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*High strength sugar refinery wastewater was
treated in a mesophilic UASB.

* Pyrosequencing reveals microbial community
succession with OLR increase.

* Diversity of microbial communities in OLR12 is
much higher than those in OLR36 and OLR54.0
kgCOD/(kg VSS-d).

* Fermentative bacteria could deal with increasing
OLR through the increase of microbial diversity
and quantity.

* Hydrogen-producing acotogens and methano-
gens mainly coped with high OLR shocks by
increasing the quantity of community
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ABSTRACT

The performance and microbial community structure in an upflow anaerobic sludge blanket reactor
(UASB) treating sugar refinery wastewater were investigated. The chemical oxygen demand (COD)
removal reached above 92.0% at organic loading rates (OLRs) of 12.0-54.0 kgCOD/(m -d). The
volatile fatty acids (VFAs) in effluent were increased to 451.1 mg/L from 147.9 mg/L and the specific
methane production rate improved by 1.2-2.2-fold as the OLR increased. The evolution of microbial
communities in anaerobic sludge at three different OLRs was investigated using pyrosequencing.
Operational taxonomic units (OTUs) at a 3% distance were 353, 337 and 233 for OLR12, OLR36
and OLRS54, respectively. When the OLR was increased to 54.0 kgCOD /(m -d) from 12.0 kgCOD/
(m -d) by stepwise, the microbial community structure were changed significantly. Five genera
(Bacteroides, Trichococcus, Chryseobacterium, Longllmea and Aerococcus) were the dominant
fermentative bacteria at the OLR 12.0 kgCOD/(m -d). However, the sample of OLR36 was dominated
by Lactococcus, Trichococcus, Anaeroarcus and Veillonella. At the last stage (OLR = 54.0 kgCOD/
(m”-d)), the diversity and percentage of fermentative bacteria were markedly increased. Apart from
fermentative bacteria, an obvious shift was observed in hydrogen-producing acetogens and non-
acetotrophic methanogens as OLR increased. Syntrophobacter, Geobacter and Methanomethylovor-
ans were the dominant hydrogen-producing acetogens and methylotrophic methanogens in the
samples of OLR12 and OLR36. When the OLR was increased to 54.0 kgCOD/(m3~d), the main
hydrogen-producing acetogens and hydrogenotrophic methanogens were substituted with Desulfovi-
brio and Methanospirillum. However, the composition of acetotrophic methanogens (Methanosaeta)
was relatively stable during the whole operation period of the UASB reactor.
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1 Introduction

Anaerobic digestion technology is widely used for treating
all kinds of organic wastes including municipal sewage,
organic wastewaters, animal waste and agricultural wastes,
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and simultaneously generates methane as an energy source
(Astals et al., 2012; Yang et al., 2013; Gaur et al., 2017).
This process involves four steps: hydrolysis, acidogenesis,
acetogenesis and methanogenesis. The performance of an
anaerobic digester depends on the metabolic balance
between fermentative bacteria, hydrogen-producing aceto-
gens, homoacetogens and methanogens (Ban et al., 2013a).
When the system is shocked by temperature fluctuations,
toxic substances or high organic load rate (OLRs), the
aforementioned four steps become unbalanced, which in
turn leads to the instability and failure of anaerobic
digesters (Moertelmaier et al., 2014; Amani et al., 2012).
Therefore, the performance of an anaerobic digestion
system is strongly correlated with the microbial commu-
nity structure and diversity.

As an efficient anaerobic reactor, the upflow anaerobic
sludge blanket (UASB) reactor has been successfully
applied in the treatment of various organic wastewaters in
recent years (Delforno et al., 2014; Zhang et al., 2015a;
Antwi et al., 2017). A comprehensive knowledge of
microbial community structure is not only paramount to
understanding the mechanism of biological treatment
processes, but could also be used for warning inhibitory
action (Hesham et al., 2011; Niu et al., 2016). Therefore,
some studies have investigated anaerobic consortia in
UASB reactors treating several organic wastewaters using
molecular techniques based on 16S rRNA genes. For
instance, Shi and coworkers investigated the microbial
community by DGGE and found that the predominant
microorganisms belonged to the phyla Firmicutes, Pro-
teobacteria, Bacteroidetes, and Synergistetes and Eur-
yarchaeota in a UASB reactor treating vitamin C
biosynthesis wastewater (Shi et al., 2012). Some research-
ers discussed the quantity of anaerobic microorganisms
(such as propionate-oxidizing bacteria, anaerobic ammo-
nium-oxidizing bacteria, methanogens) in UASB reactors
by FISH or qPCR (Ke et al., 2008; Ban et al., 2013b; Li,
2014). In recent years, high throughput sequencing
technology has been widely used to detect microbial
community structure and diversity (Zhang et al., 2012;
Zhang et al., 2015a; Antwi et al., 2017). Using Illumina
Miseq sequencing, Zhang et al. investigated the shift of
microbial community structure as hydrolic retention time
(HRT) deceased in a UASB treating trichloroethylene
wastewater (Zhang et al., 2015a). [llumina Miseq sequen-
cing also revealed that a UASB treating potato starch
processing wastewater was dominated by Firmicutes,
Chloroflexi, Proteobacteria, Cloacimonetes, Bacteroi-
detes, Synergistetes and Euryarchaeota at the phylum
level (Antwi et al., 2017).

Although the microbial community structure during the
degradation of several organic wastewaters in UASB
reactors has been investigated, knowledge about the shift
of microbial community with OLR increase in UASB
reactors treating sugar refinery wastewater is still incom-
plete. High throughput sequencing can provide an insight

about the diversity and richness of microbial groups at a
fine scale and coverage. Therefore, the object of this study
is to investigate the shift of microbial consortia as OLR
increases in a fed-sugar refinery wastewater UASB reactor
by 454 pyrosequencing.

2 Materials and methods
2.1 Bioreactor operation

The study was performed in a laboratory-scale UASB
reactor made of transparent plexiglass. The effective
volume was 11 L. As shown in Fig. 1, four evenly
distributed sampling ports and a solid outlet were installed
over the height of the column. The feed was pumped to the
reactor by a peristaltic pump. The reactor was wrapped by
electro-thermal wire and was maintained at 35°C by a
temperature controller. The evolved biogas was collected
by the gas-solid-liquid separator, entered a water lock and
was measured daily using a wet gas meter (Changchun
Filter Company, China). The water lock and wet gas meter
were filled with water of pH 3.0 to prevent dissolution of
the biogas.
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Fig. 1 Schematic diagram of the UASB in this study

The inoculated sludge was originally collected from a
second settling tank in a local brewing wastewater
treatment plant. A diluted sugar refinery wastewater was
used as substrate from startup. The characteristics of sugar
refinery wastewater have been described in a previous
study (Li et al., 2007). The UASB was started up at a HRT
of 36 h and influent COD of 1000 mg/L. The pH of the
reactor was remained at around 7.0 by NaHCOj;. After a
stable performance was achieved, the HRT was shorted to



Liguo Zhang et al. Microbial community dynamics response to OLR increase 3

8h and influent COD was increased to 2000 mg/L by
stepwise. Then the OLR was increased from 6.0 to 12.0,
36.0 and then 54.0 kgCOD/(m’-d), by enhancing the
influent COD concentration from 2000 to 4000, 12000,
and 18000 mg/L.

2.2 Analytical methods

The liquid samples from influent and effluent were
centrifuged at 10, 000 rpm for 5 min, followed by 6 M
HCI acidification for volatile fatty acids (VFAs) measure.
VFAs content was analyzed by a gas chromatograph
(SP6890, Shandong Lunan Instrument Factory, Zaoz-
huang, China) equipped with a flame ionization detector
and a 2 m stainless (5 mm inside diameter) column packed
with Porapak GDX-103 (60/80 mesh). The operational
temperatures of the injection port, the column and the
detector were 220, 190 and 220°C, respectively. Nitrogen
was used as carrier gas at a flow rate of 50 ml/min. The
0.5mL of biogas was sampled from the headspace of the
UASB reactor to measure methane content by another gas
chromatograph (SP-6800A, Shandong Lunan Instrument
Factory, Zaozhuang, China) equipped with a thermal
conductivity detector (TCD). A 2-m stainless iron column
was packed with Porapak TDS-01 (60/80 mesh). Nitrogen
was used as the carrier gas at a flow rate of 70ml/min. The
operating temperatures of the injection port, the oven, and
the detector were 80°C. The pH and MLVSS (mixed liquor
volatile suspended solid) were measured as described in
the standard methods (APHA, 1995).

2.3 Nucleic acid extraction

Microbial samples were obtained on 38d, 79d, 110d with
OLR of 12.0, 36.0 and 54.0 kgCOD/(m-d), respectively.
Anaerobic sludge was collected from the sludge blanket of
UASB reactor. The sludge samples for microbial analysis
were immediately stored at —20°C until DNA extraction
was conducted. After gentle rinses with deionized water,
0.15 g sludge was weighted to extract DNA by a Powersoil
DNA Isolation Kit (MO Bio Laboratories, Carlsbad, CA,
USA). The DNA concentration was determined by a
spectrophotometer (Thermo Fisher Scientific Inc. USA).

2.4 Pyrosequencing analysis

16S rRNA gene libraries based on 454 pyrosequencing
were constructed using the degenerate primers of bacteria
and archaea 341F (5'-CCTACGGGRBGCAGCAG-3") and
789R (5'-GGACTACMVGGGTATCTA-3’) for the V3-V5
region of the 16S rRNA gene (Wang and Qian, 2009).
There is a 10-nucleotide barcode between the Life Sciences
primer A and 341F primer. The barcode was used for
assorting multitudinous samples in a single 454 GS-FLX
run. Raw pyrosequencing data were deposited to the NCBI

Sequence Read Archive database with accession number
SRP127155. To minimize the impact caused by random
sequencing errors, the low-quality sequences containing
any base calls (Ns), eight or more consecutive identical
bases, length shorter than 200 nucleotides or longer than
1000 nucleotides were deleted. Pyrosequencing produced
10463 (OLR12), 10456 (OLR36) and 10210 (OLR54)
high-quality V3-V5 tags of the 16S rRNA gene.

2.5 Microbial diversity and phylogenetic classification

All effective sequences in each sample were clustered into
operational taxonomic units (OTUs) through setting a 97%
similarity by the Muthur program (Lu et al., 2012). The
effective sequences were designated to taxonomic classi-
fications by an RDP (ribosomal database project) database
(http://www.mothur.org/wiki/Silva_reference files)
(Crawford et al., 2009). The phylogenetic location of the
sequences from per sample was performed at phylum, class
and genus levels. The relative abundance represented that
the sequences of a specified phylogenetic group made up a
percentage of all sequences in per sample. Rarefaction
curves, Shannon diversity index, Simpson diversity indices
and species richness estimator of Chaol were generated in
QIIME (Quantitative insights into microbial ecology) for
each sample. Hierarchical cluster analysis was performed
using gplots package of R in Linux. Venn diagram and
PCA (Principal component analysis) were conducted by
QIIME (Caporaso et al., 2010).

3 Results and discussion
3.1 Bioreactor performance

A UASB reactor treating sugar refinery wastewater was
operated at different OLRs (12.0, 36.0 and 54.0 kgCOD/
(m*-d)) in order to understand the influence of increases in
OLR on performance. The performance of the UASB
during the steady-state is illustrated in Table 1. The results
showed that the concentration of VFAs in effluent was
increased from 147.9 mg/L to 451.1 mg/L as the influent
COD was increased from 4000 mg/L (OLR = 12.0 kgCOD
/m*-d) to 18000 mg/L (OLR= 54.0 kgCOD/(m?-d)).
Acetate and propionate together accounted for 89.1%—
95.3% in VFAs. In addition to acetate and propionate, a
small amount of butyrate was also observed in the liquid
samples. The UASB system achieved a high COD removal
(92.0%—95.0%) at OLRs in the 12.0-54.0 kg COD /(m’-d)
range. The specific methane production rate improved by
1.2-2.2-fold with a maximum of 827 L. CHy/(kg VSS -d)
at OLR 54.0 kgCOD/(m?- d). Therefore, the degradation of
sugar refinery wastewater was not affected by the OLR
increases in the range of 12.0-54.0 kgCOD/(m?*-d) in the
UASB reactor.
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Table 1 Operational performance of the UASB under different OLR conditions
OLR (kgCOD/(m’ - d)) 12.0 36.0 54.0
VFAs (mg/L) Acetate 52.948.3 65.0+£3.9 140.8+£9.6
Propionate 88.0+1.9 106.0+4.6 281.7£21.2
Butyrate 7.0+1.4 21.0+4.7 28.6+£9.4
Total VFAs 147.9£10.2 192.0£18.3 451.1£36.9
COD (mg/L) Influent 4000+51 12000+186 180004201
Effluent 238+11 540+41 1446+95
COD removal (mg/L) 94.2+2.0 95.0£3.3 92.0+4.1
Biomass (gMLVSS/L) 18.7+1.3 23.940.8 28.54£2.7
Specific methane production rate 258+13 560+21 827+16

(LCH,(kg VSS/d))

3.2 Richness and diversity of microbial phylotypes

High-rate methanogenesis is essential for transforming
organic pollutants to methane. Monitoring microbial
community dynamics is very helpful for predicting and
explaining functional changes in treating sugar refinery
wastewater under different OLR conditions. In the present
study, three 16S rRNA gene libraries (named OLRI2,
OLR36 and OLR54) were generated using 454 pyrose-
quencing. OLR12, OLR36 and OLRS54 communities
contained 10463, 10456 and 10210 high-quality V3-V5
tags, respectively (Table 2). The average read length of all
effective reads was 298 bp. Bacteria were the dominant
microbial group in these three samples, accounting for
97.8%—98.8%. The relative abundance of archaea in the
anaerobic sludge was 1.8%, 2.2% and 1.2% for OLR12,
OLR36 and OLRS54, respectively. These effective reads
were clustered into 353 (OLR12), 337 (OLR36) and 233
(OLR54) OTUs by setting a 97% similarity (Lu et al.,
2012). It is seemingly suggested from the numbers of
OTUs that the diversity of microbial communities in
OLR12 is much higher than those in OLR36 and OLR54.

As shown in Table 2, Shannon and Simpson diversity
indices exihibited a similar trend in observed OTUs. The
Shannon diversity index not only represents species
richness, but also reveals the abundance of each species
in the community (Lu et al., 2012). OLR12 had the highest
diversity (Shannon= 6.61, Simpson= 0.99) in these
communities. The Shannon index (5.98) and Simpson
indices (0.96) of OLR36 was larger than 5.55 (Shannon

index) and 0.95 (Simpson indices) in OLR54. Herein,
Shannon index showed a range of 6.61-5.98, which was
higher than some UASBSs treating potato starch processing
wastewater, poultry slaughterhouse wastewater, 2,4-dini-
trochlorobenzene (Delforno et al., 2014; Jiang et al., 2016;
Antwi et al., 2017). Again, a similar trend in community
richness was observed using the Chaol estimator.
Pyrosequencing revealed that new microbial species
continued to appear even after 5 000 reads sampling
(Fig. 2). However, the Good’s sampling coverage value
was reached 99.5%—99.7%, indicating that the sequencing
depth captured a majority of microbial community (Table
2).

3.3  Comparative analysis of microbial communities

To comprehend the evolution of microbial community
structure in detail, the top 60 abundance genera were
selected from each sample for hierarchical cluster analysis
as suggested previously (Fig. 3(a)) (Zhang et al., 2015b).
The result showed that each group differed markedly from
the other two groups, even though these three microbial
communities contained some of the same microorganisms.
PCA analysis based on OTUs further confirmed that each
group was separated from the other two groups, suggesting
there is a significant divergence among them (Fig. 3(b)).
The cumulative percentage variance of species explained
by the first axis was 74.1%. The first and second axes
explained 100% variance of species. These results showed
that the microbial community structure was dramatically

Table 2 Sequence reads, diversity/richness indices, coverage and operational taxonomic units (OTUs) at 97% sequence identity

Sequence reads

Diversity/Richness indices )
Good’s sampling

Sample Raw Effective OTUs Shannon diversity Simpson diversity Chaol coverage
reads number  reads number index index estimator

OLRI12 18418 10463 353 6.61 0.99 643.67 99.6%

OLR36 17209 10456 337 5.98 0.96 524.41 99.5%

OLR54 16707 10210 233 5.55 0.95 375.28 99.7%
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influenced by OLR in the range of 12.0-54.0 kgCOD/
(m?*-d) even though similar levels of COD removal were
observed.

As shown in Fig. 4, a Venn diagram was constructed for
evaluating the distribution of OTUs among the different
OLR samples. The total number of clustered OTUs in all
three 16S rRNA gene libraries was 583 and 60 OTUs
(accounting for 10.3% in all detected OTUs) were common
in three samples. Most of the shared OTUs were the
unclassified bacteria (41.2%—71.7%) at the genus level.
The number of common OTUs between OLRI12 and
OLR36, OLR36 and OLR54, and OLR12 and OLRS56
were 218, 106 and 76, respectively. Observably, the
number of unique OTUs from OLR12, OLR36, and
OLR54 were 119, 73 and 111, respectively. The OTUs
unique to each of the three communities accounted for
21.7%—47.6% of the total OTUs.

OLRI12 OLR36

s
S

OLR54

Fig. 4 Venn diagram of OLR12, OLR36 and OLR54 based on
OTUs (3% distance), and the taxonomic identities of the shared
OTUs at family level. The number in parentheses represents the
total number of OTUs in that community

3.4 Microbial taxonomic identified

To reveal the microbial shift in response to increasing OLR
during sugar refinery wastewater degradation, qualified
reads were analyzed at the phylum, class and genus levels
(Fig. 5). In this study, there were 10 different phyla, 14
different classes and 27 different genera were detected in
the three communities (Fig. 5). As illustrated in Fig. 5,
unclassified sequences were least at the phylum level.
Unclassified reads in OLRI12, OLR36 and OLRS54
separately accounted for 14.2%, 4.5% and 2.5% of the
total reads at the phylum level, respectively (Fig. 5(a)).
Whereas the unclassified reads was increased to 13.3%—
24.6% at the class level (Fig. 5(b)) and 41.2%—68.4% (Fig.
5(c)) at the genus level in three detected samples.

Four (4) mainly phylogenetic groups related to phyla
(Fig. 5(a)) emerged in all samples (OLR12, OLR36 and
OLRS54). These phyla contained Bacteroidetes, Proteo-
bacteria, Synergistetes and Firmicutes. These four phyla



Front. Environ. Sci. Eng. 2018, 12(4): 4

{2 A — — RS [ !
100% - 100% Others
90% | W Otusers 90% Clostridia
S 80%f Firmicutes < 80% -.?Emlh t
o ermotogae
L Thermotogae ~
g 70% ) & § 0% ® Synergistia
T 60% - ™ Synergistetes 2 60% % Spirochaetes
3 = .
o . oy
5 509t W Spirochaetes 2 so9 | Y proteobacten.a
z Wt 9 B 3-proteobacteria
= 40% 2 4% B g-proteobacteria
=4 30% B Chloroflexi ;E 30% | B Anaerolineae
; B Flavobacteria
™ Bacteroidetes
20% " . 20% ™ Bacteroidia
10% Artigobaien 10% | ® Actinobacteria
0% ® Euryarchaeota 0% B Methanomicrobia
OLR12Z OLR36 OLR54 OLR12 OLR36 OLR54
(a) Phyla (b) Classes
80
60 L - 72 OLRI12
‘E\ s
S 40l
g
g 20k
5 \ | N
€ 4t N b BN
° N b EN
£ st
% 2 SER bt % :=§
1 N N 8 EN N
g xﬁ < N ae®. & \e.‘ 0‘5 AN A& 0P 0 kB N et
5 \‘> 00 \{3 \I‘“ S%ﬁ,\loe{e‘ ‘;@(\‘}@\\‘{0«1@6 \“\ \\ OOQC’ (\\.@‘&c‘l‘e"{\d@“\;&g\\ %Qo?;‘o c;g\]i@f RO
,‘.9@0\1&‘ NS Qo TR SRS \?‘gﬁ eb S vl“o‘ﬁ
C
'eh
(c) Genera
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libraries were classified as "other"

accounted for 68.0% (OLR12), 72.1% (OLR36) and
88.5% (OLR54) of the total reads. Previous studies also
showed that these phyla were the dominant phyla in
anaerobic digesters treating potato starch processing
wastewater, food wastewater, trichloroethylene waste-
water, etc. (Zhang et al., 2015a; Jiang et al., 2016; Antwi
et al., 2017). Some fermentative acidogenic bacteria are
included in the phylum Bacteroidetes (Grabowski et al.,
2005; Yoon et al., 2007; Kitahara et al., 2013). The relative
abundance of Bacteroidetes was similar in OLR12 (17.6%)
and OLR36 (15.9%), and then was increased to 27.1% at
an OLR of 54 kgCOD/(m*-d) condition. Most identified
syntrophic acetogens are involved in Proteobacteria and
low—G + C Gram-positive bacteria Firmicutes (Wall-
rabenstein et al., 1995; Harmsen et al., 1998; Elshahed
and Mclnerney, 2001). In the sample of OLR 12, the
percentage of Proteobacteria was 12.4%, and it decreased
to 2.4% in OLR36 and OLR54. While the percentage of

Firmicutes was 18.4% in the sample of OLR12, and it
showed an increasing trend as OLR increased, becoming
the most predominant phylum (57.7%) at the OLR of 54
kgCOD/(m?-d). Synergistetes is abundant in wastewater
treatment plants. It includes some species that have been
identified as sludge degraders in anaerobic digesters
(Riviere et al., 2009). The relative abundance of Synergis-
tetes in OLR12 was 19.6%, while it showed a downward
trend as OLR increased. Euryarchaeota is the sole archeal
phylum in this study. Most identified methanogens belong
to the phylum FEuryarchaeota (Liu and Whitman, 2008).
The relative abundance of Euryarchaeota was highest in
OLR36 with a relative abundance of 2.2%, lower in
OLRI12 (1.8%) and in OLR54 (1.2%).

Figure 5(b) shows the identification of members of the
three communities at the class level. The 14 classes
identified included 13 bacterial classes and 1 archeal class.
OLR12 is primarily consisted of d-Proteobacteria, Clos-
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tridia, y-proteobacteria, Synergistia, Anaerolineae, Bac-
teroidia, Thermotogae, Bacilli and Methanomicrobia.
OLR36 and OLR54 were similar and were highly enriched
in the classes of Clostridia, Bacilli, Bacteroidia, Synergis-
tia, Actinobacteria and Methanomicrobia. The percentage
of Clostridia was high in all samples, and it reached a
maximum (37.9%) at the OLR of 54 kgCOD/(m?-d). The
relative abundance of «, y-proteobacteria, Anaerolineae,
Synergistia and Thermotogae were sharply reduced as
OLR increased from 12.0 to 54.0 kgCOD/(m*-d). Their
proportions were respectively 0.0%, 0.3%, 1.1%, 1.3% and
0.4% in the sample of OLR54. Methanomicrobia exhibited
an upward trend at first and then a downward trend with
increased OLR.

Depending on the genus enables us to further speculate
the microbial functions (Fig. 5(c)). Seventeen classified
genera were recognized as fermentative acidogenic
bacteria. Brooklawnia, Parabacteroides, Bacteroides and
Lactococcus were present in the samples of all the OLRs.
These species can utilize several carbohydrates to produce
organic acids (e.g., lactate, butyrate, propionate, acetate
and formate) and ethanol (Yoon et al., 2007; Buschhorn et
al., 1989; Strepis et al., 2016; Yamada et al., 2007; Betian
et al., 1977). The relative abundance of Brooklawnia and
Parabacteroides showed an increasing trend as OLR
increased. Bacteroides exhibited a trend of decreasing at
first and then increasing with increase in OLR. On the
contrary, the number of Lactococcus was increased at first
and then decreased. Its portion was 2.0% and 2.4% in
samples of OLR 12 and OLR36, respectively. Leuconostoc,
Butyricicoccus and Veillonella existed in samples of
OLR36 and OLR54. The first two genera showed an
upward trend whereas the latter dropped as OLR was
raised to 54 kgCOD/(m*-d) from 36 kgCOD/(m?-d).
Chryseobacterium, Longilinea and Aerococcus occurred in
low OLR condition (12 kgCOD/(m?*-d) and their relative
abundance was 1.0%-3.6%. Anaeroarcus with a relative
abundance of 1.4% was unique in the sample of OLR36.
Five genera (Prevotella, Streptococcus, Oribacterium,
Oscillibacter and Megasphaera) only existed in the OLR
of 36 kgCOD/(m* - d). Among them, the relative abundance
of Prevotella reached 14.8% and became the dominant
fermentative acidogenic bacteria in the sample of OLR54.

As shown in Fig. 5(c), two genera (Desulfovibrio and
Syntrophobacter) were strongly correlated with hydrogen-
producing acetogens. In low-sulfate media, some strains
from the genus Desulfovibrio (such as D. vulgaris and D.
desulfuricans) could degrade ethanol and lactate to
produce acetate, H,, and CO, through synergistic associa-
tion with H,-utilizing methanogens (Bryant et al., 1977).
Under the OLR of 12 kgCOD/(m?-d) condition, the
relative abundance of Desulfovibrio was only 0.3% and
decreased to 0% in OLR36. However, its richness achieved
a maximum (2%) in the sample of OLR54. Species from
the genus Syntrophobacter are mainly identified as

propionate-oxidizing bacteria (Wallrabenstein et al.,
1995; Harmsen et al., 1998). The largest percentage (1%)
of Syntrophobacter occurred in the sample of OLR12 and
it showed a decreasing trend as the OLR increased.
Members of Acetobacterium are described as homoacoto-
gens, which can convert glucose into acetate by hetero-
trophic pathways or reduce CO, to acetate using
chemolithoautotrophic way (Buschhorn et al., 1989;
Miiller et al., 2008). The percentage of Acetobacterium
changed among the different OLR conditions but did not
show any clear trend.

In this study, three genera (Methanospirillum, Metha-
nomethylovorans and Methanosaeta) were described as
methanogens (Fig. 5¢). Methanospirillum is considered as
hydrogenotrophic methanogens and it can use H,/CO, and
formate as substrates for growth (Liu and Whitman, 2008).
The activity of hydrogenotrophic methanogens is essential
to maintain low hydrogen partial pressure in methane
fermentation systems (Demirel and Scherer 2008). It was
unique in OLR54 and the relative abundance was 0.1%.
Some strains from Methanomethylovorans are considered
as obligately methylotrophic methanogens (Lomans et al.,
1999). The relative abundance of Methanomethylovorans
was 0.1% in the sample of OLR12 and was increased by 1
time when the OLR was increased to 36.0 kgCOD/(m*- d),
but was not detected in OLR54. Methanosaeta was the
major acetotrophic methanogen in all samples and its
relative abundance was 1.1%—2.0%. Methanosaeta is a
specialist in utilizing acetate and is identified as the
dominant acetotrophic methanogen in various anaerobic
reactors with low concentration of acetate (Zheng and
Raskin, 2000; Liu and Whitman, 2008). Methanosaeta is
common acetotrophic methanogen in granular sludge
reactors (Uyanik, 2003; Keyser et al., 2006; Worm et al.,
2009). The granulation of sludge is favorable for achieving
a high rate of methanogenesis. This is because granular
cultures provides a close spatial microbial proximity
compared to suspended cultures (Amani et al.,, 2012;
Stams et al., 2012). The relative abundance of acetotrophic
methanogens in each sample was much higher than
hydrogenotrophic methanogens by 9-15-fold, indicating
that methane was mainly produced by acetate cleavage in
this UASB reactor. In methanogenic environment,
approximately 70%—80% of methane is produced by
acetate oxidation (Liu and Whitman, 2008). A previous
study also showed that the amount of acetotrophic
methanogens in a UASB reactor was obviously higher
than that of hydrogenotrophic methanogens (Ban et al.,
2013b).

Apart from sugar, sugar refinery wastewater also
contained a small amount of protein. In methanogentic
environments, proteins are hydrolyzed to peptides and
amino acids, which are subsequently fermented to VFAs
and finally converted to methane and CO, (Antwi et al.,
2017). In the present study, two genera (Aminiphilus and
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Sedimentibacter) were recognized as amino acid degrading
bacteria (Diaz et al., 2007; Imachi et al., 2016). The largest
percentage of Aminiphilus was in the sample of OLR12 (up
to 5.4%) and showed a decreasing tendency as OLR
increased. While Sedimentibacter was unique in OLR36
and its portion was 1.3%.

3.5 Shift of dominant bacteria and archaea as OLR increase

The anaerobic digestion of organic matter is completed by
four different trophic microorganisms (fermentative acido-
genic bacteria, hydrogen-producing acetogens, homoace-
togens and methanogens). Table 3 shows the shift of
dominant bacteria and archaea with OLR increase. Under
the OLR of 12.0 kgCOD/(m*-d) condition, the total
percentage of fermentative acidogenic bacteria was 9.2%
and the dominant fermentative acidogenic bacteria from
five genera (Bacteroides, Trichococcus, Chryseobacter-
ium, Longilinea and Aerococcus). Antwi et al. reported that
Trichococcus was one of the dominant fermentative
bacteria in a UASB treating potato starch processing

Table 3  Shift of dominant bacteria and archaea as OLR increase

wastewater at the OLR of 13.2 kgCOD/(m*-d) (Antwi et
al., 2017). However, the Clostridium (24.1%) and Long-
ilinea (18.0%) were the dominant fermentative bacteria in
an expanded granular sludge bed (EGSB) reactor for beet
sugar industrial wastewater treatment under the OLR of 3.2
kgCOD/(m?-d) (Ambuschi et al., 2016). When the OLR
was increased to 36 kgCOD/(m*-d) and 54 kgCOD/
(m?*-d), the composition and distribution of fermentative
acidogenic bacteria changed significantly. The sample of
OLR36 was dominated by Lactococcus (6.5%), Tricho-
coccus (2.4%), Anaeroarcus (1.4%) and Veillonella
(1.8%). The total number of fermentative bacteria in
OLR36 accounted for 14.1% of total detectable micro-
organisms. Previous studies indicated that the genera
Lactococcus was one of the dominant fermentative
bacteria in a UASB reactor containing glucose/lactate or
molasses as substrates under the OLR of 2.9-14.4 kg
COD/(m*-d) conditions (Kim et al., 2015; Zhang et al.,
2015a). As shown in Table 3, the diversity of fermentative
acidogenic bacteria was markedly increased under OLR of
54 kgCOD/(m?-d) condition. Also, the total percentage of

Taxon classification

Trophic group

Relative abundance (%)

Genus OLR12 OLR36 OLRS54

Fermentative acidogenic bacteria Brooklawnia 0.2 0.3 1.3
Parabacteroides 0.4 0.9 23

Bacteroides 2.3 0.5 1.2

Lactococcus 0.5 6.5 1.4

Trichococcus 2.0 24 —

Chryseobacterium 3.6 — —

Longilinea 1.2 — —

Aerococcus 1.0 — —

Leuconostoc — 0.2 1.2

Butyricicoccus — 0.1 1.8

Anaeroarcus — 1.4 —

Veillonella — 1.8 1.0
Prevotella — — 14.8

Streptococcus — — 6.6

Oribacterium — — 1.8

Oscillibacter — — 1.4

Megasphaera — — 6.2

Hydrogen-producing acetogens Desulfovibrio 0.3 — 2.0
Syntrophobacter 1.0 0.5 —

Geobacter 0.2 0.7 —

Homoacetogens Acetobacterium 0.5 1.3 —
Methanogens Methanosaeta 1.6 2 1.1
Methanospirillum — — 0.1

Methanomethylovorans 0.1 0.2 —
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fermentative acidogenic bacteria was highest (41.0%) in
the sample of OLRS54. Twelve genera became the
predominant fermentative acidogenic bacteria in OLR54.
They were Brooklawnia (1.3%) from the phylum Actino-
bacteria, Parabacteroides (2.3%), Bacteroides (1.2%) and
Prevotella (14.8) from the phylum Bacteroidetes, Leuco-
nostoc (1.2%), Lactococcus (1.4%), Streptococcus (6.6%),
Oribacterium (1.8%), Butyricicoccus (1.8%), Oscillibacter
(1.4%), Megasphaera (6.2%) and Veillonella (1.0%) from
the phylum Firmicutes. The high microbial diversity and
percentage of fermentative bacteria made a high metabolic
capacity was achieved in the fermentative acidogenic stage
under high OLR condition (54.0 kg COD/(m*- d)).

There were three genera were identified as hydrogen-
producing acetogens in this study. These hydrogen-
producing acetogens showed a clear succession with
OLR increase. At low OLRs, the propionate-oxidizing
bacteria (Syntrophobacter) were the major hydrogen-
producing acetogens. The members of Syntrophobacter
can degrade propionate by methylmalonyl-coenzyme A
pathway in the presence of methanogens (Wallrabenstein
et al., 1995; Harmsen et al., 1998). Similarly, some
previous studies also indicated that the genus Syntropho-
bacter was the dominant propionate-oxidizing bacteria in
the UASB reactor treating sucrose, butyrate-propionate-
acetate and propionate process at the OLR of 2.9-14.4 kg
COD/(m?-d) conditions (Férnandez et al., 2008; Worm et
al., 2009; Kovacik Jr et al., 2010; Zhang et al., 2015a).
Shigematsu et al. found that high dilution rates favored the
growth of Pelotomaculum spp. whereas low dilution rates
stimulate Syntrophobacter spp. in chemostat experiments
containing propionate as the sole carbon source (Shige-
matsu et al., 2006). An increase in OLR to 36.0 kgCOD/
(m*-d) from 12.0 kgCOD/(m*-d) resulted in Syntropho-
bacter and Geobacter becoming the predominant hydro-
gen-producing acetogens and their relative abundance was
similar. The members of Geobacter could degrade ethanol
by syntrophic association with methanogens (Summers et
al., 2010). When the OLR was further increased to 54.0 kg
COD/(m?*- d), the main hydrogen-producing acetogens was
substituted with Desulfovibrio, which can convert ethanol
and lactate to acetate, H, and CO, (Bryant et al., 1977). It
can be deduced from the distributed characteristics of
hydrogen-producing acetogens that the propionate-type
fermentation was formed under the OLR of 12.0 kgCOD/
(m*-d) condition and then shifted to mix-acid-type
fermentation as OLR increased. These intermediate
products (propiontate, ethanol and lactate) were further
converted to acetate and H,/CO, by the hydrogen-
producing acetogens.

As the last step, methanogenesis is important for
maintaining efficient anaerobic digestion. The important
role of methanogens is to eliminate acetate and H,/CO,
from hydrolysis, acidogenesis, acetogenesis and then
promote the reaction process. The diversity of methano-

gens was low compared with bacteria. In the present study,
Methanosaeta was the dominant acetotrophic methano-
gens during the whole operation period of UASB. Its
relative abundance was 1.6% (OLR12), 2.0% (OLR36)
and 1.1% (OLR54). Although the percentage of aceto-
trophic methanogens (Methanosaeta) in the sample of
OLRS54 was lower than in other samples, the biomass (28.5
gMLVSS/L) and specific methane production rate (827.0
LCH4/(kg VSS/d) achieved maximums, leading to the
COD removal of 92.0% was reached under the OLR of
54.0 kgCOD/(m*-d) condition. In addition, homoacoto-
gens might reduce CO, to acetate by chemolithoauto-
trophic way under the OLR of 12.0 and 36.0 kgCOD/
(m?-d) conditions, resulting in the acetate was increased,
which further caused an increase in the abundance of
Methanosaeta. The methylotrophic methanogen (Metha-
nomethylovorans) was observed in the samples of OLR12
and OLR36. Whereas Methanospirillum was the hydro-
genotrophic methanogens in OLR54. The strains from the
genus Methanomethylovorans are able to use methylated
compounds (such as methanol, dimethylamine, mono-
methylamine and Trimethylamine), but cannot utilize H,/
CO,, formate or acetate (Lomans et al., 1999; Jiang et al.,
2005; Cha et al., 2013). However, the present study did not
find the microorganisms that produced methylated com-
pounds in the samples of OLR12 and OLR36. The
mechanism related to this phenomenon warrants further
investigation. Under the OLR of 12.0 and 36.0 kg COD/
(m*-d) conditions, the H,/CO, from fermentative and
hydrogen-producing acetogenic stages might be converted
to acetate through a chemolithoautotrophic way by
homoacotogen (Acetobacterium), resulting in the absence
of hydrogentrophic methanogens in the samples of OLR12
and OLR36. Indeed, Acetobacterium was observed in
OLR12 and OLR36, but did not be detected in OLR54.
These results indicated that the acetate cleavage was the
main methanogenic acetate degradation pathway in this
UASB system during the whole operation period. In
addition, the methylotrophic methanogenic pathway was
replaced by the hydrogenotrophic methanogenic pathway
when the OLR was increased to 54.0 kgCOD/(m*- d) from
12.0 kgCOD/(m*-d).

4 Conclusions

At an OLR of 12.0-54.0 kgCOD/(m’-d), the COD
removal reached 92.0%—95.0% with a specific methane
production rate of 258-827 LCH,/(kgVSS/d) in a UASB
reactor treating sugar refinery wastewater. Pyrosequencing
revealed that the relative abundance of fermentative
bacteria was significantly increased to 41.0% from 9.2%
when the OLR was increased to 54.0 from 12.0 kgCOD/
(m?-d) by stepwise. The diversity of fermentative bacteria
at the genus level achieved a maximum in the sample of
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OLRS54. Syntrophobacter was considered as the dominant
hydrogen-producing acetogens under the OLR of 12.0
kgCOD/(m?-d) condition. As the OLR increased from 12.0
to 54.0 kgCOD/(m?-d), the dominant hydrogen-producing
acetogens was substituted with Desulfovibrio. Methano-
saeta was the only detected acetotrophic methanogens and
its relative abundance was 1.19%-2.0%. The Methano-
methylovorans was observed in the samples of OLR12 and
OLR36, while Methanospirillum was unique in OLR54.
The information will assist in improving the operation and
control of UASB system under high OLR conditions.

Acknowledgements This work was supported by the National Natural
Science Foundation of China (Nos. 51508316 and 51708341), Open Project
of State Key Laboratory of Urban Water Resource and Environment, Harbin
Institute of Technology (No. QA201523), HIT Environment and Ecology
Innovation Special Funds (No. HSCJ201614). Research Project for Young
Sanjin Scholarship of Shanxi, Program for the Outstanding Innovative Team
of Higher Learning Institutions of Shanxi, and Research Fund of Tianjin Key
Laboratory of Aquatic Science and Technology (No. TIKLAST- ZD-2016-
05).

References

Amani T, Nosrati M, Mousavi S M (2012). Response surface
methodology analysis of anaerobic syntrophic degradation of volatile
fatty acids in an upflow anaerobic sludge bed reactor inoculated with
enriched cultures. Biotechnol Bioprocess Eng, 17(1): 133-144

Ambuschi J J, Liu J, Wang H, Shan L, Zhou X, Mohammed M O A,
Feng Y (2016). Microbial community structural analysis of an
expanded granular sludge bed (EGSB) reactor for beet sugar
industrial wastewater treatment. Appl Microbiol Biotechnol, 100
(10): 4651-4661

Antwi P, Li J, Boadi P O, Meng J, Shi E, Chi X, Zhang Y (2017).
Functional bacterial and archaeal diversity revealed by 16S rRNA
gene pyrosequencing during potato starch processing wastewater
treatment in an UASB. Bioresour Technol, 235: 348-357

APHA (1995). Standard methods for the examination of water and
wastewater. American Public Health Association

Astals S, Nolla-Ardévol V, Mata-Alvarez J (2012). Anaerobic co-
digestion of pig manure and crude glycerol at mesophilic conditions:
biogas and digestate. Bioresour Technol, 110: 63-70

Ban Q, Li J, Zhang L, Jha A K, Nies L (2013a). Linking performance
with microbial community characteristics in an anaerobic baffled
reactor. Appl Biochem Biotechnol, 169(6): 18221836

Ban Q, Li J, Zhang L, Jha A K, Zhang Y (2013b). Quantitative analysis
of previously identified propionate-oxidizing bacteria and methano-
gens at different temperatures in an UASB reactor containing
propionate as a sole carbon source. Appl Biochem Biotechnol, 171
(8): 21292141

Betian H G, Linehan B A, Bryant M P, Holdeman L V (1977). Isolation
of a Cellulolytic Bacteroides sp. from Human Feces. Appl Environ
Microbiol, 33(4): 1009-1010

Bryant M P, Campbell L L, Reddy C A, Crabill M R (1977). Growth of
Desulfovibrio in lactate or ethanol media low in sulfate in association

with H-utilizing methanogenic Bacteria. Appl Environ Microbiol,
33(5): 1162-1169

Buschhorn H, Durre P, Gottschalk G (1989). Production and utilization
of ethanol by the homoacetogen Acetobacterium woodii. Appl
Environ Microbiol, 55(7): 1835-1840

Caporaso J G, Kuczynski J, Stombaugh J, Bittinger K, Bushman F D,
Costello E K, Fierer N, Pefia A G, Goodrich J K, Gordon J I, Huttley
G A, Kelley S T, Knights D, Koenig J E, Ley R E, Lozupone C A,
McDonald D, Muegge B D, Pirrung M, Reeder J, Sevinsky J R,
Turnbaugh P J, Walters W A, Widmann J, Yatsunenko T, Zaneveld J,
Knight R (2010). QIIME allows analysis of high-throughput
community sequencing data. Nat Methods, 7(5): 335-336

Cha I T, Min U G, Kim S J, Yim K J, Roh S W, Rhee S K (2013).
Methanomethylovorans uponensis sp. nov., a methylotrophic metha-
nogen isolated from wetland sediment. Antonie van Leeuwenhoek,
104(6): 1005-1012

Crawford P A, Crowley J R, Sambandam N, Muegge B D, Costello E K,
Hamady M, Knight R, Gordon J I (2009). Regulation of myocardial
ketone body metabolism by the gut microbiota during nutrient
deprivation. Proc Natl Acad Sci USA, 106(27): 11276-11281

Delforno T, Moura A, Okada D, Varesche M (2014). Effect of biomass
adaptation to the degradation of anionic surfactants in laundry
wastewater using EGSB reactors. Bioresour Technol, 154:
114-121

Demirel B, Scherer P (2008). The roles of acetotrophic and
hydrogenotrophic methanogens during anaerobic conversion of
biomass methane: A review. Rev in Environ Sci Bio, 7: 173-190

Diaz C, Baena S, Fardeau M L, Patel B K C (2007). Aminiphilus
circumscriptus gen. nov., sp. nov., ananaerobic amino-acid-degrading
bacterium from an upflow anaerobic sludge reactor. Int J Syst Evol
Microbiol, 57(8): 1914-1918

Elshahed M S, Mclnerney M J (2001). Benzoate fermentation by the
anaerobic bacterium syntrophus aciditrophicus in the absence of
hydrogen-using microorganisms. Appl Environ Microbiol, 67(12):
5520-5525

Férnandez N, Diaz E E, Amils R, Sanz J L (2008). Analysis of microbial
community during biofilm development in an anaerobic wastewater
treatment reactor. Microb Ecol, 56(1): 121-136

Gaur R Z, Khan A A, Suthar S (2017). Effect of thermal pre-treatment on
co-digestion of duckweed (Lemna gibba) and waste activated sludge
on biogas production. Chemosphere, 174: 754-763

Grabowski A, Tindall B J, Bardin V, Blanchet D, Jeanthon C (2005).
Petrimonas sulfuriphila gen. nov., sp. nov., a mesophilic fermentative
bacterium isolated from a biodegraded oil reservoir. Int J Syst Evol
Microbiol, 55(3): 1113—-1121

Harmsen H J M, van Kuijk B L M, Plugge C M, Akkermans A D L, de
Vos W M, Stams A ] M (1998). Syntrophobacter fumaroxidans sp.
nov., a syntrophic propionate- degrading sulfate reducing bacterium.
Int J Syst Bacteriol, 48(4): 1383-1387

Hesham A E L, Qi R, Yang M (2011). Comparision of bacterial
community structures in two systems of asewage treatment plant
using PCR-DGGE analysis. J Environ Sci (China), 23(12): 2049—
2054

Imachi H, Sakai S, Kubota T, Miyazaki M, Saito Y, Takai K (2016).
Sedimentibacter acidaminivorans sp. nov., an anaerobic, amino-acid-



Liguo Zhang et al. Microbial community dynamics response to OLR increase 11

utilizing bacterium isolated from marine subsurface sediment. Int J
Syst Evol Microbiol, 66(3): 1293-1300

Jiang B, Parshina S N, Van D W, Lomans B P, Stams A J (2005).
Methanomethylovorans thermophila sp. nov., a thermophilic,
methylotrophic methanogen from an anaerobic reactor fed with
methanol. Int J Syst Evol Microbiol, 55(6): 2465-2470

Jiang X, Shen J, Han Y, Lou S, Han W, Sun X, Li J, Mu Y, Wang L
(2016). Efficient nitro reduction and dechlorination of 2,4-dinitro-
chlorobenzene through the integration of bioelectrochemical system
into upflow anaerobic sludge blanket: A comprehensive study. Water
Res, 88:257-265

Ke S, Zhang M, Shi Z, Zhang T, Fang H H P (2008). Phenol degradation
and microbial characteristics in upflow anaerobic sludge blanket
reactors at ambient and mesophilic temperatures. Int J Environ Pollut,
32(1): 68-77

Keyser M, Witthuhn R C, Lamprecht C, Coetzee M P A, Britz T J
(2006). PCR-based DGGE fingerprinting and identification of
methanogens detected in three different types of UASB granules.
Syst Appl Microbiol, 29(1): 77-84

Kim T G, Yun J, Cho K S (2015). The close relation between
Lactococcus and Methanosaeta is a keystone for stable methane
production from molasses wastewater in a UASB reactor. Appl
Microbiol Biotechnol, 99(19): 8271-8283

Kitahara M, Sakamoto M, Tsuchida S, Kawasumi K, Amao H, Benno Y,
Ohkuma M (2013). Parabacteroides chinchillae sp. nov., isolated
from chinchilla (Chincilla lanigera) faeces. Int J Syst Evol Microbiol,
63(Pt 9): 3470-3474

Kovacik Jr W P, Scholten J C M, Culley D, Hickey R, Zhang W,
Brockman F J (2010). Microbial dynamics in upflow anaerobic
sludge blanket (UASB) bioreactor granules in response to short-term
changes in substrate feed. Microbiology, 156(8): 2418-2427

LiJ,LiB, Zhu G, Ren N, Bao L, He J (2007). Hydrogen production from
diluted molasses by anaerobic hydrogen producing bacteria in an
anaerobic baffled reactor (ABR). Int J Hydrogen Energy, 32(15):
3274-3283

Li X (2014). Nitrogen removal by combined nitritationanammox process
in an upflow anaerobic sludge blanket (UASB) reactor. Ames: lowa
State University

Liu Y, Whitman W B (2008). Metabolic, phylogenetic, and ecological
diversity of the methanogenic archaea. Ann N Y Acad Sci, 1125(1):
171-189

Lomans B P, Maas R, Luderer R, Camp HJ M O D, Pol A, Van der Drift
C, Vogels G D (1999). Isolation and Characterization of Methano-
methylovorans hollandica gen. nov., sp. nov., isolated from fresh-
water sediment, a methylotrophic methanogen able to grow on
dimethyl sulfide and methanethiol. Appl Environ Microbiol, 65:
3641-3650

Lu L, Xing D, Ren N (2012). Pyrosequencing reveals highly diverse
microbial communities in microbial electrolysis cells involved in
enhanced H; production from waste activated sludge. Water Res, 46
(7): 24252434

Moertelmaier C, Li C, Winter J, Gallert C (2014). Fatty acid metabolism
and population dynamics in a wet biowaste digester during re-start
after revision. Bioresour Technol, 166: 479484

Miiller V, Imkamp F, Biegel E, Schmidt S, Dilling S (2008). Discovery

of aferredoxin:NAD +-oxidoreductase (Rnf) in Acetobacterium
woodii. Ann N'Y Acad Sci, 125(1): 137-146

NiuQ, He S, Zhang Y, Ma H, Liu Y, Li Y Y (2016). Process stability and
the recovery control associated with inhibition factors in a UASB-
anammox reactor with a long-term operation. Bioresour Technol,
203: 132-141

Riviere D, Desvignes V, Pelletier E, Chaussonnerie S, Guermazi S,
Weissenbach J, Li T, Camacho P, Sghir A (2009). Towards the
definition of a core of microorganisms involved in anaerobic
digestion of sludge. ISME J, 3(6): 700714

Shi R, Zhang Y, Yang W, Xu H (2012). Microbial community
characterization of an UASB treating increased organic loading
rates of vitamin C biosynthesis wastewater. Water Sci Technol, 65(2):
254-261

Shigematsu T, Era S, Mizuno Y, Ninomiya K, Kamegawa Y, Morimura
S, Kida K (2006). Microbial community of a mesophilic propionate-
degrading methanogenic consortium in chemostat cultivation
analyzed based on 16S rRNA and acetate kinase genes. Appl
Microbiol Biotechnol, 72(2): 401-415

Stams A J M, Sousa D Z, Kleerebezem R, Plugge C M (2012). Role of
syntrophic microbial communities in high-rate methanogenic bior-
eactors. Water Sci Technol, 66(2): 352362

Strepis N, Sanchez-Andrea I, van Gelder A H, van Kruistum H, Shapiro
N, Kyrpides N, Goker M, Klenk H P, Schaap P, Stams A J M, Sousa
D Z (2016). Description of Trichococcusilyis sp. nov. by combined
physiological and in silico genome hybridization analyses. Int J Syst
Evol Microbiol, 66(10): 3957-3963

Summers Z M, Fogarty H E, Leang C, Franks A E, Malvankar N S,
Lovley D R (2010). Direct exchange of electrons within aggregates of
an evolved syntrophic coculture of anaerobic bacteria. Science, 330
(6009): 1413-1415

Uyanik S (2003). Granule development in anaerobic baffled reactor.
Turkish Journal of Environenal Science and Engineering, 27: 131—
144

Wallrabenstein C, Hauschild E, Schink B (1995). Syntrophobacter
pfennigii sp. nov., new syntrophically propionate-oxidizing anaerobe
growing in pure culture with propionate and sulfate. Arch Microbiol,
164(5): 346-352

Wang Y, Qian P Y (2009). Conservative fragments in bacterial 16S
rRNA genes and primer design for 16S ribosomal DNA amplicons in
metagenomic studies. PLoS One, 4(10): 1-9

Worm P, Fermoso F G, Lens P N L, Plugge C M (2009). Decreased
activity of a propionate degrading community in a UASB reactor fed
with synthetic medium without molybdenum, tungsten and selenium.
Enzyme Microb Technol, 45(2): 139-145

Yamada T, Imachi H, Ohashi A, Harada H, Hanada S, Kamagata Y,
Sekiguchi Y (2007). Bellilinea caldifistulae gen. nov., sp. nov. and
Longilinea arvoryzae gen. nov., sp. nov., strictly anaerobic,
filamentous bacteria of the phylum Chloroflexi isolated from
methanogenic propionate-degrading consortia. Int J Syst Evol
Microbiol, 57(10): 2299-2306

Yang Y, Guo J, Hu Z (2013). Impact of nano zero valent iron (NZVI) on
methanogenic activity and population dynamics in anaerobic
digestion. Water Res, 47(17): 6790-6800

Yoon J H, Kang S J, Oh T K (2007). Chryseobacterium daeguense sp.



12 Front. Environ. Sci. Eng. 2018, 12(4): 4

nov., isolated from wastewater of a textile dye works. Int J Syst Evol
Microbiol, 57(6): 1355-1359

Zhang J, Cai X, Qi L, Shao C, Lin Y, Zhang J, Zhang Y, Shen P, Wei Y
(2015Db). Effects of aeration strategy on the evolution of dissolved
organic matter (DOM) and microbial community structure during
sludge bio-drying. Appl Microbiol Biotechnol, 99(17): 7321-7331

Zhang T, Shao M, Ye L (2012). 454 Pyrosequencing reveals bacterial
diversity of activated sludge from 14 sewage treatment plants. ISME

1, 6(6): 1137-1147

Zhang Y, Wang X, Hu M, Li P (2015a). Effect of hydraulic retention
time (HRT) on the biodegradation of trichloroethylene wastewater
and anaerobic bacterial community in the UASB reactor. Appl
Microbiol Biotechnol, 99(4): 1977-1987

Zheng D, Raskin L (2000). Quantification of Methanosaeta species in
anaerobic bioreactors using genus- and species-specific hybridization
probes. Microb Ecol, 39: 246262



	Outline placeholder
	bmkcit1
	bmkcit2
	bmkcit3
	bmkcit4
	bmkcit5
	bmkcit6
	bmkcit7
	bmkcit8
	bmkcit9
	bmkcit10
	bmkcit11
	bmkcit12
	bmkcit13
	bmkcit14
	bmkcit15
	bmkcit16
	bmkcit17
	bmkcit18
	bmkcit19
	bmkcit20
	bmkcit21
	bmkcit22
	bmkcit23
	bmkcit24
	bmkcit25
	bmkcit27
	bmkcit28
	bmkcit29
	bmkcit30
	bmkcit26
	bmkcit31
	bmkcit32
	bmkcit33
	bmkcit34
	bmkcit35
	bmkcit36
	bmkcit37
	bmkcit38
	bmkcit39
	bmkcit40
	bmkcit41
	bmkcit42
	bmkcit43
	bmkcit44
	bmkcit45
	bmkcit46
	bmkcit47
	bmkcit48
	bmkcit49
	bmkcit50
	bmkcit51
	bmkcit52
	bmkcit53
	bmkcit54
	bmkcit55



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


