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Abstract

To investigate the effects of temporal variations of process parameters on microbial community structures in the two types of full-
scale anaerobic digester treating swine wastewater, three full-scale anaerobic digesters were monitored. An anaerobic filter (AF)-
type digester located in Gong-Ju (GJ) showed the highest COD removal among three digesters and maintained stable efficiency.
A digester in Hong-Seong (HS) was of the same type as it GJ and showed improved efficiency over the sampling period. A
continuously stirred tank reactor (CSTR)-type digester in Soon-Cheon (SC) showed decreasing efficiency due to a high residual
concentration of VFAs and NH,". These process efficiencies were closely correlated to the Simpson indices of the methanogenic
communities. Genera Bacillus, Methanosaeta, and Methanospirillum that have filamentous morphology were dominant in both
AF-type digesters, but genera Acholeplasma, Methanosarcina, and Methanoculleus that have spherical or coccoid morphology
were dominantly abundant in the CSTR-type digester. Correlation between populations suggests a possible syntrophic relation-

ship between genera Desulfobulbus and Methanosaeta in digesters GJ and HS.
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Introduction

Swine wastewater (SWW) is a high-strength liquid organic
waste that has a chemical oxygen demand (COD) of 50—
150 g/L. In South Korea, more than 30 million tons of
SWW were produced in 2012 (MoE 2013). Release of
SWW onto the ground or into groundwater causes serious
environmental damage. Anaerobic digestion (AD) reduces
SWW to a small quantity of innocuous digested sludge solids
and generates combustible gas simultaneously, and is there-
fore a promising treatment technology to treat SWW.
Furthermore, owing to its easy biodegradability and high
energy-production potential, SWW is more attractive than
low-strength organics as a feedstock for the AD process
(Kim et al. 2013). Therefore, a plan to construct full-scale
digesters for SWW treatment has been instituted in South
Korea; 13 full-scale anaerobic livestock wastewater treatment
plants are currently operating.

AD is a series of biochemical processes in which a micro-
bial consortium of bacterial and archaeal species decomposes
complex organic matter to CH4 and CO, in the absence of O,
in four main steps: hydrolysis, acidogenesis, acetogenesis, and
methanogenesis. Despite the presence of distinct steps, the
whole AD process involves complex symbiotic relationships
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among fast-growing acidogenic bacteria and slow-growing
methanogenic archaea. Thus, a balance of populations of these
two groups of microorganisms should be sustained to prevent an
accumulation of intermediates including volatile fatty acids
(VFAs) and H, and to avoid process instability (Kovacs et al.
2013; Pandey et al. 2011). However, full-scale AD plants are
susceptible to environmental factors such as heat loss, incomplete
mixing, and spatiotemporal difference in substrate characteristics;
these fluctuations can impose stress on bacterial and methano-
genic communities, eventually leading to process instability and,
occasionally, severe disturbance in process efficiency (Madsen
et al. 2011). Thus, an understanding of the effects of uncontrol-
lable parameters on process efficiency and microbial community
structures in a full-scale AD plant may provide valuable infor-
mation to predict and improve digester efficiency.

Recent development of high-throughput sequencing
methods has enabled investigation of the effects of various
environmental factors on the complex microbial community
structures in full-scale AD process treating various organic
wastes (Cho et al. 2013; Li et al. 2015; Shin et al. 2016;
Wan et al. 2013). However, little is known about how process
parameters are linked to microbial communities in a full-scale
AD plant treating SWW. Moreover, because most full-scale
studies have provided only temporal variations of a single
plant, only limited information is available concerning region-
al variations and underlying factors that affect the efficiencies
of different types of AD process.

The aim of this study was to quantify how temporal varia-
tion in process parameters affects the microbial community
structures in two types of full-scale AD plants treating
SWW. 454 pyrosequencing was used to analyze the microbial
communities of three different full-scale anaerobic digesters
treating SWW. Cluster analysis, Spearman’s correlation test,
and redundancy analysis (RDA) were performed on samples
collected over a year during different seasons and from differ-
ent locations.

Materials and methods

Digester information, sampling, and physicochemical
characterization

Three full-scale anaerobic digesters treating SWW were locat-
ed in Gong-Ju, (GJ) Hong-Seong (HS), and Soon-Cheon (SC)
in South Korea (Table 1). Digesters GJ and HS are fixed bed
reactors equipped with an anaerobic filter (AF). The digester
in SC is a continuously stirred tank reactor (CSTR)
(Supplementary Fig. 1). All digesters were operated at
mesophilic conditions with hydraulic retention times of 9 to
25 days according to the reactor type.

Samples were collected from the influent and the digesters
every 3 months for a year at GJ and HS (October 2011 to
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July 2012), but only two samples could be collected at site
SC during this time, because of operation and maintenance
problems. Samples are coded by digester and sequence; i.e.,
HS4 is the fourth sample from HS. Influent samples were taken
from pipes conveying mixed substrate into the digester, and
digester samples were collected from digestate-circulating pipe-
lines. Samples of 100-200 mL were collected in duplicate ster-
ile plastic containers, stored in a mobile refrigerator at 4 °C,
transported to the laboratory within 24 h, and mixed with equal
volumes (100 mL) of samples in plastic containers (i.e., total
200 mL). The biogas production and methane contents during
the sampling period could not be measured, because all facili-
ties did not measure those biogas production, and all biogas
produced was removed by combustion in a flare stack.

COD was measured according to procedures outlined in
the Standard Methods (APHA-AWWA-WEF. 2005). Volatile
fatty acid (VFA; C,—Cg) concentrations were quantified using
a gas chromatograph (6890 plus, Agilent, Palo Alto, CA)
equipped with an Innowax capillary column and a flame ion-
ization detector. Carbohydrate concentration was quantified
using the phenol-sulfuric method (Dubois et al. 1956). Total
Kjeldahl nitrogen (TKN) and NH3-N concentrations were
measured using the Kjeldahl method (APHA-AWWA-WEF.
2005). Organic nitrogen was estimated as the difference be-
tween TKN and NH;-N; protein concentration was deter-
mined assuming 6.25 g of protein per gram of organic nitro-
gen. Lipid concentration was analyzed using gravimetric
method after extraction of lipids by solvent
(chloroform:methanol, 1:2 v/v) (Bligh and Dyer 1959). All
physicochemical analyses were conducted in duplicate.

DNA extraction and 16S rRNA gene amplicon
sequencing

Upon arrival from each sampling campaign, 0.2 mL of each
digester sample was centrifuged twice at 12,000g for 5 min;
the supernatant was removed after each centrifugation to min-
imize levels of potential PCR inhibitors and DNA from cell
debris (Shin et al. 2010). An automated nucleic acid extractor
(Magtration System 6GC, Precision System Science, Chiba,
Japan) was used to extract DNA from the pelleted samples.
The purified DNA was eluted with nuclease-free water and
stored at —20 °C until use.

The V5-V9 hypervariable regions of the 16S rRNA gene
were amplified using primers 787f and 1492r (Quince et al.
2009) modified with adapters and barcodes as required by 454
pyrosequencing. The polymerase chain reaction was per-
formed and the purified amplicons were gel-purified as de-
scribed previously (Kim et al. 2015), with modified thermal
cycling conditions: 30 cycles of (1) denaturation at 94 °C for
30, (2) annealing at 57 °C for 30 s, and (3) extension at 72 °C
for 1 min.
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Table 1 Operating conditions

and sampling date of the four Digester name (location)

GJ (Gong-Ju)

HS (Hong-Seong)

SC (Soon-Cheon)

different full-scale reactors (ab-
sence data for the digester SC due
to a, inappropriate operation; b,
facility maintenance)

Operating conditions
Reactor type

Size (m’)
Temperature (°C)
HRT (days)

COD (g/L)
Sampling date

1

2
3
4

2011
2012
2012
2012

AF AF CSTR
1800 1750 500
32-37 32 30-35
9 9.7 20-25
14-24 24-49 63-94
Oct. 08 Oct. 07 Oct. 08
Jan. 18 Jan. 17 Jan. 18
Apr. 21 Apr. 20 a

Jul. 14 Jul. 13 b

AF anaerobic filter, CSTR continuous stirred tank reactor

The 454 pyrosequencing was performed by a commercial
sequencing service (Macrogen, Seoul, South Korea) accord-
ing to the manufacturer’s instructions (454 Life Sciences,
Branford, CT). To remove the adapter sequences from all
amplified reads, an “in-house” program (Macrogen, Seoul,
Korea) was used. Low-quality reads (< Q20), short sequences
(<270 bp), and potential chimeras were removed. The
resulting sequences were clustered into operational taxonomic
units (OTUs) that had >97% sequence identity by using CD-
HIT-OUT (Li et al. 2012). Taxonomic classification was con-
ducted using the SILVA database (http://www.arb-silva.de).
All sequences obtained from 454 pyrosequencing were
deposited in the National Center for Biotechnology
Information (NCBI)’s sequence read archive
(PRINA315957). Accession numbers of samples are GJ1
(SRX1654845), GJ2 (SRX1654846), GJ3 (SRX1654847),
GJ4 (SRX1654848), HS1 (SRX1654837), HS2
(SRX1654839), HS3 (SRX1654840), HS4 (SRX1654841),
SC1 (SRX1654854), and SC2 (SRX1654855).

Statistical analysis (correlation test and redundancy
analysis)

Duncan’s multiple range tests at p = 0.05 were used to com-
pare the means and to group the process parameters.
Correlation test and multivariate analysis were performed
based on the process parameters and relative abundance of
microbial communities obtained in this study. Spearman’s
correlation coefficients were calculated using R software,
and multivariate analysis was conducted using Canoco 5.0
software (Plant Research International, The Netherlands).
RDA was conducted using bacterial and archaeal commu-
nity data at the genus level and with selected process pa-
rameters, which were screened by a forward selection pro-
cedure. Bacterial and archaeal diversity indices were

calculated using OUT data after rarefying to the smallest
sequencing depth (Supplementary Fig. 2).

Results and discussion

Physicochemical properties of three digesters
treating SWW

Physicochemical properties of the influent and effluent sam-
ples from three full-scale anacrobic digesters treating SWW
were analyzed to obtain information on the parameters for use
in AD process assessment (Table 2). Clear regional and tem-
poral variations in characteristics of SWW and process effi-
ciencies of digesters were observed.

The average COD concentration of SWW fed to the di-
gesters was 40.0+29.0 g/L, with coefficient of variation
(CV)=72.4%. The influent of digester SC had the highest
organic strength (90.0£6.1 g COD/L), and digester GJ had
the lowest (16.8 +4.9 g COD/L). This large variation in or-
ganic strength may be attributable to differences of the scale of
swine barns, cleaning method, frequency and water usage, and
feces-urine separating method (Choi et al. 2011).

The COD removal in the three digesters varied from 44.0 to
89.2% (Fig. 1) and was significantly negatively correlated
(p<0.01) with residual concentration of NH4" ion
(Spearman’s coefficient p =—0.85), acetate (p=—10.81), and
propionate (p=—0.78). Among digesters, GJ showed stable
efficiency with the highest COD removal (86.0 +4.0%; CV =
4.7%) during the whole investigation period. In digester HS,
the COD removal was low (44.0—45.1%) during the first and
second sampling (i.e., HS1 and HS2), but thereafter increased
to 73.4-77.2%. In contrast, in digester SC, COD removal was
high (75.1%) in the first sampling period, but decreased to
55.7% in the second sampling period.
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Table 2 Characteristics of each

process parameter obtained from GJ HS SC
three full-scale anaerobic di-
gesters treating SWW Parameter Value® Group® Value Group Value Group
Influent COD 16.8+4.9 a 383+9.8 b 89.9+6.1 c
A 5.6+1.3 a 13.1+4.1 b 70.7+6.2 c
VSS 25+1.0 a 10.7+3.9 b 56.1+3.0 c
Carbohydrate 0.6+0.4 a 1.8+0.9 a 154435 b
Protein 4.7+1.7 a 81+1.7 b 13.9+3.0 c
Lipid 1.0+04 a 47+2.6 b 185+1.2 c
Effluent COD 23+0.6 a 149+6.9 b 30.7+10.2 c
A 2.6+0.9 a 8.1+1.3 a 253+11.1 b
VSS 1.0+0.2 a 52406 a 21.9+11.8 b
Carbohydrate 03+02 a 0.8+0.2 a 57+4.1 b
Protein 20+04 a 52+0.7 a 7.1+1.6 a
Lipid 04+0.1 a 1.8+0.6 a 55+33 b
NH4-N 0.8+0.2 a 1.8+0.3 a 47+13 b
Acetate 0.1+0.1 a 1.3+04 a 2.7+1.6 b
Propionate 0.0£0.0 a 03+0.1 a 2.1£27 a
Total VFA 0.1+0.1 a 1.6+0.6 a 59+55 b

# Mean =+ standard deviation

°Means with the same letter are not significantly different at p < 0.05 (one-way ANOVA and post hoc Duncan’s

multiple range test)

The total concentrations of carbohydrate, protein, and lipid
of SWW in the influent of the digester was 6.3 £2.3 g/L in GJ,
14.6+3.6 g/L in HS, and 47.8 5.3 g/L in SC. Protein (58.7
+19.6%) and lipid (26.3 = 11.9%) were the major subgroups
of total organic components in SWW used in this study.
Carbohydrate contribution was low (15.1£9.6%) except in
the influent of digester SC. This low concentration may occur
because carbohydrate is easily fermented to VFAs during
transport and storage (Miron et al. 2000). Thus, the organic
strength was clearly stratified along with the location of di-
gester, and regional variations in organic properties of SWW
were larger than temporal variations within sites. Average

ECOD_r Carb_r Prot_r Lip_r
100
90 -
80 -

70 -
60 -
50
40 -
30 -
20 4
10 -
0;

GJ1 GJ2 GJ3 GJ4 HS1 HS2 HS3 HS4 SC1 SC2

Fig. 1 Process efficiencies of the SWW treatment digesters. Carb,
carbohydrate; Prot, protein; Lip, lipid.

Removal efficiency (%)
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removals over all samples were 54.4+13.0% for carbohy-
drate and 56.6 + 18.9% and lipid, but only 43.6 +19.8% for
protein. The low removal of protein may be partly attributable
to the presence of microbes in the effluent, because they con-
sist of 40-50% (dry weight basis) microbial protein (Atkinson
and Mavituna 1991). Thus, protein removal efficiency might
be underestimated due to the presence or growth of microbes
in the digester.

In all effluent samples collected from digester GJ, the con-
centrations of TVFA (0.10+0.07 g/L) and NH," (0.77 +
0.20 g/L) were lower than in other digesters (Table 2). This
stable operation without VFA accumulation was presumably
due to the low organic strength of influent and metabolic bal-
ance between acidogenic and methanogenic microorganisms
in the anaerobic digester (Mulat et al. 2016).

The average residual concentration of TVFA in the efflu-
ents was 1.64 £0.62 g/L in digester HS and 8.41 £5.80 g/L in
digester SC. Acetate (68.6 + 16.2% of TVFA) and propionate
(19.3+10.3% of TVFA) were the most abundant intermedi-
ates. The concentration of NH," in the effluent of was 1.81 +
0.28 g/L in digester HS and 4.56+0.95 g/L in digester SC.
High concentration (1.7-14 g/L) of NH4" can inhibit the ac-
tivity of bacteria and archaea (Chen et al. 2008). In digester
HS, the concentration of NH,* ranged from 1.91 to 2.14 g/L
during the first and second sampling periods, during which
coincided COD removal efficiency was poor (44.0-45.1%)
(Table 2, Fig. 1). Thereafter, the concentration of NH,*
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decreased to 1.51 g/LL and COD removal increased to 77.2% in
the fourth sampling period (HS4).

In contrast, in digester SC, the concentration of NH," was
3.73 g/L at first sampling period showed good COD removal
(75.1%), but the COD removal rapidly decreased in as NH4"
concentration increased to 5.60 g/L. Because susceptibility to
NH,* concentration can vary widely depending on substrate
and inoculum, degree of acclimation, and other environmental
conditions (Chen et al. 2008), the inhibition by NH," might
differ between the two digesters.

Microbial community structures in the three digesters
Bacterial community structures

A total 111,127 raw bacterial and archaeal sequence reads
were obtained from ten effluents of three anaerobic digesters
by using 454 pyrosequencing analysis. Twenty-four phyla
accounted for 96.2 + 1.8% the total bacterial reads. Ten phyla
that had relative abundance > 1.0% in all samples were con-
sidered significant groups; the remaining 14 phyla collectively
accounted for 1.2+ 0.7% of bacterial reads and were

considered as minor groups (Supplementary Fig. 3). Phyla
Proteobacteria (29.6 +16.9%), Firmicutes (37.7 +11.0%),
and Bacteroidetes (11.2 +2.7%) were dominant in all sam-
ples; these groups are commonly detected with high relative
abundance in anaerobic digesters that treat various substrates
(Li et al. 2010; Lim et al. 2013; Liu et al. 2015; Shin et al.
2016; Wan et al. 2013).

At the genus level, 59.24+7.9% of the total bacteria were
classified into 500 genera; 38 genera that showed relative
abundance > 1.0% in at least one of the ten effluent samples
were designated as significant groups (Table 3). Among these
38 genera, Acholeplasma (4.8 £5.3%), Alkaliphilus (3.1
2.5%), Arcobacter (2.9 +4.2%), Bacillus (4.2+3.3),
Clostridium (1.1 +0.9%), Fastidiosipila (6.0 +2.3%),
Geobacter (1.4+3.6%), Pseudomonas (7.3 £6.5%),
Thauera (5.2+10.2%), Tissierella (1.2+1.2%), and
Truepera (2.2 +3.3%) were dominant, with > 1.0% average
abundance in all samples.

Genus Arcobacter (6.8 +4.3%) and Clostridium (2.0 £
0.6%) were more abundant in digester HS than in GJ and
SC. Arcobacter cannot ferment carbohydrate nor produce
acidic intermediates, but can use amino acids as energy

Table 3  Relative abundances (%) of bacterial genera in the three full-scale anaerobic digesters. Minor group designates a member with < 1% relative
abundance in all samples

Genus Digester Genus Digester

GJ HS SC GJ HS SC

Acholeplasma 23+0.8 27+15 143 +4.2 Nitrosomonas 0.5+0.8 02+0.2 0.0£0.0
Alkaliphilus 09+03 35+1.7 65+1.9 Ottowia 0.6+0.7 02+0.2 0.0+0.0
Arcobacter 04+0.2 6.8+43 0.0+0.0 Paracoccus 0.5+0.6 0.0+0.0 0.0£0.0
Azoarcus 04+05 0.0+0.0 0.0+0.0 Petrimonas 02+0.1 0.5+0.2 1.3+£09
Azospira 0.6+0.7 0.0+0.0 0.0+0.0 Pirellula 0.6+0.5 0.0+0.0 0.0+0.0
Bacillus 39+£24 6.5+3.0 0.1 £0.0 Proteiniphilum 0.7+0.6 0.7+£0.3 1.7£0.0
Bacteroides 0.1+0.1 0.1+0.1 13+14 Pseudidiom 0.0+0.0 0.0+0.0 0.6+0.9
Butyrivibrio 0.7+0.3 0.2+0.0 1.1+0.3 Pseudomonas 94+94 7.8+3.5 2.1+2.6
Caldico 0.1 £0.1 0.2+0.1 22+13 Sedimen 04+0.2 0.7+0.5 0.5+0.1
Cloacamonas 0.1 £0.1 0.1 +0.1 32+1.6 Spirochaeta 02+0.1 02+0.1 1.1£0.1
Clostridium 05+03 2.0£0.6 04 £0.1 Sporanaero 0.1£0.0 0.1 £0.1 0.6£0.6
Desulfitibacter 13+£24 0.0+0.0 0.0+0.0 Syntropho 02=+0.1 0.8+0.6 14+1.1
Desulfobulbus 03+0.2 0.6+04 0.0£0.0 Tepidimicro 0.1 +0.1 0.0£0.0 1.5+£0.6
Fastidiosipila 45+1.6 73+19 62+3.6 Thauera 12.6 £ 13.9 04+04 0.0£0.0
Gallicola 0.6+0.7 0.0+0.0 02+0.0 Thiobacillus 05+0.6 0.0+0.0 0.0+0.0
Gelria 0.1+0.0 0.0+0.1 1.1+£0.3 Tissierella 1.7+£2.0 09+0.1 0.9+0.0
Geobacter 32+£56 03+04 0.0+0.0 Treponema 0.1+0.1 0.0+0.0 09+0.6
Ideonella 03+04 09+1.5 0.0£0.0 Truepera 0.6+0.3 4.0+4.7 1.7+£23
Limnobacter 13+£1.0 0.7+0.9 0.0+0.0 Unclassified 38.1+10.0 43.6+79 40.7+£3.7
Marino 0.0+0.0 0.0+ 0.0 0.6 +0.9 Minor group 112+24 79+1.5 7.7+0.9

Caldico: genus Caldicoprobacter; Cloacamonas, genus Candidatus Cloacamonas; Marino, genus Marinospirillum; Pseudidiom, genus
Pseudidiomarina; Sedimen, genus Sedimentibacter; Sporanaero, genus Sporanaerobacter; Syntropho, genus Syntrophomonas; Tepidimicro,

Tepidimicrobium
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Fig. 2 Diversity indices of a bacterial and b archaeal communities

sources (George Garrity et al. 2005). Many species of genus
Clostridium can use amino acids, and may help to degrade
protein in SWW (Vos et al. 2009).

Genus Fastidiosipila can grow in anaerobic and
microaerobic conditions; it was detected evenly in all digesters
with high relative abundance from 2.1 to 9.9% (Falsen et al.
2005). This genus cannot ferment carbohydrates and only pro-
duces small amounts of acids in Fastidious Anaerobe Broth
with meat granules (Falsen et al. 2005). In a study of an anaer-
obic membrane reactor treating landfill leachate genus
Fastidiosipila was the most abundant regardless of NH," con-
centration in the reactor (Xie et al. 2014). Thus, in this study,
genus Fastidiosipila may tolerate the high level of NH," up to
5.60 g/L and partly use proteins for growth.

Thauera was the most dominant bacterial genus in GJ1;
this bacterium is an aerobe and can be detected in wastewater
treatment plants (George Garrity et al. 2005). The highest
abundance (30.3% in GJ1) of genus Thauera was likely due
to re-inoculation with anaerobic sludge taken from a full-scale
anaerobic digester treating primary and secondary sludge
3 months before the GJ1. As AD progressed, the relative
abundance of genus Thauera decreased to < 0.5% by GJ4.

The relative abundance of genera Geobacter and Tissierella
suddenly increased in GJ4. These genera are obligate anaerobes
that can obtain energy for growth from oxidation of multi-
carbon compounds such as aromatic hydrocarbons with reduc-
tion of Fe(Ill) (Lovley and Anderson 2000). Genus Geobacter
can be abundant in anaerobic microbial fuel cells due to its
exoelectrogenic characteristics (Lu et al. 2012; Vargas et al.
2013). Genus Tissierella typically produces acetate, ammonia,
and carbon dioxide; Tissierella praeacuta can hydrolyze gela-
tin. Tissierella has been identified in other digesters treating
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agricultural wastes and microalgal biomass (Jaenicke et al.
2011; Zhao et al. 2016). Thus, during AD of SWW,
Geobacter may contribute to decomposition of hydrocarbons,
and Tissierella may contribute to decomposition of proteins.
Genera Acholeplasma, Alkaliphilus, Caldicoprobacter, and
Genus Candidatus Cloacamonas were more abundant in di-
gester SC (14.3+£4.2,65+1.9,2.2+1.3,and 3.2+ 1.6%, re-
spectively) than in GJ and HS. Genus Acholeplasma is facul-
tative anaerobe and most species in it can utilize various
sugars as major energy sources, so they partly contribute to
degradation of carbohydrate (Parte et al. 2011). Also, many
stains in genus Acholeplasma can synthesize fatty acids from
acetate (Bittman 1993); by this process, these strains may com-
pete for acetate with aceticlastic methanogens (AMs), and this
interaction may explain lower abundance of AM in digester SC
(5.1 £1.7%) than in GJ and HS (Fig. 2b). Genus Alkaliphilus is a
strict anaerobe that can ferment various organic substrates in the
presence or absence of electron acceptors such as thiosulfate,
fumarate, crotonate, iron, cobalt, or chromium for growth (Vos
et al. 2009). Thus, the higher abundance of genus Alkaliphilus in
digester SC than in GJ and HS may be due to the higher con-
centration of inorganic elements in SWW fed to SC than to GJ
and HS. Genus Caldicoprobacter is composed of thermophilic
and neutrophilic bacteria that can ferment a wide range of sugars,
but not proteins (Bouanane-Darenfed et al. 2014). Genus
Candidatus Cloacamonas is considered to be a hydrogen-
producing syntroph (Gao et al. 2015), so the higher abundance

Eshannon -e-simpson
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Fig. 3 Ordination diagram from redundancy analysis of process
parameters with respect to microbial community in samples collected
from three different full-scale anaerobic digesters treating SWW. Prot,
protein; “_e,” effluent; ““ r,” removal efficiency
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of Candidatus Cloacamonas in digester SC may influence the
dominance of genus Methanoculleus, which scavenges hydrogen
gas. In contrast to those genera, genus Bacillus was more abun-
dant in digester GJ (3.9 +2.4%) and HS (6.5+3.0%) than in
digester SC. Several species of genus Bacillus can utilize NH,*
as their nitrogen source, and thereby reduce ammonia inhibition
of anaerobes in digesters GJ and HS (Vos et al. 2009).

Archaeal community structures and cluster analysis

454 pyrosequencing analysis obtained 20,043 archaeal sequence
reads; 99.1 £1.3% of them belonged to four orders:
Methanomicrobiales (75.6 + 10.4%), Methanosarcinales (16.0
+12.9%), Thermoplasmatales (4.5+4.0%), and
Methanobacteriales (3.0 £2.7%) (Fig. 2a). Methanomicrobiales
are hydrogenotrophic methanogens (HMs); this order
was greatly dominant with an average relative abundance of
75.6 =£10.4% over all samples. This result concurs with previous
studies that reported the dominance of HMs during AD of SWW
(Cho et al. 2013; Da Silva et al. 2015; Song et al. 2010).

Sixteen genera of methanogens accounted for 93.8 +4.6%
of archaeal reads. Methanimicrococcus (1.3 +2.0%),
Methanobrevibacter (2.2 +1.7%), Methanoculleus (22.0 +
24.8%), Methanogenium (10.5 + 13.2%), Methanosaeta (11.8
+ 13.8%), Methanosarcina (1.9 £ 1.8%), and Methanospirillum
(40.9£21.9%) showed >1.0% average abundance in
all samples and were considered major groups (Table 4).

In GJ, genera Methanospirillum and Methanosaeta
accounted for 87.2% of the archaeal community in GJ1, but
the relative abundance of Methanosaeta dramatically de-
creased to 5.6% in GJ2, and stayed < 6% until GJ4. In

Table 4 Relative abundances (%) of archaeal genera in the three full-
scale anaerobic digesters. Minor group designates a member with < 1%
relative abundance in all samples

Genus Digester
GJ HS SC

Methanimicrococcus 1.6£19 03+03 0.0£0.0
Methanobacterium 0.7+0.7 0.1 £0.0 0.0+0.0
Methanobrevibacter 23+£25 1.5+0.8 3.6+0.7
Methanocorpusculum 26+1.6 0.6 £0.5 0.8+£0.7
Methanoculleus 10.0 £ 6.4 83+62 69.3£4.38
Methanogenium 17.3£16.5 34+35 20+1.2
Methanolinea 0.6+1.0 12+1.1 0.0£0.0
Methanosaeta 13.0£159 19.5+129 0.2+0.1
Methanosarcina 13+1.2 14+0.7 50+1.8
Methanosphaera 0.7+0.9 02+0.2 0.1£0.0
Methanospirillum 40.7 £ 15.6 61.5+6.8 11.9+£33
Unclassified 89+53 2.1+1.7 69+12
Minor group 03+03 0.1+0.1 02+0.2

contrast, Methanoculleus and Methanogenium had abundance
<2.1% in GJ1, but their numbers suddenly increased to 12.8—
17.0% (Methanoculleus) and 25.1-36.7% (Methanogenium)
in GJ2, but decreased to 8.1% (Methanoculleus) and 6.0%
(Methanogenium) in GJ4.

In HS, the dominant archaeal genus in the digester HS was
Methanospirillum (61.5 +6.8%), followed by Methanosaeta
(19.5+12.9%); Methanoculleus decreased from 17.1% in
HSI1 to 5.5% in HS4. Genus Methanosarcina (1.4 +0.9%)
was less abundant in GJ and HS than in SC because filamen-
tous microorganisms (i.e., Methanosaeta) are better adapted to
attached growth processes such as anaerobic filters than spher-
ical microbes are (i.e., Methaosarcina) (Cheng et al. 1991).

In SC, genus Methanoculleus (69.3 £4.8%) was the most
dominant, and Methanosarcina (5.0 +1.8%) was more abun-
dant than Methanosaeta (0.2 +0.1%). Genus Methanosaeta
generally has a lower maximum specific growth rate and
half-saturation constant than Methanosarcina (De Vrieze
et al. 2012; Yu et al. 2006). Thus, the predominance of
Methanosarcina over Methanosaeta in SC, in contrast to di-
gester GJ can be explained by the much higher concentration
of acetate in SC (1694.7-4050.5 mg COD/L) than in GJ
(27.6-208.1 mg COD/L). Nevertheless, genus Methanosaeta
was more dominant than Methanosarcina even at high con-
centration of acetate (843.2-1988.2 mg COD/L) in digester
HS. This dominance may occur because the filamentous mor-
phology of Methanosaeta contributes to immobilization and
granulation of cells and the good efficiency of the reactors
(Kita et al. 2016; Zhou et al. 2015).

To visualize the similarity and dissimilarity of microbial
community structures among the three digesters, cluster analy-
sis was conducted separately for bacterial and archaeal commu-
nities based on the relative abundance of each out. Both bacte-
rial and archaeal communities were clearly divided into two
clusters at the 20% level of the information remaining criterion
(Supplementary Fig. 4). Interestingly, eight samples in Cluster 1
were taken from AF-type digesters (i.e., GJ, HS), but the two
samples in Cluster 2 were collected from the CSTR-type digest-
er (SC). Genera Bacillus, Methanosaeta, and Methanospirillum
that have filamentous morphology could proliferate with the
fixed bed in the digester and are more dominant in AF-type
digesters than in in the CSTR-type (Oren 2014a, b; Vos et al.
2009). In contrast, genera Acholeplasma, Methanosarcina, and
Methanoculleus that have spherical or coccoid morphology are
more abundant in CSTR-type digesters than in AF-type di-
gesters (Oren 2014a, c; Parte et al. 2011). Thus, the type of
anaerobic digester likely had a significant effect on the forma-
tion of different microbial communities.

Diversity indices and correlation analysis

The average bacterial diversities (Fig. 3a) were calculated for
the three digesters. Shannon indices were 3.42+0.43 in GJ,
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3.52+0.29 in HS, and 3.83 +0.16 in SC. Simpson indices
were 0.91 £0.04 in GJ, 0.93 £0.02 in HS, and 0.96+0.01 in
SC. The difference in bacterial diversity indices among the
three digesters were not significant for either index
(p>0.05; Duncan’s multiple range test).

The average archaeal diversities (Fig. 3b) were also calcu-
lated. Shannon diversity indices were 1.54+£0.41 in GJ, 1.03
+0.16 in HS, and 1.12+0.08 in SC. Simpson indices were
0.66+0.12 in GJ, 0.49+0.08 in HS, and 0.48 +0.05 in SC.
The differences in both indices were not significant (p > 0.05)
between the archaeal communities in digesters HS and SC, but
both indices for digester GJ were statistically different from
other digesters.

The Shannon and Simpson indices had opposite relations
to the process parameters of the two microbial domains. For
bacterial communities, the Shannon indices correlated more
closely than Simpson indices with the process parameters;
bacterial Shannon indices were positively correlated with the
residual concentrations of VS, acetate, and TVFA (p=0.66;
all p<0.05). In contrast, for archaeal communities, Simpson
indices correlated more significantly than Shannon indices
with the process parameters; archaeal Simpson index was pos-
itively related with COD removal efficiency (p=0.73;
p<0.05) but negatively correlated with residual concentra-
tions of VS (p=-10.66; p<0.05) and acetate and TVFA
(p=—0.68; p<0.05).

To investigate the possible interactions between bacterial
and archaeal communities, Spearman’s correlation was con-
ducted using the relative abundances of bacterial and archacal
genera. To remove noisy data, major methanogenic genera
that showed a clear shift were first selected, then major bacte-
rial genera that showed statistically significant correlation
with more than three major methanogenic genera were select-
ed. Genus Desulfobulbus (0.4 £ 0.4%) showed a high positive
correlation with Methanosaeta, Methanospirillum, and
Methanolinea (p >0.7; p <0.05), but a high negative correla-
tion with Methanoculleus (p =—0.62; p <0.1). Desulfobulbus
is a sulfate-reducing bacterium that can oxidize propionate to
acetate in the presence of sulfate (Harmsen et al. 1996).
Accordingly, a syntrophic consortium between AMs and
propionate-oxidizing bacteria can be established, and
Methanosaeta has been mainly detected as a partner
(Harmsen et al. 1996; Oude Elferink et al. 1998; Ziganshin
et al. 2011). Thus, a syntrophic relationship between
Desulfobulbus and Methanosaeta might be constructed, de-
spite the low relative abundance of Desulfobulbus (<1.0%)
in GJ1 and HS1-2. However, a decrease of Desulfobulbus to
0.07% in GJ2-3 and 0.15% in HS3 may cause changes in this
syntrophic relationship and result in decrease in numbers of
Methanosaeta. In addition, because filamentous
Methanosaeta is more vulnerable to ammonia inhibition than
HMs are, varying concentrations of NH,* may affect the
growth and activity of Methanosaeta. Methanosarcina
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underwent smaller changes in abundance than
Methanosaeta. The difference may be attributable to differ-
ences in phenotype such as size and shape. Methanosarcina
cells are large and spherical, so they have a high volume-to-
surface ratio, and they form clusters; this behavior increases
their resistance to ammonia inhibition (De Vrieze et al. 2012).

Ordination of process parameters and microbial community
structures

RDA was used to produce an ordination diagram (Fig. 3) of
environmental parameters with regard to bacterial and archae-
al communities in the samples. The result of ordination had a
significant eigenvalue =0.618 with p <0.05, which means
that the environment variables explained 61.8% of the vari-
ance in the species variables at the 95% confidence level. The
RDA plot indicated that the microbial community structure
tended to vary among localities and seasons. COD removal
efficiency was positively correlated with protein removal, but
negatively correlated with residual concentration of TVFA
and NH,". No correlation was observed between protein re-
moval and residual concentration of TVFA or NH,*. Even
though some differences in statistical significance existed,
the correlation trend among process parameters corresponded
to the results of Spearman’s correlation.

All samples from digesters GJ and HS were located along
the vertical axis of the ordination diagram,; this pattern means
that COD and protein removal had a greater influence than the
concentration of TVFA and NH,4" on the arrangement of spe-
cies variables of both digesters. The ten samples from three
digesters can be divided into two groups based on the trans-
verse axis, which means that the effects of TVFA and NH," on
the placement of species data was less significant among sam-
ples from digester GJ and HS due to a much lower concentra-
tion of TVFA and NH,* than in samples from SC.

These findings regarding the influence of physicochemical
efficiency, the statistical view of ecological parameters, and
the minute examination of bacterial and methanogenic com-
munities may guide development of an optimal strategy to
stabilize field operation and to develop AD processes by im-
proving efficiencies and improving the understanding of pro-
cesses that occur within AD reactors.

Conclusion

AD efficiency was monitored at three sites. The AF-type di-
gester GJ showed the highest COD removal efficiencies
among three digesters and maintained stable digestion effi-
ciency. HS also an AF-type digester; it showed improved di-
gestion efficiency during the sampling period. SC was a
CSTR-type digester; it had the highest residual concentration
of VFAs and NH," so its digestion efficiency was relatively
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low. These process efficiencies corresponded well to the
Simpson indices of the archacal communities. In both AF-
type digesters, genera Bacillus, Methanosaeta, and
Methanospirillum that have filamentous morphology were
dominant, but in the CSTR-type digester, genera
Acholeplasma, Methanosarcina, and Methanoculleus that
have spherical or coccoid morphology were most abundant.
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