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Abstract Mature granules and flocs from aerobic sludge
were collected from the wastewater treatment plant
(WWTP) treating both municipal and industrial effluents in
Haining city China. This plant has been operating under
conditions favoring aerobic granular sludge formation, for
over 3 years, suggesting that the granules, which stably
retained under changing effluent conditions, may contain
unique microbial populations. Microbial analysis indicated
that the granular sludge was primarily composed of
Planctomycetes, Proteobacteria and Bacteroidetes from
the bacterial phyla. Interestingly, microbial communities
were also observed to be stratified between the structural
features of the sludge. For example, Euryarchaeota was
found to make up the majority of the archaea found in the
granules while Methanosaeta was dominant in the flocs.
Additionally, granules were found to contain, 34 phyla and
222 genera of bacteria, 4 phyla and 13 genera of fungi, and
2 phyla and 17 genera of archaea. While flocs contained, 32
phyla and 203 genera of bacteria, 6 phyla and 26 genera of
fungi, and 2 phyla and 12 genera of archaea. This biodi-
versity signifying a preservation of bacterial and archaeal
population in granules, and fungal populations in flocs may
result from the sedimentary characteristics of the granules.
This suggests microbes uniquely associated in the granules
are playing a key role in structure formation and stability of
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the granular ecosystem, which is maintained by the longer
sludge retention time.
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Introduction

Over the last decade, aerobic granular sludge (AGS) has
become a hot research topic because of its excellent set-
tleability, compact structure, high biomass and ability to
withstand toxicity in comparison to conventional activated
sludge (AS) (Adav et al. 2008; Khan et al. 2013). AGS was
defined as “self-immobilized microbial aggregates” by the
International Water Association (IWA) in 2005. However,
microbial populations of matured AGS have not been
analyzed (Lee et al. 2010), possible due to a lack of modern
analytical approaches. Initial studies of AGS have been
conducted in laboratory-scale reactors (de Kreuk 2006; Ni
et al. 2009; Liu et al. 2011; Rocktaschel et al. 2015) and
very little information is known about AGS collected from
full-scale operational WWTP (Giesen et al. 2013; Li et al.
2014).

Molecular biological techniques, such as polymerase
chain reaction (Guo et al. 2011), denaturing gradient gel
electrophoresis (Liu et al. 2011), fluorescence in situ
hybridization (Jungles et al. 2011), terminal restriction
fragment length polymorphism (Liu et al. 2008) and high-
throughput sequencing (Huang et al. 2015) have been
applied to analyze AGS microbial communities. 454
pyrosequencing is a new technique based on the high-
throughput sequencing approach, which provides robust
microbial population sequencing data. 454 pyrosequencing
has been shown its utility in the analysis of AS (Zhang
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et al. 2012), drinking water (Huang et al. 2014) and soil
(Roesch et al. 2007) microbial communities.

AGS was cultivated in the sequential batch reactor
(SBR) of a full-scale WWTP simultaneously treating
municipal and industrial wastewater. Here we characterize
the bacterial, fungal and archaeal communities associated
with mature and stable AGS using 454 pyrosequencing.

Materials and methods
WWTP operation

The WWTP located in Haining City, China, has a treatment
capacity of 50,000 m*/day. This treatment facility was
divided into four separate tanks for alternating operation.
The height/depth (H/D) ratio of each tank was 0.09, and
each tank had a reactor volume of 12,540 m® (L
55m x W 38m x D 6 m). The volumetric exchange
ratio was maintained between 50 and 70%. This recently
constructed WWTP became operational at the end of 2010
(samples were collected after 3 years). After 180 days of
SBR operation, the full-scale WWTP attained stable oper-
ational parameters as follows: filling (40 min), aeration
(240 min), settling (50 min) and effluent discharge
(30 min).

The influent wastewater was composed of 30% munic-
ipal and 70% industrial wastewater, primarily originating
from printing, dyeing, chemical, textile and beverage
industries.

Sludge sampling

Uniformly mixed sludge samples were obtained after 1.5 h
of aeration. The sludge was collected in a 1 L. volumetric
cylinder and allowed to settle for 5 min. Flocs suspended in
the upper phase of the cylinder were collected and trans-
ferred into a separate container. The settled granules were
gently washed twice with fresh water and transferred to
another container. Collected granules and flocs were stored
immediately at —20 °C for further microbial analysis.

DNA extraction and 454 pyrosequencing

Collected flocs and granules samples were aliquoted into
three equal portions. The total DNA extracted from each
sample portion was subjected to 454 Pyrosequencing in
triplicate. Total DNA was extracted using a FastDNA SPIN
Kit (MP Biomedicals, USA) as per manufacturer’s instruc-
tions. PCR amplicon libraries were prepared using universal
primers and three sets of primers were used to distinguish
microbial phyla. The first primer set amplified the V1-V3
(hyper-variable) regions of the bacterial 16S rRNA gene
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(forward 5-AGAGTTTGATCCTGGCTCAG-3', reverse
5'"TTACCGCGGCTGCTGGCAC-3'). The second primer
set amplified the V3-V6 (hyper-variable) regions of the
archaeal 16S rRNA gene (forward 5'-ACGGGGYGCAGC
AGGCGCGA-3, reverse 5-GTGCTCCCCCGCCAAT
TCCT-3"). The third primer set amplified the ITS (internal
transcribed spacer) region of fungal 18S rRNA (forward
5'-GGAAGTAAAAGTCGTAACAAGG-3, reverse 5'-AG
TCCTCCGCTTATTGATATGC-3'). 454 Pyrosequencing
was conducted using a GS-FLX+4 system at Personal
Biotechnology Co., Ltd (Shanghai, China). The obtained
sequence data was processed with Quantitative Insights into
Microbial Ecology (Qiime) pipeline and Mothur software.
Biodiversity and species richness was analyzed using high-
quality reads (HQR). HQR were obtained by removing the
sequences based on the following criteria; lengths shorter
than 200 nt, greater than 1000 nt, mean quality <25,
ambiguous bases or homopolymer length >6, and a 5 pri-
mer mismatch >1. The majority of observed HQR fell in the
range of 495-530 nt. The sequences were clustered and
assigned to Operational Taxonomic Units (OTUs) using the
Qiime implementation based on >97% similarity. The
indexes of biodiversity and species richness, such as abun-
dance-based coverage estimator (ACE), Chaol, Simpson,
Shannon and coverage were calculated in Mothur software.

Analytical methods

The sludge volume index (SVI), mixed liquid suspended
solids (MLSS), chemical oxygen demand (CODc,), bio-
logical oxygen demand (BOD), total phosphorus (TP) and
ammonia (NH,T-N) concentrations were measured regu-
larly using standard methods (APHA 2006). The mor-
phology of aerobic sludge granules and flocs were observed
using an optical microscope (CX31, Olympus) and imaged
with a Canon digital camera (Canon, 30d, Japan).

Results
Characteristics of AGS

Over 3 years of operation, aerobic granules were observed
to be the primary component of the sludge. The MLSS,
SVI;p and granules diameter were observed to be within
the ranges of 2.7-4 g/L,, 40-56 mL/g and 0.5-0.6 mm,
respectively. This is similar to the values previously
reported at this WWTP: SVI;y 47.1 mL/g, diameter
0.5 mm, and settling velocity of 42 m/h (Li et al. 2014).
Granules were observed to have a well-defined elliptical
shape (Fig. 1a) compared to the flocs with irregular and
loose structure (Fig. 1b). The influent COD, BODs, NH,"-N
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Fig. 1 Morphology of granules (a) and flocs (b), scale bar 200 um

and TP values were 200-600, 50-105, 28—40 and 2-4 mg/
L, respectively. In the treated effluent water the COD,
NH, "N, BOD;s and TP values were observed to be 30-90,
0-1.68, 15-20 and 1-2 mg/L, respectively.

Also, the WWTP had a good performance regarding
COD and NH,"-N removal rates, which were maintained
at about 85 and 96%. The average BOD/COD value of
influent wastewater was 0.23, which is indicative of the
biorefractory nature of wastewater. It is worth noting that
raw wastewater contained a large amount of salt in the
WWTP (Li et al. 2014).

Analysis of microbial populations in granules
and flocs by 454 pyrosequencing

Bacteria

Although the flocs were found to have more HQR
(Table 1), Chaol and ACE values observed to be higher in
granules (Table 2). The Chaol and ACE values suggest
that bacterial richness of granules is higher than flocs, but
Shannon and Simpson indexes did not reveal significant
differences in bacterial diversity between the granules and
flocs. This inconsistency may have resulted from the
inability of Chaol and ACE values to estimate the bacterial
diversity of small samples (Hughes et al. 2001). The OTUs
abundance curve suggested that granules had more bacte-
rial species richness and evenness as displayed by the

Table 1 Number of HQR in both granules and flocs

Bacteria Fungi Archaea
Flocs 16,234 14,037 11,647
Granules 13,582 11,658 9737
Proportion (%) 38.8 33.4 27.8

Table 2 Indexes in flocs and granules

Groups Chaol ACE Simpson  Shannon Coverage
Bacteria
Flocs 3454.25 4567.48 0.06 5.33 0.94
Granules  4220.66 5816.50 0.03 5.38 0.91
Fungi
Flocs 376.83 371.11  0.08 3.75 0.99
Granules 323.09 32122 0.11 3.28 0.99
Archaea
Flocs 145.35 177.83  0.39 1.40 0.99
Granules  248.04  309.64 0.31 1.90 0.99

broader OTU rank (Fig. 2a) compared to the flocs. Gran-
ules contained 2241 OTUs whereas the flocs were found to
contain 2009 OTUs. Remarkably the granules and flocs
only shared 817 OTUs (Fig. 3a), which represents 40% of
the floc OTUs and 36% of the granule OTUs.

In granules (Fig. 4al), 34 phylum and 222 genera were
detected. The dominant phyla were Planctomycetes
(30.3%), Proteobacteria (28.2%), Bacteroidetes (22.2%),
Chloroflexi (9.4%), Firmicutes (2.8%) and Chlorobi
(2.5%). In the case of flocs bacterial populations 32 phyla
and 203 genera were observed. This indicated that flocs
contained slightly fewer genera than the granules. Among
flocs, Proteobacteria were found to be the dominant phy-
lum representing 51.9% (Fig. 4al). This was consistent
with previous studies of bacterial populations in sewage
(McLellan et al. 2010) and AS (Zhang et al. 2012), where
proteobacteria were also found to be the dominant phylum.
The other dominant flocs phyla were found to be Bac-
teroidetes (15.8%), Planctomycetes (12.2%), Chloroflexi
(7.4%), Firmicutes (5.2%), Chlorobi (2.1%) and TM7
(1.0%). Granules and flocs were found to share 130 genera
(Fig. 4a2). Flavobacterium, Acinetobacter and

@ Springer



14 Page 4 of 8

World J Microbiol Biotechnol (2017) 33:14

(a)

14 -

12 4
[}
b ]
5 10
g ] Granules
< 84 —Hlocs
[} 4
2
s 64
°
2 ]
2 49
= ]

2

0

LU DL A L B BN RN R B B BN L R B |
0 200 400 600 800 10001200 140016001800200022002400
OTU Rank

(b)

14 S

12 1
3 ]
= 10 4
S
g g 1 Granules
i) ] Flocs
< ]
(5]
2
=
o)
~
(]
=
F

T T T T T T T T T T T T T T T T T T T 1
0 40 80 120 160 200 240 280 320 360 400
OTU Rank

Granules
—— Flocs

The Relative Abundance

—T1T T T T T T T T T T T T T T T T 1
0 20 40 60 80 100 120 140 160 180
OTU Rank

Fig. 2 Rank abundance curves of OTUs in flocs and granules,
similarity greater than 97%. a Bacterial abundance curves, b fungal
abundance curves, ¢ archaeal abundance curves

Pseudomonas were observed to be the predominant genera

in both granules and flocs, but their abundances were dif-
ferent between flocs and granules. The well-known
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ammonia oxidizing bacteria, Nitrosomonas and Nitrospira
were found in both granules and flocs.

Fungi

In the case of fungal populations, flocs not only have higher
HQR (Table 1), but the fungal richness and diversity are
superior to the granules (Table 2; Fig. 2b). Flocs contained
364 OTUs whereas the granules were found to contain 308
OTUs. The granules and flocs were found to share 237
OTUs (Fig. 3b), which represents 65% of the floc OTUs
and 77% of the granule OTUs. These results suggest that
the flocs may be better at supporting fungal growth, which
could be the reason for less fungal diversity in the granules.

The fungal populations of the samples indicated that the
granules had 4 phyla and 13 genera, whereas the flocs
contained 6 phyla and 26 genera (Fig. 4b). Most of the
fungal sequences obtained from the granules and flocs were
unidentified. The large number of unidentified fungal
OTUs stem from less exploration of the fungal domain as
has been reported previously (Weber et al. 2009a, b). As-
comycota, Basidiomycota and Glomeromycota, phyla were
found in both granules and flocs. Ninety five percent of the
fungal genera were unidentified. However, the most
abundant identified genus in both flocs and granules was
Scopulariopsis (Fig. 4b2).

Archaea

The archaeal HQR were observed to be higher in granules
than flocs (Table 1), Chaol and ACE values were also
found higher in granules (Table 2). There were more OTUs
associated with the granules (Fig. 2c), which confirms the
richness and evenness of archaea in granules. Flocs con-
tained only 104 OTUs whereas the granules were found to
contain 171 OTUs. The granules and flocs were found to
share 70 OTUs (Fig. 3c), which represents 67% of the floc
OTUs and 41% of the granule OTUs.

Granules contain 2 phyla and 17 genera of archaea
whereas the flocs contain 2 phyla and 12 genera (Fig. 4c).
Euryarchaeota and Thaumarchaeota were observed to be
dominant phyla in both granules (65 and 36%) and flocs
(64 and 37%), respectively (Fig. 4cl). Methanosaeta was
the most abundant genera in both flocs (60.2%) and gran-
ules (53.9%) (Fig. 4c2). The methanogens including
Methanobacterium, Methanobrevibacter, Methanosphaera,
Methanolinea, Methanospirillum, Methanomethylovorans
and Methanosarcina were higher in granules. The abundant
Methanosaeta populations suggest that though the metha-
nogens in flocs and granules are exposed to oxygen, they
remain viable in the sludge signifying that they may be
metabolically active. The presence of Methanosaeta
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Fig. 3 Venn diagrams of microorganisms OTUs in flocs and granules. a Bacteria, b fungi, ¢ archaea

populations in sludge has been reported previously in the
literature (Gray et al. 2002; Hiraswa et al. 2008).

Discussion

In this study, bacterial populations were found to be the
dominant microorganism in the sludge (38.8%), followed
by fungi (33.4%) and archaea (27.8%) (Table 1). These
microbial compositions are similar to previously reported
studies in WWTP treating industrial wastewater (Yang
et al. 2012). In the bacterial community, Planctomycetes
were found to favor granules (Fig. 4al), which may be due
to their affinity for salty and anaerobic conditions. The
influent wastewater contains high concentrations of salts
(Li et al. 2014) and the anaerobic environment of the
granules would provide the ideal ecosystem for Plancto-
mycetes. Planctomycetes, Proteobacteria, Acinetobacter
and Flavobacterium detection in the AGS, suggested that
in addition to producing extracellular polymeric substances
favoring granulation they also contributed to the degrada-
tion of organic compounds (Adav et al. 2008; Jungles et al.
2011). Extracellular polymeric substances are beneficial in
granules formation providing a matrix that offers suit-
able environments for other microbial cells to inhabit.

Even though bacteria were observed to be the major
population, the minor communities of archaea and fungi
also contributed to the ecology of AGS structures. In the
fungal population, Scopulariopsis and Penicillium were
found to be a major part of the AGS. These organisms have
been suggested to assist in degradation of organic pollu-
tants such as soluble protein and sugar and the improve-
ment of sludge settleability (Subramanian et al.
2008, 2010; More et al. 2010). Fungi have been suggested
to serve as a backbone for floc formation benefitting the
granulation of sludge (Morgenroth et al. 1997; Subrama-
nian et al. 2008, 2010).

In archaea, Methanosaeta were observed to be the
dominant genera in AGS, similar to earlier studies of
archaeal communities in AS systems (Morales et al. 2013).

Our observation in agreement with literature suggests that
Methanosaeta plays an important role in the structural
integrity of granules and degradation of pollutants present
in wastewater (Enrigt et al. 2007; Mckeown et al. 2009).
Ammonia-oxidizing archaea were not observed in the
sludge. However, ammonia oxidizing bacteria (Nitro-
somonas and Nitrospira) were detected, indicating that
these bacteria may have supplanted the ammonia oxidizing
archaea in the high salt environment of the industrial
wastewater.

Even though the AGS granules and flocs were cultivated
in the same bioreactor, different biodiversity and richness
were observed between them (Tables 1, 2; Figs. 2, 3).
Microbial diversity is closely related to wastewater char-
acteristic and sludge structure (Gao et al. 2011; Show et al.
2011). In the AGS bacteria and archaea were observed to
be higher in the granules, while fungal populations were
higher in flocs. As fungi are aerobic species their associa-
tion with aerobic environment provided by the flocs is not
surprising. The lower association of fungi in granules
supports the idea that granules provide anaerobic envi-
ronmental conditions in the sludge (Cydzik-Kwiatkowska
and Wojnowska-Baryta 2015; Gonzalez-Gil and Holliger
2014; Weber et al. 2009a, b).

Therefore, our study supports a notion the sludge
structure and composition is a primary factor in the bio-
diversity and richness of the AGS. Excellent granules set-
tleability provides a unique environment retaining
anaerobic organisms, which would not usually thrive in the
aerobic conditions of WWTP.

Conclusions
The following conclusion could be drawn from the above
study;

1. The AGS process was capable of treating mixed
influent wastewater from both municipal and industrial
origin.
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Fig. 4 Microbial communities
in granules and flocs at phylum
and genus levels. a Bacterial
composition in granules and
flocs at phylum (a/) and genus
(a2) levels, b fungal
composition in granules and
flocs at phylum (b7) and genus
(b2) levels, ¢ archaeal
composition in granules and
flocs at phylum (c/) and genus
(c2) levels
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Fig. 4 continued
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These results demonstrated that the shape and struc-
tural property of granules and flocs favored and
maintained the unique microbial compositions.
Wastewater characteristics associated with the mixing
of industrial and domestic influent also played an
important role in maintaining microbial richness and
evenness in the AGS.
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