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A B S T R A C T

Arsenic (As) is a potential contaminant in sewage sludge that may affect waste treatment and limit the use of
these waste materials as soil amendments. Anaerobic digestion (AD) is an important and effective process for the
treatment of sewage sludge and the chemical speciation of As is particularly important in sludge AD. However,
the biotransformation genes of As in sludge during AD has not been fully explored. In this study, the influent and
effluent sludge of anaerobic digester in a wastewater treatment plant (WWTP) was collected to investigate the
species transformations of As, the abundance and diversity of As biotransformation genes was explored by real-
time PCR (qPCR) and metagenomic sequencing, separately. The results showed that arsenite [As(III)] and ar-
senate [As(V)] were predominant in the influent sludge, whereas the relative abundance of monomethylarsenic
acid (MMA) increased by 25.7% after digestion. As biotransformation genes were highly abundant, and the As
(III) S-adenosylmethionine methyltransferase (arsM) gene was the predominant which significantly increased
after AD by qPCR analysis. Metagenomic analysis indicated that the diversity of the arsM-like sequences also
increased significantly after AD. Most of the arsM-like sequences in all the influent and effluent sludge samples
were related to Bacteroidetes and Alphaproteobacteria. Furthermore, co-occurrence network analysis indicated a
strong correlation between the microbial communities and As. This study provides a direct and reliable reference
on As biotransformation genes and microbial community in the AD of sludge.

1. Introduction

Rapid industrialization and urbanization have resulted in the pro-
duction of large amounts of sludge from municipal and industrial
wastewater treatment plants (WWTP). Sludge is a heterogeneous ma-
terial and usually has high water content (Huang et al., 2018). It also
contains various contaminants, such as toxic metals, pathogens, and
some organic compounds (Fonts et al., 2012; Westerhoff et al., 2015).
Meanwhile, the large amounts of carbon and nutrients in sludge are
worth recycling (Withers et al., 2015). Anaerobic digestion (AD) is one
of the most effective treatment methods for sewage sludge. AD can
transform the organic matter in sludge into biogas, reduce the amount
of final sludge solids for disposal, destroy most of the pathogens present
in sludge, and limit odor problems associated with residual matter

(Gonzalez-Gil et al., 2016; Yuan and Zhu, 2016). However, without
treatment, the high toxic metals contents in sludge may threaten the
environment and become a key factor that limits the agricultural ap-
plication of sludge because these elements are nondegradable and toxic
(Dong et al., 2013; Wu et al., 2018). Among the metals, arsenic (As) is a
typical element with high toxicity (Han et al., 2016) and may affect the
sludge treatment process and limit the sludge application to soil. Re-
portedly, in batch AD, 56.7% of As is accumulated in anaerobic gran-
ular sludge (Zhang et al., 2014). Furthermore, high levels of As are
known to be toxic to microorganisms in AD (Tang et al., 2017). The
toxicity of As is known to depend on As species (Guillodmagnin et al.,
2018), and As can be transformed from stable to bioavailable fractions
in AD (Zhai et al., 2017b). Therefore, the chemical speciation of As is
particularly important in wastewater treatment. However, to date, only
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few studies have focused on the concentration and transformation of As
species during the AD process of sludge in WWTPs.

The As oxidation, As(V) respiratory and cytoplasmic reduction, as
well as As(III) methylation mediated by microorganism play an im-
portant role in the global As cycle in the environment (Lett et al., 2012).
Genes involved in As biotransformation mainly consist of aioA genes
[As(III) oxidation] (Lett et al., 2012), arrA genes [As(V) respiration
reduction] (Saltikov et al., 2005), arsC genes [As(V) detoxification re-
duction] (Oremland and Stolz, 2005), and arsM genes [As(III) methy-
lation] (Qin et al., 2006). As(III) oxidation gene aioA has been well
characterized phylogenetically and ecologically widespread (Takafumi
et al., 2018; Simona et al., 2017). Most As(III) oxidizers are mesophilic
aerobes, and the final electron acceptor of the metabolic pathway is O2.
Respiratory arsenate reductase is a periplasmic dimethyl sulfoxide re-
ductase having a catalytic subunit arrA and smaller subunit arrB, which
catalysing As(V) respiration under anoxicconditions (Malasarn et al.,
2008; Richey et al., 2009). The As resistance system is organized in the
ars operon, which involves an arsenate reductase (arsC), an arsenite
efflux pump (arsB or ACR3), and a transcriptional repressor (arsR)
(Govarthanan et al., 2015). The arsenate reductase encoded by arsC
gene is primarily used for carrying out the reduction of As(V) (Kumari
and Jagadevan, 2016). Moreover, ArsM catalyzes the methylation of As
(Zhao et al., 2013; Huang et al., 2018), and its gene can be used as a
molecular marker for investigating As-methylating microbes (Jia et al.,
2013).

Traditional molecular fingerprint methods, such as T-RFLP, DGGE,
and TGGE, have been used to investigate the distribution and diversity
of one or several subtypes of As metabolism genes (Jia et al., 2014,
2013; Schuchmann and Muller, 2014; Silver and Phung, 2005). Re-
cently, with the development of high-throughput sequencing techni-
ques, metagenomic is regarded as the most efficient, reliable, and ac-
curate method to reveal the entire microbial composition and microbial
metabolism synchronously under complex environment conditions. It
has been successfully applied to provide reliable information on the
community composition and identify the functional genes related to the
metabolism of As (Thomas et al., 2012) in water, sediment, soil, and
activated sludge (Bertin et al., 2011; Plewniak et al., 2013; Luo et al.,
2014; Cai et al., 2013). For example, Costa et al. (2014) successfully
identified a large number of phylogenetically distinct As-resistant
bacterial genera from gold mining sediment using metagenomic ana-
lysis. Different from the sediments, the sludge after anaerobic digestion
could be applied in agricultural soil as an excellent conditioner, which
could improve the soil physical conditions, boost the soil microbial
activity and enhance crop yields (Amoah et al., 2018; Zhang and Li,
2019). However, few studies have been conducted on assessing the
composition of As metabolism genes and the diversity of microbes in
the digested sludge using metagenomic method. Therefore, to reduce
the possible exposure risk of As associated with agricultural application
of digested sludge, a deep insight into the transformation of As species,
the diversity of microbes and their functional genes during the AD
process of sludge should be obtained.

In the present study, influent and effluent sludge during the AD
treatment in a WWTP was collected to investigate the fate of As during
treatment. The abundance and diversity of As biotransformation genes
in the sludge samples were further explored. The findings of the present
study will provide better understanding and important implications for
the microbial-mediated As transformation during sludge AD process.

2. Materials and methods

2.1. Sludge sampling

The sludge was collected from a WWTP in Qingdao City, Shandong
Province, China. Three influent and three effluent sludge samples were
collected from an anaerobic digester of the WWTP. In order to avoid the
accidental results, we collected samples in three different months (May,

July, and September in 2016) as three parallel samples to ensure the
results were true and credible. The samples were immediately trans-
ported to laboratory with ice bag. One part of the samples was then
lyophilized, ground and sieved (< 60 mesh), and stored at −20 °C
before further processing and analysis. Another part of samples was
stored at −80 °C for DNA extraction.

2.2. Physiochemical properties of sludge

The physiochemical properties of sludge were determined following
the published methods (Xiao et al., 2014a, 2014b). Chemical oxygen
demand (COD) was measured by spectrophotometric method using a
DR890 spectrophotometer based on HACH manual (HACH Company,
USA). Moisture contents of the samples were measured after drying at
105 °C for 24 h. Total solids (TS) and volatile solids (VS) were measured
according to the standard methods (APHA, 1998). The As and other
toxic metals in the sludge samples were digested by a concentrated acid
mixture containing 4 mL HNO3, 2 mL HF and 2 mL of H2O2 using a
microwave digester (MARS6, CEM Microwave Technology Ltd., USA).
The digestion procedure was 0–20 min, 0–210 °C; 20–70 min, 210 °C.
After digestion, the samples were filtered and diluted with deionized
water, then determined through ICP-MS (ICP-MS NEXION300XX, Per-
kinElmer, Inc., USA). A soil reference (GBW 07429) purchased from the
National Research Centre of China was used to determine the accuracy
of the analytical method. The sample recoveries of toxic metals were
within the range of 95.4–105.2% (n = 3). As speciation of dried sludge
was extracted by 10 mL 2% H3PO4 and analyzed by high-performance
liquid chromatography (HPLC, Series 200, PerkinElmer, Inc., USA)
coupled with inductively coupled plasma mass spectrometry (ICP-MS)
in accordance with the previously described method (Zhai et al.,
2017a). However, since the amount of influent and effluent of waste-
water could not be measured exactly, and the volatilized As in gas from
the digester was also difficult to collect and analyze, no mass balance
was conducted and the As species were shown in relative abundance in
the present study.

2.3. DNA extraction and Illumina HiSeq sequencing

Sludge samples (50 mL) from each influent and effluent of the AD
reactor were centrifuged at 3500g for 20 min (4 °C). Supernatant was
removed, and pellets (0.25 g fresh weight) were used to extract the total
DNA using a PowerSoil DNA Isolation Kit (MO BIO, USA) following the
manufacturer’s protocol. DNA concentration was estimated using a
spectrophotometer (NanoDrop ND-2000, USA). DNA samples of the
sludge were sent to Novogene Company (Beijing, China) for sequencing
by Illumina HiSeq 2500. Two paired-end libraries (350 bp insert size)
were constructed. Raw reads, with number of low-quality bases
(Q < 38) above 40 and/or number of Ns (base call with low con-
fidence) above 10 were removed (Chen et al., 2013). After removing
reads of human contamination, total clean reads of 32,618.84 Mbp
were generated with 5,457.73 Mbp reads per sample.

2.4. Bioinformatics analysis

To retrieve community composition from metagenomic datasets,
clean reads were first assembled by SOAPdenovo using default para-
meters. The assembled contigs with length>500 bp were retained for
downstream analysis. ORFs were predicted by MetaGeneMark (Tang
and Borodovsky, 2010) and searched against the National Center for
Biotechnology Information (NCBI) nonredundant database using DIA-
MOND (e-value < 1e-10) (Buchfink et al., 2015). Taxonomy in-
formation of annotated genes for each ORF was obtained, and those
ORFs with multiple annotations were cleaned by LCA algorithm to get
the common taxonomy. Abundance of taxonomies were calculated by
multiplying mapped reads to ORFs with read length (Karlsson et al.,
2012, 2013; Li et al., 2014).
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To analyze the distribution, diversity, and abundance of As func-
tional gene groups, local BLASTX programs were used to align the
trimmed clean reads of each dataset against an As metabolism protein
database constructed previously (Cai et al., 2013), which includes 17
subdatabases corresponding to 17 subtypes of As biotransformation
genes. The e-value cutoffs of 1e-5 were used to perform the BLAST
search, and the following analysis was based on the strict criteria of
aligned length ≥37 aa and aligned identity ≥90% to screen the
BLASTX outputs against the As metabolism protein database. To mini-
mize possible bias, we normalized the read number of recovered genetic
candidates of As biotransformation by reference sequence length and
16S rRNA gene abundance. Abundance of potential As biotransforma-
tion genes was finally quantified as the ratio of the copy numbers of the
As biotransformation genes to that of 16S rRNA genes. We annotated
the taxonomies of the As biotransformation genes by retrieving the
phylogenetic information from the source strains in NCBI database.

2.5. Real-time qPCR analysis

Real-time PCR (qPCR) was used to determine the quantitative dis-
tribution of As biotransformation genes (i.e., aioA, arsC, and arsM).
Bacterial 16S rRNA gene was targeted to quantify the total bacterial
population and normalize the abundance of As-related genes in the
sludge samples. Primer pairs and PCR thermal programs conditions
were conducted according to the previous study (Zhang et al., 2015b).

2.6. Statistical analysis

All experiments were conducted in triplicate, and physicochemical
characteristics were expressed as mean ± standard deviation. One-
way analysis of variance was performed to analyze the significant dif-
ference of characteristics between influent and effluent sludge during
AD using SPSS 18.0, with significance defined at the 0.05 level, fol-
lowed by Duncan’s test and correlation analysis. Heatmap and clus-
tering analyses were generated in R (3.1.2.) using ggplots package.
Linear discriminant effect size (LEfSe) analysis cladogram was per-
formed on http://huttenhower.sph.harvard.edu/lefse/ (Segata et al.,
2011) on the basis of the absolute abundance of assigned taxa, and
LDA > 3.6 was selected to indicate significant difference. A connec-
tion with a strong (|r| > 0.6) and significant (P < 0.05) Spearman’s
correlation was used to visualize the correlation between the abundant
taxa (top 70 most abundant OTUs) and the contaminant fractions in the
co-occurrence network.

3. Results and discussion

3.1. Evaluation of AD

Table S1 summarizes the pH, moisture content, COD, NH4
+-N, VS,

TS, and other characteristics of the influent and effluent sludge of AD
during July, August and September 2016. The pH values were 6.2–7.4,
within the permissible range for AD (Dong et al., 2013). The pH is an
important parameter that affects AD as both methanogenic and acido-
genic microorganisms have their optimal pH (Chen e al., 2008). The
favorable pH for bacteria growth and to achieve maximal methane yield
during AD was in the range of 6.8–7.2 (Suanon et al., 2017). The ef-
fluent samples showed more alkaline pH than the influent samples in all
three months. The high pH may be due to the conversion of volatile
fatty acids to CH4 and CO2 by methanogens and the degradation of
nitrogenous compounds during AD (Yu et al., 2002). Biodegradable
organic substances can be removed through conversion to methane and
CO2 during AD, thereby resulting in COD decrease in the digester. The
COD removal efficiency after AD was in the range of 83%-85% during
July, August and September 2016. The NH4

+-N values increased sig-
nificantly after AD in both influent and effluent during all the three
months, which suggests the mineralization of proteins (Göblös et al.,

2008). The VS/TS values decreased in the effluent samples, which could
be explained by the microbial decomposition of organic matter and the
stabilization during AD. In sum, the physicochemical characteristics of
the sludge samples suggested the successful operation of AD in the
WWTP.

3.2. Variation of total HMs during AD

The metals concentrations in the sludge samples followed the order
of As < Ni < Pb < Cr < Cu < Zn (Table S1). The average con-
centrations of Cr, Cu, Ni, Pb, and Zn in the effluent sludge increased by
15.4%, 23.9%, 23.2%, 31.1%, and 29.5%, respectively, compared with
that in the influent sludge. After AD, the As concentrations in the sludge
also increased by 50.5%, 41.7%, and 7.0% in May, July, and Sep-
tember, respectively (Table S1), compared with that in the sludge be-
fore digestion. These results are consistent with those of Dong et al.
(2013), who also reported an increase of metals concentrations in
sludge after digestion. The increase of metals concentration could be
explained by the weight loss during the AD which was caused by or-
ganic matter decomposition, fluids evaporation, aerosols capture and
biogas release (Appels et al., 2008). Further, the accumulation of metals
can also be the function of adsorption by the sludge (Li et al., 2016).

3.3. As species analysis

Speciation analysis was conducted by focusing on four As species:
As(III), demethylarsinic acid (DMA), MMA, and As(V). The relative
distributions of the four species during AD are shown in Fig. 1 (for their
concentrations data, see Supporting Information, Fig. S1). Inorganic As
[As(V) and As(III)] were the main species in the influent samples, ac-
counting for 41.7–74.3% and 13.7–45.8%, respectively. As(V) has been
reported as the most abundant As in fresh sludge due to coagulation
treatment (Meng et al., 2001). Under anaerobic condition, As(V) was
reduced to As(III) and thus significantly decreased to 9.8%, 7.1%, and
5.2% in the effluent samples in May, July, and September, respectively.
Interestingly, the As(III) concentrations also decreased by 8.9%, 17.9%,
and 19.4% during these months. This decrease in As(III) could be ex-
plained by the formation of MMA by methylation process (Li et al.,
2015). As(V) was the main species in the effluent samples
(36.5–64.4%), followed by MMA (28.7–34.6%). In the influent samples,
MMA constituted a small proportion of the total concentrations of As
(8.0%, 6.8%, and 5.9%). However, after AD, a significant increase in
MMA (i.e., 28.7%, 34.6%, and 34.6%) was observed in the effluent
samples. The DMA was minimal of the four species in the sludge. In the
influent of AD, the DMA relative abundance was 4.0%, 4.4%, and 6.5%
in May, July, and September, respectively. The different distribution of

Fig. 1. Percent contribution of As species in influent and effluent sludge of AD.
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As species suggested that this may be due to different conditions and
microbes in the influent samples of AD. Previous studies indicated that
MMA and DMA showed dynamic trends under anerobic conditions. As
expected from the results obtained with the mixtures of As species
under aerobic condition, a part of MMA was biologically methylated to
DMA. However, a part of DMA was also demethylated to MMA. This
indicated the simultaneous occurrence of methylation and demethyla-
tion of DMA. According to Sierra-Alvarez et al. (2006), the MMA was
main biotransformation product identified from DMA metabolism, and
the molar yields ranging from 8% to 65%. The removal of DMA was
about 85% after 70 days of incubation in wet soil (Gao and Burau,
1997). It is suggested that demethylation are important steps in the
anaerobic bioconversion of DMA and explained the high contents of
MMA in the samples. After the AD process, the DMA decreased slightly
to 2.1%, 1.7%, and 2.5%. It caused by that the generated DMA was
converted to TMA, which was released into the atmosphere with the
methane (Webster et al., 2016). Mohapatra et al. (2008) reported that
up to 35% of inorganic As volatilized in the effect of methanogenic
bacteria in anaerobic sewage sludge digester. In addition, previous
studies have found that pH and redox potential (Eh) have a strong effect
on the solubility and bioavailability of As by control As speciation
(Quazi et al., 2010). At neutral and alkaline pH values, the occurrence
of As methylation in sludge suspensions is evident, and the loss of vo-
latile arsines can be a significant As removal pathway (Carbonell-
Barrachina et al., 2000). Previous study showed that the main part of As
in the raw sludge was in the liquid part, while, the main part of As in
the anaerobically digested samples was in the solid part of the sludge,
low amounts of As were volatilized, and<4% of the As was in the
aqueous phase (Webster et al., 2016). As a result, the application of
anaerobically digested sludge could be likely to increase the bioaccu-
mulation rate of As in the crops and induce more human health risk
(Reza et al., 2018). However, the volatilized As was not collected in the
present study, the mass balance of As should be further studied in the
future. Moreover, since the As(III) methylation is a detoxification
pathway, more technologies should be developed to enhance the As
volatilization and methylation during the sludge anaerobic digestion
and thereby reduce the exposure risk of As associated with the appli-
cation of anaerobically digested sludge.

3.4. Abundance of As biotransformation genes

As transformations is considerably influenced by microorganisms.
The abundance of functional genes related to As biotransformation was
quantified using qPCR. The copy numbers of the aioA, arsC, and arsM
genes (Fig. 2) were normalized to 16S rRNA genes to minimize the
variances caused by different background bacterial abundance, ex-
tractions, and analytical efficiencies. The highest relative abundance of
aioA gene was found in the influent samples (i.e., 3.1–9.0 × 10−5,
Fig. 2A), and it significantly decreased by 47.4%, 73.6%, and 60.4% in
the effluent samples, As(III) oxidation has been reported as the micro-
bial detoxification metabolism in various environments because As(V)
is less toxic than As(III) (Yan et al., 2018). Previous study reported that
AioA catalyzed the aerobic As(III) oxidation, and insufficient oxygen in
AD decreased aioA gene abundance (Duval et al., 2008). While it has
been reported that anoxic chemolithoautotrophic strains were able to
oxidize As(III) via complete denitrification of nitrate to dinitrogen gas
(Zhang et al., 2017a). ArsC gene can reduce As(V) to As(III) and is more
widespread among anaerobic and aerobic microbes (Silver and Phung,
2005). However, it had the lowest abundance, with 0.15–1.98 × 10−6

and was mainly detected in the influent samples (Fig. 2B), which in-
dicated that the microorganisms that reduced As(V) under aerobic
conditions may be more abundant than the anaerobic microorganisms.
It is well known that As(III) methylation mediated by ArsM is a de-
toxification mechanism in microorganisms (Zhang et al., 2015a). As
shown in Fig. 2C, the arsM gene with 1.1–2.1 × 10−4 had the highest
mean relative abundance in the influent sample of AD, whereas the

relative abundance of the arsM genes in the effluent samples of the
anaerobic digester showed a significant increase (i.e., 3.4–6.3 × 10−4),
implying a strong potential to produce methylated As species. ArsM
gene copies have been investigated mostly in soil in previous studies.
For example, it has been reported that arsM genes constituted 6–9% of
the total As biotransformation genes among five paddy soils and can
even be found in an As-free sample of activated sludge (Xiao et al.,
2016; Cai et al., 2013; Luo et al., 2014). Jia et al. (2013) found that the
copy numbers of arsM in paddy soil were in the order of 107–108 copies
g−1 dry soil. The abundance of arsM is the highest among other As

Fig. 2. Relative abundances of aioA (A), arsC (B), and arsM (D) in influent and
effluent sludge during AD. AioA, arsC, and arsM were normalized to that of 16S
rRNA genes. The asterisk indicates significant differences between influent and
effluent sludge (P < 0.05).
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biotransformation genes in the samples of swine wastewater treated by
AD (Zhai et al., 2017b). A previous study reported that the arsM copy
numbers correlated positively with soil pH (Zhao et al., 2013). In the
present study, the increase of pH after AD stimulated the As methyla-
tion and improved the abundance of arsM genes. Anaerobic or low
oxygen conditions favor the conversion of inorganic As into MMA and

DMA by microorganisms (Ascar et al., 2008). The results suggested that
the low oxygen condition in the AD reactor could affect the arsM
abundance positively.

Fig. 3. Diversity of microbe involved in As(III) methylation in influent and effluent sludge. Taxonomic composition of annotated As methylation-related genes (A).
Heatmap of arsM gene in influent and effluent sludge, and phylogenetic analysis using full-length protein sequences derived from arsM sub-database (phylogenetic
tree on the left, and strain source with GenBank ID on the right (B).
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3.5. Diversity of arsM-like sequences via metagenomic analysis

Since As methylation is one of the main detoxification pathways for
As in the environment and its gene arsM has been identified in a broad
spectrum of phylogenies (Qin et al., 2006; Zhao et al., 2013), we ap-
plied metagenomic analysis to give a further insight into arsM diversity.
The results showed that arsM sequences are quite different in three
samples collected in May, July, and September, which may due to the
variation of the influent in different months. Among the detected arsM
sequences, most of the arsM sequences in the influent and effluent
sludge samples belonged to Bacteroidetes and Alphaproteobacteria
(Fig. 3A). Only few arsM sequences were related to Betaproteobacteria
and Acidobacteria in the influent sludge. Meanwhile, after AD, the arsM
sequences from Bacteroidetes decreased while arsM sequences from
Alphaproteobacteria, Deltaproteobacteria, Firmiccutes, and Nitrospirae
increased, suggesting that the genes encoding ArsM were widespread
during AD. These results were consistent with the previous studies,
which reported that Alphaproteobacteria and Deltaproteobacteria were
the most abundant microbe that carrying arsM gene in estuarine and
marine sediments (Zhang et al., 2017b; Guo et al., 2019). The most
abundant arsM sequences in the influent and effluent sludge belonged
to Pedobacter sp. BAL39 (ZP_01884020.1) and Rhodopseudomonas pa-
lustris, respectively (Fig. 3B). R. palustris was reported to have high

methylation rate (Chen et al., 2014). The relative abundance of the
arsM (> 50%) in the sludge was higher than those in soil, activated
sludge, and coastal sediments (Cai et al., 2013). This result could be
mainly attributed to the unique biogeochemical conditions in AD, such
as the abundance of sulfate-reducing bacteria and methanoarchaea,
which favors As methylation (Webster et al., 2016). Since both qPCR
and metagenome were DNA based technologies, the profile of As bio-
transformation potential observed here might not imply microbial ac-
tivities in real environment. The results presented here can be further
complemented by metatranscroptomic and metaproteomic studies in
future, which however is out of scope of this study.

3.6. Changes of microbial communities based on metagenomic datasets

In order to analyze the influence of anaerobic digestion on microbial
community structure, we adopted linear discriminant analysis (LDA)
effect size (LEfSe) from the phylum to species level separately to reveal
the remarkable differences among the influent and effluent sludge of
AD (Fig. 4). The results were shown that the bacterial communities in
the influent sludge were significantly different from those in the ef-
fluent sludge. The influent samples from three different months shared
similar phyla-level profiles where Bacteroidetes (29.3–38.6%), Proteo-
bacteria (16.3–24.1%), and Ignavibacteriae (6.2–16.9%) were the

Fig. 4. LEfSe analysis cladogram of comparison results between influent and effluent sludge of anaerobic digester. Green and red circles represent the taxa that were
abundant in the influent and effluent sludge, respectively; only the taxa that meet the LDA significance threshold of 3.6 are shown. The seven rings of the cladogram
stand for domain (innermost), phylum, class, order, family, genus, and species. Inf: Influent sludge of anaerobic digester; Eff: Effluent sludge of anaerobic digester.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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predominant phyla. However, the relative abundance of Bacteroidetes
decreased to 8.9%, 6.5%, and 11.3% after AD in May, July, and Sep-
tember, respectively (Supporting Information, Fig. S2). Bacteroidetes
are frequently detected in anaerobic reactors and known to play im-
portant roles as fermenters and acidogens (Jang et al., 2014). Similarly,
Proteobacteria decreased significantly after AD. They widely exist in
the environment and can tolerate extremely severe environments, and
most Alpha-, Beta-, Gamma-, and Delta-proteobacteria are known to be
involved in the glucose, propionate, butyrate, and acetate utilization
(Ariesyady et al., 2007). The relative abundance of Chloroflexi, Firmi-
cutes, and Thermotogae populations increased significantly and became
dominant after AD.

Furthermore, LEfSe analysis showed that, at the family level, 11
families exhibited significant changes (Fig. 4, LDA > 3.6) after AD.
Flavobacteriaceae, Saprospiraceae, Microchaetaceae, Ignavibacter-
iaceae, Comamonadaceae, and Xanthomonadaceae decreased sig-
nificantly after AD. Methanosaetaceae, Prolixibacteraceae, Anaeroli-
neaceae, Syntrophaceae, and Thermotogaceae increased significantly in
the effluent sludge compared with that in the influent. Recently, the
phylogenetic diversity of municipal digesters for treating waste sludge
has been reported using metagenomics sequencing (Yang et al., 2014;

Guo et al., 2015; Cai et al., 2016). However, the characteristics of in-
fluent sludge and the operational conditions of AD have been reported
to strongly influence the microbial community structure. Yang et al.
(2014); Guo et al. (2015) showed that Proteobacteria was the most
dominant phylum in anaerobic reactor digesting activated sludge from
wastewater treatment, followed by Firmicutes, Bacteroidetes, and Ac-
tinobacteria. Meanwhile, Sundberg et al. (2013) found that Firmicutes
were the most abundant in the co-digesting reactor containing various
combinations of wastes from restaurants, households, and slaughter-
houses. The dominant populations belong to the phyla Chloroflexi and
Proteobacteria in the anaerobic digesters fed with various feed stocks.
In this work, a fraction of industrial wastewater was fed into the acti-
vated sludge process, subsequently influencing the microbial commu-
nity structure of the sludge in the anaerobic digester.

3.7. Correlation between environmental factors and microbial communities

Further investigations on the effects of environmental factors on
microbial communities and biotic interactions were conducted by co-
occurrence network analysis (Fig. 5). This network consists of 80 nodes,
including 70 most abundant genera and 5 environmental factors. Three

Fig. 5. Co-occurrence networks showing the correlation between bacterial taxa and environmental factors as nodes colored by modularity class. Edges are only
shown for strong (|r| > 0.6) and significant (P < 0.05) Spearman’s correlations.
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major modules were considered in the modular network. Interestingly,
all environmental factors and 26 genera co-occurred in Module 1.
Meanwhile, 30 and 13 genera were clustered in Modules 2 and 3.
Previous studies have reported that in the co-occurrence network,
modules containing highly interconnected nodes may share similar
functions, and the potential functions of the microbial community can
be predicted on the basis of the functions of the located module (Ma
et al., 2018). The hub in each module might be used as an indicator to
predict the potential behavior of other nodes in the same module.
Among the identified genera in Module 1, many members, including
Ignavibacterium, Steroidobacter, Clostridium, Rhodanobacter, and
Pseudomonas were correlated with total As and methylated As and
environmental factors such as NH4

+-N, COD and pH. Several genera,
including Bacteroides, Clostridium, and Caldithrix were positively
correlated with methylated As, whereas Pseudomonas, Steroidobacter,
Phaeodactylibacter, Rhodanobacter, and Rubrivivax were negatively
correlated with methylated As. Members of Clostridium and Pseudo-
monas have been identified as As(III)-methylation bacteria (Zhang
et al., 2015a; Qiao et al., 2017). These observations suggest that the
genera in Module 1 may be associated with As methylation and NH4

+-
N, COD, and pH. Furthermore, the microbial communities in AD related
to As methylation were abundant.

4. Conclusions

The present study investigated the fate of As, the abundance and
diversity of As biotransformation genes, as well as microbial commu-
nities during AD of the sludge. The results indicated that the fate of As
highly influenced after AD. The As(III) and As(V) were the predominant
forms in the influent sludge, whereas MMA significantly increased after
AD, suggesting the methylation of As during the AD of sludge. The
qPCR and metagenomic analysis results showed that As bio-
transformation genes were highly abundant, and the arsM gene was the
most predominant with high diversity. Co-occurrence network analysis
indicated a strong correlation between the microbial communities and
As (MAs and TAs). Several taxa were identified as core genera due to
their positive correlation with contaminant As species. This study
provides an overall picture of As biotransformation genes in the AD of
sludge, which is essential in understanding the fate and assessing the
risk of As in sludge when applied to soil.
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