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Abstract: Due to environmental burden and human health risks in developing countries,
the treatment of decentralized domestic wastewater has been a matter of great concern in recent
years. A novel pilot-scale three-stage anaerobic wool-felt filter reactor (AWFR) was designed to
treat real decentralized domestic wastewater at seasonal temperature variations of 8 to 35 °C for
364 days. The results showed that the average chemical oxygen demand (COD) removal efficiencies
of AWFR in summer and winter were 76 &+ 7.2% and 52 £ 5.9% at one day and three days Hydraulic
Retention Time (HRT), respectively. COD mass balance analysis demonstrated that even though
COD removal was lower in winter, approximately 43.5% of influent COD was still converted to
methane. High-throughput MiSeq sequencing analyses indicated that Methanosaeta, Methanobacterium,
and Methanolinea were the predominant methanogens, whereas the genus Bacillus probably played
important roles in fermentation processes throughout the whole operation period. The performance
and microbial community composition study suggested the application potential of the AWFR system
for the pretreatment of decentralized domestic wastewater.

Keywords: decentralized domestic wastewater; seasonal temperature; anaerobic wool-felt filter
reactor; high-throughput MiSeq sequencing

1. Introduction

Water, land, and energy are important resources for the rapid growth and development of the
global economy. However, in recent years, many developing countries face challenges and pressures
of water and land pollution, and energy shortages. Particularly in rural areas of China, water pollution
problems are increasingly aggravated due to the direct discharge of a large amount of untreated
domestic wastewater [1,2]. Although centralized biological processes have been well developed to be
used in urban municipal wastewater treatment plants, they are not suitable for rural areas owing to
the dispersed population, poor wastewater collection, and weaker economy in these areas. In addition,
a concept of wastewater-to-resource is receiving increased attention by researchers and engineers
working on wastewater treatment technology development [3]. Therefore, it is highly desirable to
select a sustainable, robust and cost-effective process for the treatment of decentralized domestic
wastewater in developing countries [4].

Simultaneous energy recovery and sustainable wastewater treatment make the application of
anaerobic biotechnology in decentralized domestic wastewater treatment interesting [5-7]. Upflow
anaerobic sludge blanket reactors (UASB) [8,9], anaerobic baffled reactor (ABR) [10], and anaerobic
membrane bioreactor (AnMBR) [7,11,12] are commonly used to treat domestic wastewater. Despite
the effective chemical oxygen demand (COD) removal by these anaerobic biotechnologies, some
challenges still exist, such as complex three-phase separator and long solids’ retention time of UASB,
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membrane fouling and high energy costs of AnMBR, and high land footprint of ABR. Compared to
these high-rate anaerobic reactors, the anaerobic filters (AFs) have drawn attention because of the
following advantages [13-15]: (1) simple design configuration with low capital and operating costs,
(2) excellent capability of high biomass retention with carriers, (3) stable operation, (4) greater tolerance
to hydraulic loading rate and organic loading rate, and (5) low footprint. The potential of using AFs for
treating wastewater have been well developed not only for industrial wastewater, but also for domestic
wastewater [5,16-18]. However, most of these studies focused on the effects of carriers, hydraulic
retention time (HRT), and organic loading rate on the performance of AFs, and there were a few
studies that focused on the effects of seasonal temperature [5,18]. Previous studies have demonstrated
that anaerobic biotechnology strongly depends on operation temperature, and AFs are commonly
operated under mesophilic conditions [5,19]. Nevertheless, considering the energy consumption and
capital expenditure, it is economically unviable to heat anaerobic systems in decentralized domestic
wastewater treatment of rural areas. Therefore, the application of AFs at seasonal temperature is
more useful due to less energy demand. In context to China, this study is inevitable as the seasonal
temperature varied throughout the whole year. Additionally, carriers are an important component of
AFs, which determine the biomass retention capacity and the performance of the system. Therefore,
the choices of appropriate carriers play an important role in AF system performance, particularly in the
rural area of developing countries. A variety of natural materials, including zeolite [20], ceramic [21],
rock [5,22] and coconut shells [23] have been adopted as biofilm carriers. Even though these natural
materials are low-cost, they are susceptible to clogging and require significant operation attention due
to biofilm growth [22]. Wool felt is a class of natural porous materials that is a common waste product
of paper making factories in China. Compared to solid materials, wool felt is a class of soft filler with a
large specific surface area of about 950 m? /g that avoids clogging. Wool felt may be a viable option
for AFs due to low cost and a large specific surface. Hence, wool felt has been applied before in a
membrane reactor for the biosorption of heavy metals [24]. In response to those factors, a pilot-scale
three-stage anaerobic wool-felt filter (AWFR) was designed to treat decentralized domestic wastewater.

It is well known that anaerobic biotechnology is a biological degradation process comprising
mutual metabolic interaction among the bacterial and archaeal community. Microorganisms
play important roles in the efficiency and stability of the anaerobic treatment [25]. However,
most of the available studies have been operated as a “black box” without focusing on the role
of the microbial communities [26]. To get comprehensive insights into the microbial community
of the anaerobic process, molecular biology tools are used to determine the structures of the
microorganisms in the system. To date, the molecular biology tools have been extensively developed.
Nevertheless, most of the studies still applied the techniques of terminal restriction fragment length
polymorphism (T-RFLP) [27], fluorescence in situ hybridization (FISH) [19,28], denaturing gradient gel
electrophoresis (DGGE) [29-31] and quantitative polymerase chain reaction (q-PCR) [32]. Compared
to the conventional ones, the high-throughput sequencing, especially Illumina MiSeq sequencing, is
becoming one of the most popular molecular tools for microbial community analysis due to low-cost,
fast turnaround time producing several gigabases of sequence and greater coverage [33]. Nevertheless,
there is no study that focused on the microbial communities in the AWFR system.

The aim of this work was to evaluate the performance of a pilot-scale three-stage anaerobic
wool-felt filter reactor (AWFR) in treating decentralized domestic wastewater seasonally. Additionally,
this work also investigated the seasonal variations of microbial community in the AWEFR system based
on high-throughput MiSeq sequencing. The results provided a comprehensive understanding of the
relationship between the microbial community and the performance of the AWFR system.
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2. Materials and Methods

2.1. Experimental Setup and Operation

The experimental studies were conducted in a pilot-scale three-stage AWFR made of polyvinyl
chlorine polymer. Each identical AWFR has a height of 2.5 m and an internal diameter of 170 mm
as shown in Figure 1. In order to avoid clogging, each reactor with the effective volume of 50 L
was packed with vertical wool felt carrier as biomass growth support media. The wool felt carriers
had a high specific surface area (about 950 m?/g) with a high porosity (>95%). The reactors were
continuously fed with real decentralized domestic wastewater by using a peristaltic pump. Based on
the seasonal temperature variations, the operation of the AWFR system was divided into five periods:
start-up period (1-30 day, 15 & 3.4 °C, n = 30), spring period (31-90 day, 21 &+ 3.0 °C, n = 60), summer
period (91-180 day, 31 £ 3.7 °C, n = 90), autumn period (181-270 day, 25 &+ 5.2 °C, n = 90) and winter
period (271-364 day, 10 £ 2.2 °C, n = 94). The main operating conditions are summarized in Table 1.

|
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Influent tank Pump AWFR1I AWFR2 AWFR3

| Effluent

1 Gas chamber

| | Effluent buffer zone
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Il [ fluent buffer zone

Figure 1. Schematic diagram and photo of the anaerobic wool-felt filter reactor (AWFR).

Table 1. The main operating conditions for the anaerobic wool-felt filter reactor (AWFR) system during
the five operation stages.

. Hydraulic Hydraulic Loading Organic Loading
Stage (1]’)11:5; D(l]l)r:hs(;n Retention Time Rate (HLR) Rate (OLR) Te“(‘f,’ ér)alture
4 Yy (HRT) (Days) (m3/m?/day) (mgCOD/L/day) !
start-up 1-30 30 3 22 75+£13.6 (1=30) 15+ 3.4 (n=30)
spring 31-90 60 2 44 143 +£283 (n=60) 21 £ 3.0 (n=60)
summer 91-180 90 1 6.6 352 £61.8(n=90) 31+3.7(n=90)
autumn 181-270 90 2 4.4 135 +£329(n=90) 25£5.2(n=90)
winter 271-364 94 3 22 824129 (=94 1022 (n="94)

! Values are given as mean =+ standard deviation.

2.2. Decentralized Domestic Wastewater and Seed Sludge

The experimental setup was fed with real decentralized domestic wastewater, which was collected
from the dormitories and restaurants of the Southeast University (Wuxi, China). The chemical
characteristics of the decentralized domestic wastewater are presented in Table 2.
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Table 2. The chemical characteristics of decentralized domestic wastewater (unit: mg/L, except for

pH).

Parameter Chemical Oxygen Demand (COD)  Total Phosphorus (TP)  Total Nitrogen (TN) pH
Value ! 284 4+ 69.2 28 +038 322477 714+02

1 Values are given as mean + standard deviation; number of measurements (1): # = 364 for COD, TP, TN and pH.

The seeding anaerobic sludge used in this study was obtained from the anaerobic digester of a
municipal wastewater treatment plant located in Wuxi, China. Approximately 10 L anaerobic sludge
was inoculated into the wool felt carrier of each reactor before startup of the AWFR system. The initial
total suspended solids (TSS) and volatile suspended solids (VSS) of the seeding anaerobic sludge were
28.2 g/L and 14.3 g/L, respectively.

2.3. Analysis Methods

2.3.1. Chemical Analysis

Chemical oxygen demand (COD), total nitrogen (TN), total phosphorus (TP), total suspended
solids (TSS) and volatile suspended solids (VSS) were measured according to the Standard Methods [34].
The concentrations of volatile fatty acids were analyzed using a gas chromatography GC 3900 (Tenghai,
Shandong, China) equipped with an SE-30 capillary column (30 m x 0.32 mm X 0.25 um) and a flame
ionization detector. The operation temperatures of the injector port, column oven and detector were
200, 120 and 230 °C, respectively. Nitrogen gas was used as the carrier gas at a flow rate of 40 mL/min.
The biogas production was measured by using an LML-1 wet gas meter (Changchun Automobile Filter
Co., Ltd., Changchun, China). The biogas composition was determined using a gas chromatography
GC 2001 (Tenghai, Shandong, China) equipped with a thermal conductivity detector and a4 m x 3 mm
inside diameter stainless-steel column packed with TDX-01 (80/100 mesh). The operation temperature
of the injector port, column oven and detector were 150, 150 and 180 °C, respectively. Argon gas was
used as the carrier gas at a flow rate of 25 mL/min. The pH and temperature were measured using a
portable YSI-pH 100 meter (YSI Co., Yellow Springs, OH, USA).

2.3.2. COD Mass Balance Calculation

The COD mass balance of the AWFR system was conducted during spring, summer, autumn and
winter. Seasonal periods were characterized by the following operation HRTs: 2 days (spring period
covering Day 31-90), 1 day (summer period covering Day 91-180), 2 days (autumn period covering
Day 181-270), and 3 days (winter period covering Day 271-364).

The COD mass balance was calculated using the Equation (1):

CODyj, = CODypas + CODcpy(g) + CODcny(s) + CODothers, 1)

where: CODj, (g/day) represents the average COD concentration of real decentralized domestic
wastewater; CODvygas (g/day) represents the average COD concentration of acetate and propionate in
the effluent; CODCH4(g) (g/day) represents the average COD concentration of methane produced in
biogas; CODcpy(s) (g/day ) represents the average COD concentration of methane dissolved in the
effluent; COD,ers (g/day) represents the organic matter that has been utilized for biomass formation,
the complex organic matter that is not biodegradable, COD consumed by sulphate reducing bacteria
(SRB), and COD removed and converted to CO,.

Dissolved methane was calculated using Equations (2) and (3) suggested by a previous study [35]:

CHy(s) =4 x Ky X Pgas X flow(Q), 2)

Ky = 0.384 x t + 36.44, 3)
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where Ky (mg/L/atm) is Henry’s constant, Pg,s (atm) is the partial pressure of the gas above the
liquid, flow(Q) (L/day) is feed flow and ¢ (°C) is the temperature.

2.3.3. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) was used to investigate the development and structure of the
anaerobic biofilm in the system. Representative samples (about 1 cm? size) were taken from the AWFR
system on days 15, 90, 180, 270 and 340. The samples were firstly fixed with 3% (v/v) glutaraldehyde in
0.1 M phosphate buffer (pH 6.8) for 4 h at 4 °C. Then, these samples were washed with 0.1 M phosphate
buffer for three times. Subsequently, these samples were dehydrated through graded ethanol (30%,
50%, 70%, 90%, and 100% v/v, 10 min for each concentration). After that, the samples were replaced
by isoamyl acetate (twice, 10 min for each time), dried at a critical point and then coated with gold.
Finally, these samples were examined via the scanning electron microscope (5-4800, Hitachi, Tokyo,

Japan).
2.3.4. Microbial Community Analysis by [llumina MiSeq Sequencing

To assess the complete microbial community structures, anaerobic biofilm samples were collected
from the AWEFR system on days 15, 90, 180, 270 and 340. The total DNA from the anaerobic biofilm
samples was extracted using the OMEGA Soil DNA Kit D5625-01 (Omega Bio-Tek, Norcross, GA,
USA) based on the manufacturer’s protocol. The quality and quantity of the extracted DNA were
measured by a Nanodrop 1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA).

For gene libraries construction, the V3-V4 regions of 165 rDNA genes were PCR-amplified
using BAC319F/806R (5'-ACTCCTACGGGAGGCAGCAG-3' /5-GGACTACHVGGGTWTCTAAT-3')
and ARC349F/806R (5'-GYGCASCAGKCGMGAAW-3'/5-GGACTACHVGGGTWTCTAAT-3'),
respectively. PCR reactions were conducted in a total volume of 25 uL mixture containing 12.5 puL
Premix Ex TagTM Hot Start Version (TaKaRa, Dalian, China), 2.5 uL of each primer (1 uM), 25 ng
template DNA and ddH,O. The bacterial PCR amplification was performed under the following
conditions: initial denaturing at 98 °C for 30 s, 30 cycles of denaturing (98 °C for 30 s), annealing
(56 °C for 30 s), and elongation (72 °C for 45 s), and a final extension step at 72 °C for 10 min. Archaeal
community PCR amplification condition was similar to the bacterial community except that the
cycle’s number was 35. The PCR products were confirmed by 2% agarose gel electrophoresis and
purified using the AxyPrepDNA Gel Extraction Kit (Axygen, Union City, CA, USA) following the
manufacturer’s protocol. Finally, the purified amplicons were pooled in equimolar and paired-end
sequenced using the Illumina MiSeq platform (Illumina Inc., San Diego, CA, USA).

After sequencing, the raw sequences were filtered for quality, trimmed and processed based on the
Mothur (version 1.30.1, http:/ /www.mothur.org) analytic pipeline. Briefly, the adapters, barcodes and
primers were trimmed. The sequence reads containing ambiguous base calls, with homopolymers >6 bp
and shorter than 200 bp were removed. Chimeras detected by UCHIME (version 4.2.40, http://drive5.
com/usearch/manual/uchime_algo.html) were filtered out. The resulting high quality sequences were
clustered into operation taxonomic units (OTU) at 97% similarity level by Mothur. Representative
sequences selected for each OTU were assigned taxonomy using a Ribosomal Database Project (RDP)
classifier with a confidence threshold of 80%. The raw sequencing data were deposited to the National
Center for Biotechnology Information (NCBI) Short Read Archive (Accession number: SRP101990).

3. Results and Discussion
3.1. Bioreactor Performance

3.1.1. COD Removal

To evaluate the performance of the AWFR system, the seasonal COD removal efficiencies were
investigated at different HRTs for 364 days. During the whole operation period, the influent COD
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concentration ranged from approximately 157 to 469 mg/L (Figure 2). At the beginning of the start-up
period (days 1-30), the AWFR was operated in the temperatures ranged from 8 °C to 17 °C, with
an HRT of three days. The COD removal efficiency fluctuated in the range of 24.6-51.8%. Based on
the COD removal efficiency in the start-up period, we concluded that microbial community adapted
to the operation conditions and the AWFR was successfully initiated. The COD removal efficiency
increased gradually in spring (days 31-90), thus resulting in an average COD removal efficiency
of 61 £ 7.9% (n = 60) at an HRT of two days, with average temperature variations of 21 =+ 3.0 °C
(n = 60). COD removal efficiency can improve with temperature. Thus, the HRT was adjusted to
one day when the average temperature increased to 31 &+ 3.7 °C (n = 90) in summer (days 91-180).
Despite shortening the HRT, following temperature increase, the average effluent COD concentration
decreased to 82.5 mg/L, and the average COD removal efficiency increased to 76 + 7.2% (n = 90).
The change in COD removal efficiency might be due to higher activities of microbial communities in
summer. In order to keep COD removal efficiency above 50%, the HRT was adjusted from two days
(autumn) to three days (winter). Even though the OLR decreased from 135 + 32.9 mgCOD/L/day
(n =90) in autumn to 82 £ 12.9 mgCOD/L/day (n = 94) in winter, the COD removal efficiency still
decreased from 57 £ 9.4% (autumn, average temperature 25 £ 5.2 °C, n = 90) to 52 £ 5.9% (winter,
average temperature 10 £ 2.2 °C, n = 94). These findings indicated that the temperature played
an important role in the AWFR system operation. Low temperature might increase the wastewater
viscosity, slow down the rate of biological reaction, and decrease COD removal efficiency. Compared
to the previous study with elastic fiber carriers in two-stage anaerobic filter for domestic wastewater
treatment [12], the COD removal efficiency in this study was better, which may be because the wool
felt carrier enhanced the agglomeration of the microbial community in the AWFR system. Overall,
the performance of the AWER system was relatively stable and the COD removal efficiency was higher
in summer than in winter. To achieve better performance of the AWFR system at the temperature
ranging from 8 °C to 35 °C, an HRT of three days is recommended.
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Figure 2. Influent and effluent concentrations of chemical oxygen demand (COD) and COD

removal efficiency.

3.1.2. VFA Accumulation and Biogas Production

Since volatile fatty acids (VFA) is an important performance indicator of the anaerobic system,
the variation of VFAs with respect to seasonal temperature variations was studied in the AWFR
system. It was observed clearly that acetate and propionate were the main VFAs in the effluent as
shown in Figure 3, indicating that organic matter was degraded to VFAs by both hydrolytic and



Appl. Sci. 2017, 7, 605 7 of 18

acidogenic bacteria. However, no butyrate and valerate were detected, which might be due to their
low concentrations below the detection threshold. During spring (days 31-90), the average effluent
concentrations of acetate and propionate were 44.5 = 8.2 mg/L (n = 60) and 3.8 £ 1.6 mg/L (n = 60),
respectively. With the average temperature increasing to 31 £ 3.7 °C (n = 90) in summer (days 91-180),
the average effluent concentrations of acetate and propionate drastically dropped to 30.1 & 5.0 mg/L
(n =90) and 2.6 & 0.7 mg/L (n = 90), respectively. Nevertheless, the concentrations of acetate and
propionate increased from 45.6 + 15.6 mg/L (n = 90) and 6.3 = 2.6 mg/L (n =90) to 62.1 £ 8.5 mg/L
(n =94) and 6.3 £ 3.2 mg/L (n = 94) in winter. Similar results were also observed with AFBR to
treat domestic wastewater in winter [36]. The effluent concentrations of both acetate and propionate
were much lower than those in winter even though the OLR in summer (352 & 61.8 mgCOD/L/day,
n = 90) was higher. This coincided with higher COD removal efficiency in summer than in winter,
indicating that the conversion of VFAs to biogas was higher in summer than in winter because of high
activities of the microbial community, especially for acetoclastic methanogens. Based on these findings,
we further confirmed that the seasonal temperature variations affected the anaerobic metabolism of
decentralized wastewater.
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Figure 3. Volatile fatty acids (VFAs) production in the AWFR system during the whole operation.

The daily biogas production is shown in Figure 4. The daily biogas production in the start-up
period was low, but after the formation of the stable anaerobic biofilm, it gradually increased with
temperature increase, even though the HRT was reduced. The maximum daily biogas production of
10.7 L/day was achieved in summer, when the HRT was one day. This result corresponded well with
a high reduction of COD concentration in effluent and a high COD removal efficiency during that
period. However, the biogas production decreased with temperature decrease in winter, while acetate
and propionate were accumulated. The lower biogas production in winter might be explained by poor
degradation of organic matter and higher solubility of biogas at a lower temperature.
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Figure 4. Biogas production in the system during the whole operation.

3.2. COD Mass Balance

Based on Equations (1)—(3), a COD mass balance was used to assess the bioconversion process of
organic matter during spring, summer, autumn and winter (Figure 5). Approximately 43.5-52.5% of
influent COD was converted to methane (including gaseous methane and dissolved methane). Similar
COD conversions were reported for an anaerobic filter treating on-site domestic wastewater [37].
In addition, 10.2-31.0% of influent COD was converted to VFAs, while 25.5-37.3% of influent COD
was transformed to biomass, CO, and non-biodegradable organic matters. During the spring, about
28.3% of influent COD was converted to gaseous methane and 18.7% of influent COD was accounted
for VFAs. With an increase of temperature in summer, more organic matter was converted to gaseous
methane (41.1% of influent COD) than VFAs (10.2% of influent COD). In contrast, more VFAs were
accumulated in winter. Meanwhile, the results demonstrated that dissolved methane represented about
17.7%, 11.4%, 16.4%, and 23.7% of COD during spring, summer, autumn, and winter, respectively,
indicating that more methane dissolved in effluent with a decrease of temperatures. As a potential
energy resource, future studies should focus on the recovery of dissolved methane in the AWFR system
to avoid the loss of dissolved methane.

I VFAs [ cH,(s) Il CH,(o) [ coD,,,

28.3%

37.3%

41.1%

10.2%

11.4%
spring summer

19.8%

34%
23.7% 25.5%

21.6% 31%

autumn winter

Figure 5. COD balance in different seasons.
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3.3. Nutrient Removal

Nitrogen and phosphorous are two important nutrients for agricultural and landscaping reuse.
The influent and effluent concentrations of TN and TP were monitored throughout the whole operation
period. As shown in Figure 6a,b, the influent concentration of TN fluctuated from 19.6 to 54.2 mg/L
throughout the operation period. In spring, with the temperature of 21 + 3.0 °C (n = 60), the TN
concentration in the effluent of the AWER system was 30.2 & 5.9 mg/L (n = 60), corresponding to a
15.7 £ 2.5% (n = 60) TN removal efficiency at an HRT of two days. When the temperature increased to
31 £ 3.7 °C (n = 90) in summer, the TN removal efficiency slightly increased to 19.0 £ 2.7% (n = 90)
at an HRT of one day. Despite an HRT increase from one day in summer to three days in winter,
the average TN removal efficiency decreased to 12.9 £ 2.8% (1 = 94). Overall, the TN removal was
low in this study because TN was probably removed by microbial assimilation only, and not via
a nitrification—denitrification pathway. Meanwhile, a similar trend was observed for TP removal
(Figure 6¢,d). 25.0 £ 3.5% (n = 90) of TP was removed in summer at an HRT of one day, corresponding
to an average effluent TP concentration of 2.2 & 0.48 mg/L (n = 90). With the decrease of temperature
from summer to winter, TP removal efficiency in winter was 16.1 £ 4.4% (n = 94) at an HRT of three
days, which corresponded to an average TP concentration in the effluent of 2.0 &= 0.44 mg/L (n = 94).
Most of the TN and TP remained in the effluent of the AWFR system. Therefore, future studies should
focus on the ecological post-treatment of the AWFR system.
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Figure 6. Total nitrogen (TN) (a,b) and total phosphorus (TP) (c,d) concentration in influent, effluent
and the removal efficiency throughout the operation period.
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3.4. Morphology and Structure of Anaerobic Biofilm Development

The biofilm in an anaerobic bioreactor comprises a complex microbial community. To observe the
morphology and structures of the anaerobic biofilm, representative anaerobic biofilm samples (15, 90, 180,
270 and 340 days) were taken from the system for SEM analysis. Images of SEM revealed that the wool
felt carrier had a highly porous and rough surface structure that played important roles in the anaerobic
biofilm formation (Figure 7). Various types of microbes initially began to develop on the surface of the
wool felt carrier primarily by Van der Waals and electrostatic forces (Figure 7a) [38,39]. From the anaerobic
biofilm, cocci, bacillus, and filamentous bacteria were observed on the wool felt carrier. The anaerobic
biofilm gradually became thicker (Figure 7c,e,g). A predominance of bacillus and filamentous bacteria
deep into the biofilm matrix could be noticed. In addition, the filament-shaped Methanosaeta-like structures,
long rod-shaped Methanobacterium-like structures, and Methanolinea-like structures were observed by SEM
(Figure 7b,d £ h,j), which were also observed in previous studies [31,40]. SEM observations were further
confirmed by Illumina MiSeq sequencing analysis.

Figure 7. SEM of biofilm on the wool felt in the reactor: (a,b): start-up on day 15; (c,d): spring on
day 90; (e,f): summer on day 180; (g,h): autumn on day 270; (i,j): winter on day 340.
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3.5. Shifts in Microbial Community Structures with Seasonal Temperature

High COD removal and biogas production were achieved by the AWFR system in summer, but not
in winter. To better elucidate the changes of the microbial community and explore the COD removal
mechanism during the whole operation period, the composition and structures of the microbial
community were analyzed. Biofilm samples on days 15, 90, 180, 270 and 340, which represented
five different periods of the AWFR, were chosen for high-throughput sequencing by the Illumina
MiSeq platform.

The archaeal community had a lower diversity and most of the archaeal sequences were assigned
to the three main orders Methanosarcinales, Methanobacteriales and Methanomicrobiales throughout
the operation period (Figure 8a). These orders occupied 92.8-96.5% of the total community and
were closely related to acetotrophic and hydrogenotrophic methanogen. During the start-up period,
the predominant orders Methanosarcinales, Methanobacteriales and Methanomicrobiales accounted for
49.3%, 21.4%, and 22.2%, respectively, of the total community. However, the relative abundance
of the order Methanosarcinales (34.3%) decreased in spring, whereas the relative abundances of the
orders Methanobacteriales (35.0%) and Methanomicrobiales (26.0%) increased. In contrast, the order
Methanosarcinales showed an increase in abundance during summer, but a reduction in abundance in
winter. The relative abundances of the orders Methanobacteriales and Methanomicrobiales significantly
decreased in summer but largely increased in winter.
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Figure 8. Archaeal community shifts at (a) order and (b) genus level.

To further validate the function of archaeal community, the microbial distribution at genus
level was shown in Figure 8b. The results demonstrated that Methanosaeta, Methanobacterium and
Methanolinea were the predominant genera throughout the operation period. Among these genera,
Methanosaeta was affiliated with acetoclastic methanogen and the remaining genera Methanobacterium
and Methanolinea were affiliated with hydrogenotrophic methanogens. Methanosaeta affiliated with
the order Methanosarcinales had a high relative abundance (49.2%) in the start-up period, whereas
the relative abundances of the genera Methanobacterium and Methanolinea were 18.7% and 18.3%,
respectively. During summer, the genus Methanosaeta (61.0%) was the most abundant followed
by the genera Methanobacterium (26.1%) and Methanolinea (4.8%). These findings indicated that
acetoclastic methanogenesis was the main pathway, with some contribution from the hydrogenotrophic
methanogens. These genera may have helped the AWFR system to maintain low VFA level, leading to
relatively better COD removal efficiency and higher biogas production in summer. These results were
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in accordance with that in a previous study, achieving higher COD efficiency and biogas production
in summer in a UASB treating domestic wastewater [8]. Nevertheless, during the winter period,
the hydrogenotrophic genus Methanobacterium (33.8%) was the most dominant species followed by
the hydrogenotrophic genus Methanolinea (29.9%) and the acetoclastic genus Methanosaeta (23.2%).
Furthermore, other less abundant hydrogenotrophic genera were also detected in winter, including the
genera Methanospirllum, Methanosphaerula and Methanosphaera, which are capable of using H, /CO,
to produce methane. Hydrogenotrophic genera (>63.7%) made up a large portion of the archaeal
community in winter. These findings were in line with the previous observations of methanogen
population shifts to favor hydrogen utilization under low temperatures [25,41-43]. It might be
explained that lower temperature in winter affected the microbial membrane fluidity and inhibited the
utilization of acetate than Hj [44]. Although the relative abundance of the hydrogenotrophic genera
was much higher than the acetoclastic genera in winter, COD removal and biogas production in winter
were lower compared with in summer. The low temperature in winter may affect more the H, /CO,
methanogenesis than H, /CO,-dependent acetate production, and decrease the conversion rate of
H,/CO, to methane and increase the acetate accumulation [41,44].

In contrast to the archaeal community, the bacterial community in the AWFR system showed
high diversity: 33 taxonomic categories at phyla level were identified (Table S1). This result was
consistent with the previous studies [45-47]. This high diversity might suggest that a variety of
bacterial communities participated in multiple metabolic pathways of organic matter degradation
under seasonal temperature variation. The predominant bacteria in the AWEFR system during the whole
operation period were grouped into four phyla affiliated with Firmicutes, Proteobacteria, Bacteroidetes,
and Chloroflexi, which occupied 89.3 & 4.08% of the total phyla (Figure 9). These dominant phyla were
also detected in the full-scale biogas digesters [47,48]. During the start-up period, the predominant
microorganisms in the AWFR system belonged to the phylum Proteobacteria, Firmicutes, Bacteroidetes
and Chloroflexi, with a relative abundance of 33.01%, 22.19%, 19.94% and 11.29%, respectively. With
an increase of temperatures from spring to summer, the bacterial community structures remarkably
changed. The abundance of the phylum Firmicutes increased from 37.26% to 64.97%, whereas the
relative abundances of the phyla Proteobacteria, Bacteroidetes, and Chloroflexi decreased from 28.02% to
14.96%, 16.03% to 10.06%, and 6.00% to 3.87%, respectively. Interestingly, with a decrease of seasonal
temperatures from summer to winter, the relative abundance of Firmicutes drastically decreased from
64.97% to 29.39%. In contrast, Proteobacteria, and Bacteroidetes obviously increased from 14.96% to
31.50% and 10.06% to 20.66%, respectively. Each phylum in our system likely possessed different
tolerance and adaptation mechanisms to seasonal temperature variations. This was consistent with
previous studies, stressing that temperature was the vital factor affecting the structures of the bacterial
community in anaerobic digestion [48].

To gain further insight into the bacterial community structure in the AWFR system, some main
bacteria at class level are shown in Figure 9b. During the start-up period, the dominant class was
Gammaproteobacteria affiliated with the phylum Proteobacteria, with a relative abundance of 13.67%,
followed by Bacteroidia, Clostridia, Anaerolineae and Bacilli, with a relative abundance of 12.87%, 11.88%,
10.96% and 9.89%, respectively. Among these predominant classes, Bacteroidia and Clostridia played
significant roles in hydrolysis metabolism [47—49]. Gammaproteobacteria was the most representative
class during the start-up period, which was also the main contributor to the phylum Proteobacteria.
However, with an increased temperature during the summer period, Bacilli affiliated with the phylum
Firmicutes was the most representative class, with a relative abundance of 57.17%, while the relative
abundances of Bacteroidia and Clostridia were 6.61% and 7.43%, respectively. These results probably
indicate that seasonal temperature in summer benefited the growth of Bacilli bacteria. Bacteroidales
affiliated with the class Bacteroidia had been identified as hydrolyser and fermenter that participated
in the conversation of cellulose and polysaccharide into VFAs [49]. Clostridiales affiliated with the
class Clostridia was correlated with methane production, due to their diverse metabolism that utilized
polysaccharide fermentation to produce VFAs for methanogenesis [47,48]. It was interesting to note
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that the class Bacteroidales was much more abundant in winter (12.45%) than in summer (6.61%),
corresponding to an increase of VFAs in the winter. These results also corresponded with the decrease of
COD removal efficiency and biogas production in the winter. Furthermore, the class Deltaproteobacteria
was much less abundant in summer (1.94%) than in winter (7.81%). A similar tendency was shown by
the class Alphaproteobacteria (4.92% in summer, and 9.57% in winter) and Betaproteobacteria (3.84% in
summer, and 7.63% in winter).
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Figure 9. Bacterial community shifts at (a) phylum and (b) class level.

In order to better evaluate the structures of bacterial communities, the top 10 dominant genera
in different periods of the system are presented in Figure 10. Among these genera, although the
relative abundance of the bacteria at genus level differed depending on the operation conditions, it
appeared that Bacillus was the most abundant genus throughout the whole operation period. Bacillus
has been reported to possess the abilities of degrading various organic compounds [50-53]. The genus
Pseudomonas, with a chemolithoautotrophic and heterotrophic functionality, has been reported to play
an important role in organic compound degradation [54,55]. The presence of Bacillus and Pseudomonas
in summer might be responsible for the degradation of organic matters by the AWFR system. This
finding was consistent with the high COD removal efficiency and low effluent concentration of COD in
summer. In addition, VadinBC27_wastewater-sludge_group was also observed throughout the operation
period. It might be participating in the degradation of amino acids and some refractory organic
matters [56-58]. The genus Smithella, which could degrade propionate to acetate [42,59], was dominant
in start-up (3.13%) and winter (3.5%), and this was probably one of the reasons of acetate accumulation.
The genus Acinetobacter was observed in autumn and winter, and was probably involved in the
oxidation of organic matter or sulfides [13,60].
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4. Conclusions

This study assesses the performance of the three-stage AWFR system for the treatment of
decentralized domestic wastewater under seasonal variation of temperature. The COD removal
efficiency changed with temperature: the average COD removal efficiency in summer and winter
were 76 £ 7.2% (1-day HRT) and 52 & 5.9% (3-day HRT), respectively. Although COD removal was
lower in winter, approximately 43.5% of the influent COD was still converted to methane during
that period. Miseq sequencing results suggested that seasonal temperature had a strong impact on
the microbial community composition. The genera Methanosaeta, Methanobacterium, and Methanolinea
were the predominant methanogens, whereas Bacillus was always the most abundant genus, which
probably contributed to the fermentation processes throughout the whole operation period. Most of
the nutrients, i.e., N and P, remained in the effluent, which could be treated by wetland or used for
irrigation for agriculture. The AWEFR system appears to be a sustainable option for the pretreatment of
the decentralized domestic wastewater. However, longer HRT needs to be applied during winter.

Supplementary Materials: The following are available online at www.mdpi.com/2076-3417/7/6/605/s1,
Table S1: The relative abundance of bacterial community at phylum level.
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