHA) and
glycogen], lactate dehydrogenase (LDH) release, reactive oxygen
species (ROS), and the activities of key enzymes were detected to
reect the long-term impact of roxarsone on BNR.

2.4 Assessing the impact of roxarsone on BNR in a livestock
and poultry breeding wastewater treatment station

A small-scale study was performed in a livestock and poultry
breeding wastewater treatment station (around 600 m3 d�1)
located in Hainan province (China). The wastewater treatment
station operated as a continuous-ow stirred-tank reactor with
anaerobic/aerobic/anoxic phases. The basic characteristics of
wastewater from poultry farming are as follows: COD, 350–
600 mg L�1; NH4

+–N, 81–123 mg L�1; PO4
3–P, 24–49 mg L�1;

and roxarsone, 30.2–61.5 mg L�1. The hydraulic retention time
(HRT) and sludge retention time (SRT) were maintained at 12 h
and 15 d, respectively.

2.5 Chemical and biological analysis

Samples taken were immediately ltered through a 0.45 mm
cellulose nitrate membrane, and the ltrate was used to
monitor NH4

+–N, NO3
�–N, NO2

�–N, PO4
3�–P, and COD. The

sludge was used for the determination of PHA and glycogen.
Determinations of total suspended solids (TSS), volatile

suspended solids (VSS), NH4
+–N, NO3

�–N, NO2
�–N, PO4

3�–P,
and COD content were performed according to the standard
methods.13 Total nitrogen was detected using an alkaline
potassium persulfate digestion UV spectrophotometric
method.14,15
RSC Adv., 2017, 7, 22086–22093 | 22087
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Fig. 1 Effects of short-term exposure to roxarsone on biological
nitrogen and phosphorus removal from wastewater. Error bars
represent standard deviations of triplicate measurements.
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PHA was calculated as the sum of poly-b-hydroxybutyrate,
poly-3-hydroxyvalerate and poly-3-hydroxy-2-methylvalerate,
and PHA was determined by gas chromatography; the detailed
methods of determination are described in the literature.7

Glycogen was detected using the phenol sulfuric acid method.16

Exopolyphosphatase (PPX) and polyphosphate kinase (PPK)
are closely related to BPR and are responsible for anaerobic
phosphorus release and phosphorus uptake.17,18 The analyses of
PPX and PPK are described in the literature.19 The integrity of
the cell membrane was determined using a cytotoxicity detec-
tion kit (LDH release assay) according to the literature.20

ROS production was measured by an established uores-
cence assay.20 The cell membrane integrity and cell viability of
activated sludge were respectively measured by a cytotoxicity
detection kit (LDH release assay; Roche Molecular Biochemi-
cals) and a cell counting kit-8 (cell proliferation assay; Dojindo)
according to the manufacturer's instructions.20

Ammonia monooxygenase (AMO), nitrite oxidoreductase
(NOR), nitrate reductase (NR) and nitrite reductase (NIR) are the
key enzymes in the BNR process, and their detailed testing
methods are described in the literature.20

Fluorescence in situ hybridization (FISH) was used to quan-
tify the relative abundances of PAO and GAO in the presence of
roxarsone; detailed analysis procedures can be found in the
literature.18 Briey, the sludge samples were treated with 4%
formaldehyde in the later stage of the anaerobic reactor and
then xed for 20 h to improve the penetration of the oligonu-
cleotide probe. Cell samples were attached to poly-L-lysine-
coated slides and dehydrated with ethanol. Subsequent
hybridization and lotion procedures were the same as those in
the references. Quantitative analysis of FISH was conducted
using Image-pro Plus 7.0 Soware.
2.6 Statistical analysis

All experiments were repeated three times. Analysis of variance
was employed to evaluate the signicance of results, and p <
0.05 was considered to be statistically signicant.
3. Results and discussion
3.1 Acute effect of roxarsone on BNR

Microbial responses to changes in the external environment can
reect microbial adaptability. Fig. 1 shows the acute effect of
roxarsone on BNR. As shown in Fig. 1, the removal efficiencies
for COD, PO4

3�–P and TN in the control were 92.4%, 89.7% and
85.6%, respectively. When the roxarsone concentration was
30 mg L�1, the removal efficiencies for COD, PO4

3�–P and TN
were almost unaffected. However, the removal efficiencies for
COD, PO4

3�–P, and TN were greatly affected when the concen-
tration of roxarsone was above 60 mg L�1; the removal effi-
ciencies for COD, PO4

3�–P, and TN decreased from 86.5%,
78.8% and 82.6% to 75.6%, 68.8%, and 62.8%, respectively.
These experimental results clearly show that the effect of rox-
arsone on BNR was dose-dependent. The effect of a low dosage
of roxarsone on BNR was not obvious, whereas high levels of
roxarsone seriously inhibited BNR efficiency.
22088 | RSC Adv., 2017, 7, 22086–22093
As the actual operation of a WWTP is long-term, it is
necessary to explore the long-term impact of roxarsone on BNR
performance. As shown in Table 1, the levels of nutrients in the
effluent were similar for low concentrations of roxarsone (e.g.,
0 and 30 mg L�1). However, when the roxarsone concentration
was high, the concentration of nutrient in the effluent greatly
increased, suggesting that the BNR efficiency was seriously
inhibited. For instance, the levels of NO3

�–N and PO4
3�–P

increased from 1.35 and 1.03 mg L�1 to 4.35 and 8.12 mg L�1,
respectively, when the concentration of roxarsone increased
from 0 to 120 mg L�1. The BPR efficiency was only 18.8% when
the roxarsone concentration was 120 mg L�1, indicating the
system collapse of BPR. It should be noted that with increasing
roxarsone concentration, the VSS/TSS ratio in the reactor
showed a decreasing trend. The VSS/TSS ratio decreased from
0.68 to 0.49 when the level of roxarsone increased from 0 to
120mg L�1. The decrease in VSS/TSS implied that the content of
organic matter in the reaction system decreased, and the
amount of microorganisms in the sludge decreased.21–25 The
above experimental data indicate that the presence of high
concentrations of roxarsone gave severely inhibited BNR,
whereas low concentrations of roxarsone did not signicantly
impact BNR performance.

To clarify the mechanism of how roxarsone affects the removal
of nitrogen and phosphorus is of great signicance for the treat-
ment of wastewater containing roxarsone. Therefore, in the
following section, we focus on how roxarsone affects BNR perfor-
mance from the aspects of intermediate metabolite changes, key
enzyme activities, and the surface integrity of sludge.
3.2 Effects of roxarsone on the conversion of metabolic
intermediates in the BNR process

The investigation of the transformation of intermediate products
in microbial metabolism is helpful to understand the effects of
This journal is © The Royal Society of Chemistry 2017
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Table 1 Summary of reactor performance in the presence of different levels of roxarsone during steady-state operationa

0 mg L�1 30 mg L�1 60 mg L�1 90 mg L�1 120 mg L�1

COD (mg L�1) 22.8 � 1.3 25.5 � 1.8 58.2 � 2.3 85.2 � 3.5 111.6 � 6.4
NH4

+–N (mg L�1) 2.4 � 0.3 2.1 � 0.4 2.7 � 0.6 3.3 � 0.7 3.6 � 0.8
NO2

�–N (mg L�1) 0.24 � 0.05 0.26 � 0.08 0.75 � 0.09 1.28 � 0.09 2.12 � 0.17
NO3–N (mg L�1) 1.21 � 0.06 1.35 � 0.05 2.64 � 0.08 3.06 � 0.08 4.35 � 0.09
PO4

3–P (mg L�1) 1.03 � 0.07 1.21 � 0.15 3.12 � 0.19 6.85 � 0.24 8.12 � 0.38
VSS/TSS 0.68 � 0.05 0.64 � 0.08 0.59 � 0.07 0.52 � 0.07 0.49 � 0.08

a Note: data were obtained during the stable operation of the SBR. The data reported are the averages and their standard deviations in triplicate
tests.
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changes in the external environment on BNR efficiency. Fig. 2
illustrates the effects of different concentrations of roxarsone on
the transformation of P and N during steady-state operation. A
large amount of PO4

3�–P was released during the anaerobic
phase, and the levels of PO4

3�–P in control and 30 mg L�1 were
62.9 mg L�1 and 59.4 mg L�1, respectively, at the end of the
anaerobic phase. The experimental results indicated that the low
concentration of roxarsone had little effect on anaerobic phos-
phorus release. However, when the roxarsone concentration was
120 mg L�1, the concentration of PO4

3�–P at the end of the
anaerobic phase was only 44.8 mg L�1, much lower than that in
the blank and the group with a roxarsone concentration of 30 mg
L�1. In the subsequent oxic phase, PAOs cultured in the sludge
assimilated excessive phosphorus to achieve phosphate removal.
The aerobic uptakes of phosphorus in the blank group and the
group containing 30 mg L�1 roxarsone were 58.7 and 52.8 mg
Fig. 2 Effects of roxarsone on the concentrations of (A) PO4
3�–P, (B) NH

roxarsone concentrations. Error bars represent standard deviations of tr

This journal is © The Royal Society of Chemistry 2017
L�1, respectively; however, the aerobic phosphorus uptake in the
group containing 120 mg L�1 roxarsone was only 36.4 mg L�1,
which was about 0.62 times that of the blank. The decreased
aerobic phosphorus uptake led to an increased water phosphorus
content, thereby causing phosphorus system collapse. These data
clearly suggest that the presence of a high concentration of rox-
arsone inhibited anaerobic P release and aerobic P uptake.

Fig. 2B illustrates that roxarsone had no signicant impact on
the removal of ammonia, and the NH4

+–N removal efficiencies in
all reactors were approximately 92%, consistent with the data in
Table 1. Ammonia is rst oxidized to nitrite by AOB and then
further oxidized to nitrate by NOB; nally, nitrate and nitrite are
reduced to N2 via denitrication during the subsequent anoxic
phase.26–28 The effects of a low concentration of roxarsone on the
activities of AOB and NOB were not obvious; the highest concen-
trations of NO2–N and NO3

�–N in the presence of 30 mg L�1
4
+–N, (C) NO2

�–N and (D) NO3
�–N during a typical period at different

iplicate measurements.

RSC Adv., 2017, 7, 22086–22093 | 22089
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roxarsone were 5.47 and 9.45mg L�1, respectively, similar to those
in the blank. However, the highest levels of NO2–N and NO3

�–N in
the presence of 120mg L�1 roxarsone were 8.12 and 12.28mg L�1,
respectively, much higher than those in blank, suggesting that
presence of a high concentration of roxarsone signicantly
inhibited the nitrication and denitrication steps. The inhibitory
effect of roxarsone on nitrication was less than that on denitri-
cation, and this result was similar to that of the pollutant Cd(II)
on biological denitrication reported in the literature.29 This
might be attributed to the fact that the toxic effects of contami-
nants on nitrifying bacteria are weaker than the toxic effects on
denitrifying bacteria.30 Nitrite can produce free nitrite acid (FNA)
in water, which has serious toxic effects on microbial metabolism,
and the concentration of FNA is directly proportional to the
concentration of nitrite.8,31,32 A high concentration of FNA resulting
from a high concentration of roxarsone would lead to the deteri-
oration or even collapse of BNR. The facts described above indi-
cate that high levels of roxarsone have a negative effect on
phosphorus release and uptake, nitrication and denitrication.

The supply and consumption of energy is an important factor
affecting nitrogen and phosphorus removal.33 Nitrication is an
autotrophic process; however, the microorganisms involved in
the biological denitrication process are heterotrophic bacteria,
which require electron donors to provide electrons to drive the
denitrication process.34 In the process of BPR, PAOs can absorb
the available carbon sources in the water and synthesize PHA
under anaerobic conditions. At the same time, the polyphosphate
in microbial cells is degraded for energy production, releasing
a large amount of phosphate. Glycogen is also degraded to
provide reducing power under anaerobic conditions. In the
subsequent aerobic or anoxic phase, the PHA synthesized in the
anaerobic period is degraded to produce energy for aerobic
phosphorus uptake, glycogen replenishment and microbial
growth.35 Meanwhile, denitrifying bacteria in the anoxic phase
also need energy for denitrication, and this energy can also be
derived from the degradation of PHA.

Fig. 3 displays the variations in intracellular polymers during
a single cycle at different levels of roxarsone. It was found that
inuent COD was consumed rapidly, and the removal efficiency of
COD when the concentration of roxarsone was 30 mg L�1 was
similar compared to that in the control. However, when the
concentration of roxarsone was increased to 120 mg L�1, the
consumption of COD was severely inhibited, and the resultant
Fig. 3 Effects of roxarsone on the concentrations of (A) COD, (B) PHA,
trations. Error bars represent standard deviations of triplicate measurem

22090 | RSC Adv., 2017, 7, 22086–22093
concentration of COD in the effluent was more than 100 mg L�1.
PHA was synthesized in the anaerobic phase and decomposed in
the subsequent aerobic and/or anoxic periods. The maximum
amount of PHA in the blank was 3.8 mmol-C g�1 VSS, and the
maximum amount of PHA was 3.7 mmol-C g�1 VSS when the
concentration of roxarsone was 30 mg L�1. There was no signi-
cant difference in the amount of PHA synthesized (p > 0.05),
indicating that the low concentration of roxarsone had little
inhibitory effect on the synthesis of PHA (Table S1†). However,
when the concentration of roxarsonewas 120mg L�1, the synthesis
of PHA was only 2.8 mmol-C g�1 VSS, which was about 0.73 times
that in the control. These experimental results clearly showed that
the high concentration of roxarsone seriously inhibited the
synthesis of PHA. The reduction in the synthesis of PHA resulted in
less energy consumption in subsequent oxic or anoxic stages,
limiting the processes of aerobic phosphorus uptake and denitri-
cation. On the other hand, glycogen is also an important energy
storagematerial in cells. Under anaerobic conditions, glycogenwas
degraded to produce reducing power for the synthesis of PHA.
During the subsequent aerobic conditions, glycogen was replen-
ished by the consumption of PHA. The lowest concentration of
glycogen in the blank was 2.5 mmol-C g�1 VSS. When the
concentration of roxarsone increased to 120 mg L�1, the lowest
content of glycogen decreased to 2.09 mmol-C g�1 VSS, implying
that the high concentration of roxarsone decreased the content of
glycogen. It is well known that there are two kinds of microor-
ganisms, PAOs and GAOs, in the BRP system, and glycogen is the
main carbon source. GAOs are microorganisms that can compete
with PAOs for the limited carbon source while making no contri-
bution to BPR. The synthesis and degradation of glycogen ismainly
associated with the activities of GAOs, and a higher transformation
of glycogen corresponds to higher GAO metabolism.36 A high
transformation of glycogen was observed when the concentration
of roxarsone was high (120 mg L�1), indicating that the relative
abundance of GAO in the reactor was large. The high abundance of
GAOs was also one of the reasons for the decrease in phosphorus
removal efficiency when the concentration of roxarsone was high.
3.3 Effects of roxarsone on the activities of key enzymes and
the microbial community during the BNR process

The removal of nitrogen and phosphorus from wastewater is
regulated by biological processes, which are dominated by
and (C) glycogen during a single cycle at different roxarsone concen-
ents.

This journal is © The Royal Society of Chemistry 2017
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Table 2 Effects of roxarsone on the activities of key enzymes in biological nitrogen and phosphorus removala

PPX PPK AMO NOR NR NIR

0 mg L�1 0.023 � 0.003 0.245 � 0.012 0.024 � 0.002 0.075 � 0.008 0.034 � 0.002 0.231 � 0.015
30 mg L�1 0.022 � 0.002 0.238 � 0.016 0.023 � 0.003 0.072 � 0.006 0.031 � 0.003 0.228 � 0.021
120 mg L�1 0.015 � 0.002 0.189 � 0.015 0.016 � 0.001 0.059 � 0.005 0.021 � 0.002 0.174 � 0.016

a Error bars represent standard deviations of triplicate measurements. The unit of PPX is mmol p-nitrophenol/(min mg protein). The unit of PPK is
mmol NADPH/(min mg protein). The units of key enzymes responsible for biological nitrogen removal are mmol nitrite/(min mg protein).

Fig. 4 Effect of roxarsone on intracellular ROS production. Error bars
represent standard deviations of triplicate determinations.

Fig. 5 Effect of roxarsone on LDH release. Error bars represent
standard deviations of triplicate determinations.
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many key enzymes.18,22 The release of anaerobic phosphate
and the absorption of phosphate are closely related to the
activities of PPX and PPK, respectively.19,20 In contrast, the BNR
process mainly depends on the activities of AMO, NOR, NR
and NIR.37 Table 2 summarizes the effects of different levels of
roxarsone on the activities of key enzymes responsible for BNR
and BPR. As shown in Table 2, when the level of roxarsone was
30 mg L�1, the activities of the key enzymes were similar to
those in the control, and these results were consistent with
Table 1 and Fig. 2. However, when the concentration of rox-
arsone increased to 120 mg L�1, the enzyme activities were
severely inhibited. For example, the respective activities of PPX
and PPK were 0.015 and 0.189 mmol NADPH/(min mg protein),
much lower than those in the control. The decreases in the
activities of PPX and PPK indicated that the amounts of
anaerobic phosphorus release and P uptake decreased,
which led to the decrease in BPR. This was consistent with the
variation in phosphate in a typical cycle (Fig. 2). Similar
experimental results were also found for the activities of key
enzymes responsible for the processes of nitrication and
denitrication.

It was found that the ROS produced by exogenous substances
was capable of inhibiting the key enzymes involved in BNR.38,39

Fig. 4 shows the effect of roxarsone on intracellular ROS
production. As shown in Fig. 4, ROS production increased with
This journal is © The Royal Society of Chemistry 2017
increasing roxarsone concentration. When the level of rox-
arsone was 120 mg L�1, the intracellular ROS production was
195% that in the control. High levels of ROS production may
signicantly inhibit cell membrane or cytoplasmic proteins.40,41

The high level of intracellular ROS production induced by the
high concentration of roxarsone also explains the deterioration
of biological nitrogen and phosphorus removal. The effect of
roxarsone on the release of LDH was further studied, and the
results are displayed in Fig. 5. There was no measured differ-
ence in the release of LDH under different concentrations
of roxarsone, which suggested that the ROS produced in
this experiment did not damage the sludge microbial cell
membrane.

The identication of the microbial community is helpful to
understand the effect of exogenous pollutants on biological
nitrogen and phosphorus removal. Table 3 compares the rela-
tive abundances of key microbial communities at different
levels of roxarsone. With increasing roxarsone concentration,
the relative abundance of PAOs showed a decreasing trend,
while the relative abundance of GAOs increased. For example,
when the concentration of roxarsone increased from 0 to
120 mg L�1, the abundance of PAOs decreased from 19.4% to
10.3%, while the relative abundance of GAOs increased from
10.2% to 18.4%. The experimental data are consistent with the
concentrations of phosphate, NO2

�–N and NO3
�–N in the

effluent.
RSC Adv., 2017, 7, 22086–22093 | 22091

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra02561k


Table 3 Comparison of relative abundances of key microbial
communities under different concentrations of roxarsonea

PAO/% GAO/% AOB/% NOB/%

0 mg L�1 19.4 � 0.6 10.2 � 0.3 16.5 � 1.2 20.5 � 1.5
30 mg L�1 18.6 � 0.3 11.2 � 0.5 16.3 � 1.3 20.2 � 1.6
60 mg L�1 16.5 � 0.5 12.6 � 0.8 15.2 � 0.9 19.5 � 1.4
90 mg L�1 12.5 � 0.4 15.9 � 0.9 15.0 � 0.8 18.4 � 1.4
120 mg L�1 10.3 � 0.3 18.4 � 1.1 14.8 � 1.1 15.2 � 1.6

a Microbiological sampling was conducted during the stable operation
of the reactor. Error bars represent standard deviations of triplicate
determinations.
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3.4 Assessing the impact of roxarsone on BNR in a livestock
and poultry breeding wastewater treatment station

The effect of roxarsone on BNR performance was studied in
a livestock and poultry breeding wastewater treatment station. As
shown in Fig. S1,† the presence of roxarsone in livestock and
poultry breeding wastewater had a serious inhibitory effect on
nutrient removal. The removal efficiencies of COD, NH4

+–N, TN
and TP were only 78.6%, 86%, 76%, and 69%, respectively. The
above experimental results are similar to those shown in Table 2
obtained from the laboratory-scale experiment. The removal
efficiency of total nitrogen and total phosphorus indicated
a deterioration of waterbody, which in turn threatened the
ecological environment. The impact of roxarsone on nutrient
removal in pilot-scale WWTPs will be the focus of our research in
the future.
4. Conclusion

In this work, the short-term and long-term exposure to low
concentrations of roxarsone had no inuence on BNR, while
high concentrations of roxarsone (e.g., 120 mg L�1) seriously
inhibited BNR performance. Mechanistic investigation
revealed that high concentrations of roxarsone can reduce the
yield of intracellular PHA while promoting glycogen metabo-
lism. In addition, the high concentration of roxarsone was
capable of inhibiting the activities of the key enzymes
responsible for BNR, leading to increases in nitrogen and
phosphorus in the effluent. Identication of the microbial
community showed that when the roxarsone concentration
was 120 mg L�1, the relative abundances of PAO, AOB and NOB
were 10.3%, 14.8% and 15.2%, respectively, much lower than
those in the control. In contrast, the relative abundance of
GAOs (18.4%) was higher than in the control. The experi-
mental results were consistent with the levels of nitrogen and
phosphorus in the effluent.
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A. E. Nel, ACS Nano, 2009, 4, 15–29.

41 R. Brayner, R. Ferrari-Iliou, N. Brivois, S. Djediat,
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