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Abstract: In this study, the raw wastewater (RW), and effluents from the acidogenic phase (AP)
and methanogenic phase (MP) in a swine wastewater treatment plant were collected to investigate
the occurrence and transformation of arsenic (As), as well as the abundance of As metabolism
genes during the anaerobic digestion (AD) process. The results showed that total concentrations
of As generally decreased by 33-71% after AD. Further analysis showed that the As species of the
dissolved fractions were present mainly as dimethylarsinic acid (DMA), with arsenite (As(III)) and
arsenate (As(V)) as the minor species. Moreover, real-time PCR (qPCR) results showed that As
metabolism genes (arsC, arsenate reduction gene; aioA, arsenite oxidation gene and arsM, arsenite
methylation gene) were highly abundant, with arsM being predominant among the metabolism
genes. This study provides reliable evidence on As biotransformation in swine wastewater treatment
process, suggesting that AD could be a valuable treatment to mitigate the risk of As in wastewater.
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1. Introduction

With the rapid growth of the swine industry, pig farms discharge a large amount of wastewater,
which usually contains not only nutrients, such as nitrogen and phosphorus, but also harmful
components, such as antibiotics and heavy metals [1]. Organoarsenic additives have been extensively
used in chicken and swine feeds. Most of the supplemented Arsenic (As) is excreted with the
feces, further discharging into the wastewater through washing. It subsequently enters the soil
through manure land application, eventually being biodegraded to the more toxic inorganic As [2].
Microbially-mediated As metabolic processes play a major role in As cycling, including arsenite
(As(III)) oxidation, arsenate (As(V)) reduction, and As(III) methylation [3], as speciation, bioavailability,
toxicity, environmental behavior, and their fate in the environment are changed through these processes.
The widespread As detoxification by As(V) reductase (ArsC) is a pathway for microbial As(V) reduction.
As(III) oxidation is catalyzed by As(III) oxidases, which are encoded by aioA genes (As(III) oxidation,
previously named as aox/aso/aro) [4]. Moreover, As(III) can be methylated by microbes into various
organic As species [5], which are catalyzed by the As(IlI) methylation (arsM) genes. These genes and
their corresponding proteins are frequently used as molecular markers for microbial and ecological
studies [6].

Anaerobic digestion (AD) is an important and effective treatment process for swine wastewater,
which can reduce the energy expenditure, while producing renewable energy [1]. AD process optimizes
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the conditions (pH, temperature) by separating the acidogenic phase (AP) and methanogenic phase
(MP) to enhance the overall degradation efficiency [7]. The AD process influences the accumulation
and distribution of heavy metals [8], which is a critical factor in predicting the mobility and eco-toxicity
of heavy metals (especially As) [9]. During the AD treatment process, As can be transformed from
stable fractions to more bioavailable/toxic fractions with the addition of water and decomposition.
However, there are few reports on the transformations and metabolism genes of As in anaerobic
digesters treating As-contaminated swine wastewater.

The aims of this study were to, (a) investigate the occurrence and behavior of the As when
the swine wastewater was subjected to AD; and, (b) examine the distribution and abundance of As
metabolism genes in swine wastewater treated by AD.

2. Materials and Methods

2.1. Swine Wastewater Treatment Process and Sample Collection

The swine wastewater treatment plant is located in Haiyan, Zhejiang Province, China. Successive
treatment processes have been set to reduce the level of pollution from wastewater before discharging
it to the environment. Firstly, the raw wastewater (RW) is retained in the regulating reservoir after
solid-liquid separation. Secondly, the liquid fraction is delivered to a hydrolytic acidification tank
reactor as AP. Lastly, the liquid fraction is carried to anaerobic digesters as MP, which is a plug-flow
reactor. The waste influent enters the plug-flow reactor from AP, eventually exiting from the other
end. A portion of the effluent is typically recycled to inoculate the influent, thus improving the AD.
The hydrolytic acidification reactor and anaerobic digesters are both run at ambient temperature
(10-35 °C), with a hydraulic retention time (HRT) of about 15 days. Feeding is processed at a rate
ranging from 20 to 40 m3 day !, depending on outputs of the farms. Biogas is collected for power
generation, which is used for lighting and heating purposes at the farms. The RW, effluent after AP and
MP were collected and analyzed in this study. Three subsamples were collected from each treatment.
Samples were collected once every two months (April, June, and August).

2.2. Determination of Physico-Chemical Properties

Chemical oxygen demand (COD) was determined using a COD reactor (DRB200, Hach, Loveland,
CO, USA), and ammonia nitrogen (N-NH4") was determined using the colorimetric methods [10].
pH of the liquor was measured using a digital pH meter (Mettler, 5220-Bio-CN, Giessen, Germany).

2.3. Total Heavy Metal and Dissolved Fractions of As Analysis

After digesting the water samples with nitric acid/hydrogen peroxide mixture, heavy
metal concentrations were measured by inductively coupled plasma mass spectrometry (ICP-MS,
NEXION300XX, PerkinElmer, Inc., Shelton, CT, USA). The dissolved fractions of As were (filtered
through 0.45-um membrane syringe filters ((Millipore, Bedford, MA, USA)) kept at —20 °C till
further analysis. The concentrations of total As and different As species were measured as described
previously [11].

2.4. Determination of Bacterial 165 rRNA and As Metabolism Genes Copies by gPCR

After passing water samples through 0.45-pum filters, DNA was extracted from the filters using
an Ultraclean Water DNA Kit (MoBio Laboratories, Carlsbad, CA, USA), following manufacturer
instructions. Concentration of the extracted DNA was estimated using spectrophotometer analysis
(NanoDrop ND-2000, NanoDrop Co., Wilmington, DE, USA) and the extracted DNA was stored at
—80 °C until further analysis. The arsC, aioA, arsM and 165 rRNA gene copy numbers were measured
through qPCR analysis. The qPCR thermocycling conditions for 16S rRNA gene and As metabolism
genes were described elsewhere [12].
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3. Results and Discussion

3.1. Physico-Chemical Properties and Heavy Metals in Wastewater

pH is a parameter that greatly affects the AD process. The pH values 7.1-7.5 (Table 1) were within
the permissible range (6.5-8.5) for AD [13]. The increase of pH in MP can be explained by the volatile
fatty acids (VFA), converted to CH and CO,. In addition, biodegradable organic substances converted
into methane and CO, resulting in COD decrease in the digester. The COD removal efficiency of
the AP process was in the range of 3-13%, which increased to a range of 54-62% after MP. Kim et al.
reported that COD was barely reduced in the acidogenic phase and the efficiency of COD reduction
during the methanogenic HRT ranging between 25 and 10 d was between 67.0% and 63.7% [14].
Another previous study has reported that COD removal efficiencies ranged from 80% to 97% in the
methanogenic reactors, indicating an effective biodegradation [15]. The NH4*-N concentrations of the
effluents from the MP reactor systems were significantly higher than those of RW or AP, implying that
most of the ammonium was generated in the MP reactor, which may be due to the mineralization of
organic nitrogen. The total concentrations of Zn, Cu, Fe, Mn and Cd in MP were much lower than those
in RW (Table 1). On the one hand, most of the heavy metals deposited in the bottom of the digester as
associated with the suspended solids for a relatively long period [16]. On the other hand, the sulfide
produced by sulfate reduction can react with many heavy metals, forming metal sulfides, which are
insoluble and sediment rapidly [17], resulting in the decrease of heavy metals in the liquid matter.
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Table 1. General chemical properties of swine wastewater samples of raw wastewater (RW), acidogenic phase (AP), and methanogenic phase (MP) in different months.

40f9

COD Removal

NH4*-N

-1 -1 -1 -1 -1 -1
Month Treatment pH Efficiency (%) (mg L) As (ugL™") Cu(ugL™") Zn (ugL™") Fe (ugL™") Mn (ug L™%) Cd (ugL™)

RW 71+0.1a - 891.9 +3.1a 294.0 £19.1a 433.5 +101.0a 1647.3 £361.9a  2829.5+12629a  400.3 & 122.6a 0.3 +0.1a

April AP 71+0.1a 32+15 927.1 +40.5a 235.2 +102.8a 497.6 £ 34.3a 1100.3 = 118.3b  2294.1 4= 1345.8a 374.5 £ 98.6a 04 +£03a

MP 7.5+ 0.1b 60.8 £8.8 939.3 + 30.6a 196.6 & 16.9b 211.4 £5.3b 674.7 £ 19.0c 2947.3 4 415.7a 187.4 4 8.3b 0.2 +0.0a

RW 72+0.1a - 598.5 &+ 5.5b 440.1 £ 46.7a 2229 £1.7a 718.4 +7.9a 1052.3 £ 41.1a 1748 & 4.1a 0.2+ 0.0a

June AP 7.1+ 0.0a 109 £4.9 572.3 4+ 26.0b 204.3 +10.7b 253.3 £ 5.3a 986.0 + 12.6a 1523.6 £ 25.1b 196.3 & 14.3a 0.2+ 0.0a

MP 7.4 +0.1b 619 £22 785.7 £ 41.4a 146.1 £ 32.6¢ 165.9 & 41.4b 535.3 + 45.9b 597.4 + 162.8¢c 110.0 & 29.3b 02 +0.1a

RW 7.1 +0.0a - 346.0 + 14.2c 208.3 £ 46.7a 268.9 + 39.6a 865.5 + 123.8a 1261.4 £+ 180.3a 219.5 +474a 0.3 +0.1a

August AP 7.2+ 0.0a 13.0 £3.2 315.7 +22.5¢ 83.2 £8.3b 100.5 & 6.9b 306.2 + 34.5b 549.2 & 28.5b 121.9 £ 10.5b 0.3 £0.0a

MP 7.3 £ 0.0a 53.6 £ 1.8 365.9 4 49.2¢ 59.9 +£5.2¢ 86.2 £17.2¢ 250.5 + 25.1c 401.6 + 93.9b 63.5 £+ 19.5¢ 0.2+ 0.0a

Note: Different lowercase letters in the columns indicate a significant difference among the different samples at p < 0.05.
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3.2. Total As Changes during AD

In the present study, total concentrations of As in the samples were 208-440 ug L~ (Table 1),
which decreased (33.1-71.2%) in the samples of MP as compared to that in RW. The As removal was
carried out by removal of solid forms through MP, as most of the As is associated with the suspended
solids [8]. On the other hand, the effects of sampling time on total concentrations of As were obvious,
which was caused by the variations in veterinary supplement and drug usage in different months.
Jin and Chang reported that total concentrations of As in digested pig slurries were 20-100 pg L= [16].
Repeated and intense localized disposal of digested pig slurries can introduce a substantial amount of
As into the environment, which should raise enough concerns on the heavy metal pollution, despite its
fertilizer value.

3.3. Dissolved Fractions of As

Four As species, As(Il), As(V), monomethylarsenic acid (MMA), and dimethylarsinic acid (DMA),
measured in the dissolved fractions of swine water, accounted for 3.2-14.2% of the total concentrations
(Figure 1). The proportion of dissolved fractions to total concentrations was lower than that reported
by Jin and Chang [16]. Concentrations of the four species did not increase according to the increase of
total concentrations in pig slurries, indicating that the chemical forms of As were not only dependent
on contents, but also on the conditions of operation and storage. The As(IIl) content decreased by
58.1%, 5.4% and 51.3% in April, June and August during AP, while it decreased by 4.1%, 22.3%,
23.2% in April, June, and August during MP. The As(V) remained labile during those three months.
The contents of DMA of RW were 18.6 4 1.0, 12.0 4- 4.0, and 10.0 & 1.1 pug L~ ! in the samples from
April, June, and August, followed by a rapid decrease of 63.9%, 36.2%, and 69.2% after MP, suggesting
the potential loss of DMA. MMA was mostly detected in the sample of MP. This may be due to the
presence of different As(V)-reducing microorganisms in the biogas slurry that transform As(V) to
As(III) under reduction conditions, subsequently converting it to MMA, DMA, and trimethylarsine
(TMA), which is released with the methane through As methylation [18]. MMA is the intermediate
phase of methylation. During MP, a fraction of DMA may be reduced to dimethylarsine, or further
methylated to form TMA, both of which are volatile. Mohapatra et al. reported that up to 35% of As
can be volatilized from AD of cow dung using cultures of methanogenic bacteria [19].

250 +
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Figure 1. Dissolved (<0.45 um) concentrations of different As species in the swine wastewater samples
of raw wastewater (RW), acidogenic phase (AP) and methanogenic phase (MP) in different months.
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3.4. Abundance of As Metabolism Genes

Transformation of the As species is greatly influenced by the microorganisms. The arsC, aioA,
and arsM genes were detected and the absolute gene copy numbers were normalized to that of
ambient 165 rRNA genes to minimize the variances caused by the differences in background bacterial
abundances, extraction, and analytical efficiencies. The relative expression of functional genes
in different samples showed significant differences. The arsC genes had a relative expression of
0.17—1.96 x 107 (Figure 2a). The arsC genes are more widespread among both anaerobic and aerobic
microbes [20,21]. A higher expression of the arsC gene was found in paddy soils, indicating that
the microbes that reduce As(V) under aerobic conditions may be more abundant than the anaerobic
microbes [22]. Subsequently, the expression of arsC decreased after AP and MP, as compared to
RW. The arsC-mediated As(V) reduction process seems to be the most indispensable part of the As
biogeochemical cycle. The expression of aioA ranged from 0.07 x 107 to 3.61 x 10~7 (Figure 2b).
Since As(V) was less toxic than As(Ill), and As(V) is immobilized and more easily removed than As(III)
from aqueous environments, As(IIl) oxidation is believed to be the microbial detoxification metabolism
in various environments. There was no significant difference in the aioA gene copies between
treatments every month, probably due to the decrease of mobile As(Ill) in AP and the anaerobic
condition in MP. The abundance of arsM genes was almost 100 times higher (0.10—3.61 x 10~>;
Figure 2c) than arsC genes and aioA genes in the samples, implying a strong potential to produce
methylated As species. The highest expression of arsM could explain why most samples contain
unusually high methylated As concentrations. Moreover, the expression of arsM was higher than
those in AP and MP, since As methylation was stimulated under anaerobic conditions. During the
AD of fresh pig manure with organic matter, microorganisms can volatilize As into AsHjz, AsH,(CH3),
AsH(CH3),, and As(CH3)s, respectively [23]. The high abundance of redox and methylation genes
suggested that high levels of microbial activities related to As metabolism may exist in the swine
wastewater treatments.
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Figure 2. The abundance of As metabolism genes (a: arsC gene; b: aioA gene; c: arsM gene) in
different samples of raw wastewater (RW), acidogenic phase (AP), and methanogenic phase (MP) in
different months.
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3.5. As Species Concentration vs. As Metabolism Gene Copy Numbers

A positive correlation (R? = 0.69, p = 0.005) was observed between arsC gene copy numbers
and As(III) concentrations (Figure 3a). The abundance of arsC genes increased with an increasing As
concentration. Moreover, arsC has been reported to be the dominant gene involved in the intracelluar
microbial As detoxification process [24]. With the relatively high R? values for arsC, we strongly
propose that the survival of the microbes detected under such conditions could be attributed to the
As detoxification processes. There was a linear relationship between the abundance of aioA gene
and the concentrations of As(V) (R? = 0.35, p = 0.096). However, the correlation was not significant
(Figure 3b). The abundance of the arsM gene was significantly negatively correlated with the total
methylated As contents (R? = 0.44, p = 0.052, Figure 3c). It can be explained by several possible
reasons. For example, environmental conditions influence the As methylation activity of microbes,
while the abundance of As methylation microbes has little effect on As methylation. A previous
study reported that the arsM gene copy number correlated positively with the soil pH [25]. Although
there were more As methylated microbes in neutral alkaline soils, the activity of As methylation
was higher in acidic soils. Secondly, the decrease in DMA concentration after MP reflected the loss
of methylated As through either volatilization or demethylation. As volatilization can be mediated
through the enzymes that are involved in methanogenesis. It has been reported that a range of arsine
and methyl-arsine species from arsenate were produced by cultures of methanogens [26]. The impact
of methanogenesis on As volatilization has been studied in As-bearing ferric iron waste, in which As
volatilization represented <0.02% of the total As added [18]. The quantification of genes involved in As
biotransformation processes can be taken as an indicator for As transformation. The linkage between
the As metabolism gene and the As species implied that the As transformation in the AD plant should
be taken into consideration.

8.0 - 7.0
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Figure 3. Correlation analyses between different As species concentration vs. As metabolism gene
copy numbers. (a: As(III) contents vs. arsC gene; b: As(V) contents vs. aioA gene; ¢: Methylated As
contents vs. arsM gene).
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4. Conclusions

The results from this study show that the total concentrations of As decreased by 33-71% after AD,
As species of the dissolved fractions was present mainly as DMA. Specially, using qPCR, it showed
that As metabolism genes were abundant and universal even in low-As environments. There were
correlations between the abundance of As detoxification genes and As contents, which prove that the
transformations of As based on different As resistance systems of microbes during the wastewater
treatment process. However, further studies should be carried out to define the functional microbes
contributing to As transformation during AD of swine wastewater.
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