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Abstract Intense rainfall is one of the most serious and com-
mon natural events, causing the excessive inflow of rainwater
into wastewater treatment plants. However, little is known
about the impacts of rainwater dilution on the structure and
function of the sludgemicroorganisms. Here, high-throughput
sequencing of 16S ribosomal RNA (rRNA) genes was imple-
mented to describe the microbial community dynamics during
the simulated intense rainfall situation (event i) in which ap-
proximately 45 % of the sludge biomass was artificially
overflowed by massive water supply in a pilot-scale mem-
brane bioreactor. Thereafter, we investigated the functional
and structural responses of the perturbed microbial communi-
ties to subsequent conditional changes, i.e., an increase in
organic loading rate from 225 to 450 mg chemical oxygen
demand (COD) l−1 day−1 (event ii) and an addition of a mi-
crobiota activator (event iii). Due to the event i, the COD
removal declined to 78.2 %. This deterioration coincided with
the decreased microbial diversity and the proliferation of the
oligotrophic Aquabacterium sp. During the succeeding events
ii and iii, the sludge biomass increased and the COD removal

became higher (86.5–97.4 %). With the apparent recovery of
the reactor performance, microbial communities became di-
versified and the compositions dynamically changed. Notably,
various bacterial micropredators were highly enriched under
the successive conditions, most likely being involved in the
flexible reorganization of microbial communities. These re-
sults indicate that the activated sludge harbored functionally
redundant microorganisms that were able to thrive and prolif-
erate along with the conditional changes, thereby contributing
to the functional maintenance of the membrane bioreactor.

Keywords Membrane bioreactor . High-throughput
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Introduction

Membrane bioreactors (MBRs) have been widely used as an
advanced wastewater treatment technology for gaining better
quality of treated water compared with that obtained from the
conventional activated sludge method. An important advan-
tage of MBRs is its ability to maintain high concentrations of
biomass (i.e., the sludge microorganisms), which permits the
stable and efficient degradation of high-strength organic
wastewaters (Le-Clech 2010). During the practical operation
for municipal and industrial wastewater treatment, MBRs are
often subjected to various conditional changes such as hydrau-
lic shock, variable wastewater composition, and organic load
fluctuation within short time periods, potentially affecting re-
actor performances and microbial communities in the activat-
ed sludge (Yang et al. 2006; Sozen et al. 2014).

Intense rainfall is one of the most serious and common
natural events, inducing the excessive inflow of rainwater into
wastewater treatment plants (Kessler 2011; Veltmann et al.
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2011). Due to this situation, the sludge concentration is
diluted and feed to microorganisms (F/M) ratio suddenly
decreases. There have been reports investigating the effect
of rain events on wastewater treatment efficiency, but most
of which have focused mainly on the relationship between
reactor operation and architectural countermeasure (Chen
and Beck 2001; Wilen et al. 2006). Little is known about
the impacts of rainwater dilution on the structure and func-
tion of the sludge microbial communities in wastewater
treatment plants. More specifically, it is yet to be clarified
whether the rainwater–diluted sludge microbial communi-
ties can maintain their degradation ability and how the
once functionally disrupted microbial communities will re-
spond to the other environmental stimuli such as the
changes in organic loading and feed composition, which
can occur in actual wastewater treatment plants. These
evaluations are of particular interest in closed MBR sys-
tems wherein activated sludge washout is prevented,
resulting in the low physical replacement of the sludge
microorganisms.

Recently, high-throughput sequencing of 16S ribosomal
RNA (rRNA) gene amplicons has been employed to study
the microbial community structure and function in various
natural ecosystems (Aoyagi et al. 2015a; Navarro et al.
2015). We have so far revealed that the combined use of
Illumina sequencing and process analyses was effective for
the sensitive and precise assessment of the microbial com-
munity dynamics under successive conditions in a pilot-
scale MBR (Sato et al. 2015a; Sato et al. 2015b). Here,
the MBR was subjected to the artificial overflow of its
activated sludge by massive water supply in order to sim-
ulate the rainwater dilution of the sludge biomass during
intense rainfall. Our main objective was to investigate the
microbial community dynamics during the water-dilution
perturbation (event i) in a pilot-scale MBR by high-
throughput Illumina sequencing of 16S rRNA genes.
Furthermore, in order to gain a better understanding of
the functional stability and structural flexibility of the
perturbed microbial communities, we also aimed to clarify
their transition behaviors in response to the subsequent
conditional changes, i.e., an increase in organic loading
rate (OLR) from 225 to 450 mg chemical oxygen demand
(COD) l−1 day−1 (event ii) followed by the addition of a
microbiota activator (MA) (event iii).

Materials and methods

Setup and operation of a pilot-scale MBR

Schematic configuration of the pilot-scale MBR used in this
study is shown in Fig S1. The reactor has three compartments
with operating volumes of 92.0, 80.5, and 57.5 L. A 0.24-m2

flat polyacrylonitrile membrane module (M-fine; Awa Paper
Mfg, Co., Tokushima, Japan) with 0.07-μm pore size was
fixed in the rightmost compartment. The membrane mod-
ule was operated with a cycle of permeate extraction for
9 min and a pause for 1 min. Air was provided through an
air diffuser set in each compartment at a flow rate of 12.5–
30.0 l min−1 for mixing the activated sludge and for con-
trolling dissolved oxygen (DO). The submerged mem-
brane surface was also aerated continuously to reduce
membrane fouling. The employed activated sludge was
obtained from a municipal wastewater treatment plant
(Kinu aqua-station, Ibaraki, Japan). Throughout the exper-
imental period, the bioreactor was constantly fed with a
synthetic wastewater stored in a 20-l feed tank at 4 °C.
The flow rates of both the input wastewater and the output
membrane-filtered treated water were 115 l day−1,
resulting to a hydraulic retention time (HRT) of 2 days.
The flow of the return sludge from the rightmost to left-
most compartments was also set at 115 l day−1. No sludge
was withdrawn from the reactor, except for the washout
from the simulated intensive rainfall as well as from peri-
odic sampling. The concentration of the original synthetic
wastewater was set at 450 mg COD l−1 and this contained
(g l−1) CH3COONa, 2.65; NH4Cl, 0.376; KH2PO4, 0.109;
peptone, 0.706; as well as trace elements (mg l−1): FeCl3·
6H2O, 0.782; CaCl2, 1.56; MgSO4, 1.56; KCl, 1.56; NaCl,
1.56.

Operational conditions of the MBR

The artificial changes in operational conditions are as
described below. Before sampling at day 1, the MBR
was pre-operated for 12 days and it was confirmed that
the reactor performance had reached steady state. From
days 1 to 5, the MBR was operated continuously using
450 mg COD l−1 (1130 TOC mg l−1) of synthetic waste-
water. After sampling at day 5, a heavy rainfall event
was simulated by the excessive feeding of running water,
resulting in the overflow of approximately 45 % of acti-
vated sludge (event i). From days 5 to 22, the MBR was
operated at the original conditions to monitor the re-
sponse of microbial communities to the simulated
water-dilution disturbance. Just after the sampling point
at day 22, the concentration of organic matter in the
synthetic wastewater was adjusted to 900 mg COD l−1

(event ii) by simply doubling the amount of each com-
ponent. This condition was maintained until the end of
the experiment (day 39). As an additional event, 5 kg of
MA placed in a perforated cylindrical metal container
(BRcnt-5E; CNT Corporation, Kagawa, Japan) was sup-
plemented at day 31 to the second compartment of the
MBR to further stimulate the sludge microbial commu-
nities (event iii). The MA is composed of both porous
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pumice stones for microbial habitants and mixed organic-
mineral pellets for biostimulation. The pellet contains
27.50–31.68 % organic substances, 0.93–1.42 % total
nitrogen, 50.83–52.00 % SiO2, 2.80–4.73 % Fe, 0.19–
0.71 % CaO, 0.09–0.16 % K2O, 0.15–0.24 % MgO,
<0.14 % P2O5, and others (10.16–16.17 %). In this re-
gard, events ii and iii were carried out based on our
previous report that confirmed their ability to improve
MBR performance, albeit in the absence of the water-
dilution perturbation (Sato et al. 2015a; Sato et al.
2015b). The mixed liquor suspended solids (MLSS),
temperature, DO, and pH in all three compartments
and the transmembrane pressure (TMP) of the mem-
brane module were monitored throughout the experi-
mental period. Fifteen-milliliter samples of the activated
sludge in the first and second compartments of the
MBR as well as the effluent (i.e., treated water) were
taken at daily intervals for chemical and microbial
analyses.

Analytical procedures for chemical analyses

The samples were centrifuged (15,300×g, 15 min, 4 °C)
and the resulting supernatant was further filtered using a
cellulose acetate membrane (Φ, 0.20 μm, C020A025A;
ADVANTEC, Tokyo, Japan). The supernatant and treat-
ed water were analyzed according to the previous re-
ports (Navarro et al. 2015; Sato et al. 2015b). Briefly,
COD was measured with a COD analyzer (DR2800 and
DRB200; Hach, Loveland, CO, USA) using appropriate
kits (TNT820 or TNT821, Hach). The concentrations of
NH4

+, NO2
−, and NO3

− were determined using capillary
electrophoresis (CE; Agilent, Santa Clara, CA, USA).
All data were represented as the mean values from at
least two different sampling points of the reactor.

DNA extraction and PCR amplification

Fifty-six activated sludge samples periodically obtained
from the two different sampling points (i.e., first and
second compartments) of the MBR were washed once
with a 50 mM sodium phosphate buffer (pH 7.0) and
stored at −20 °C as a pellet until use. DNA was extract-
ed from a 50 mg of activated-sludge pellet according to
a direct lysis protocol that includes chemical lysis, bead-
beating, phenol–chloroform extraction, and ethanol pre-
cipitation (Noll et al. 2005). RNA was digested with
RNase (Type II-A; Sigma-Aldrich, St. Louis, MO,
USA). Purified DNA was quantified using NanoDrop
Lite (Thermo Fisher Scientific, Waltham, MA, USA),
and was used as template for PCR amplification with
a high-fidelity DNA polymerase (Q5; NEB, Ipswich,
MA, USA). The V4 region of 16S rRNA genes was

amplified using the universal primers 515F and 806R
(Caporaso et al. 2012). Both primers were modified to
contain an Illumina adapter region, and the reverse
primer contained a 12-bp barcode for multiplex se-
quencing (Bartram et al. 2011). The thermal condition
of PCR was the same as that in a previous report (Hori
et al. 2014), except for the 30–35 cycle numbers
employed.

High-throughput Illumina sequencing of 16S rRNA gene
amplicons

High-throughput sequencing was performed as described
previously (Aoyagi et al. 2015b). Briefly, the PCR prod-
ucts were purified using an AMPure XP kit (Beckman
Coulter, Brea, CA, USA). The resulting DNA solution
was subjected to agarose-gel electrophoresis and the target
DNA band was excised. Recovery of DNA in the gel slice
was performed with a Wizard SV Gel and PCR Clean-Up
System (Promega, Madison, WI, USA). The DNA con-
centration was determined spectrophotometrically using a
Quant-iT PicoGreen dsDNA reagent and kit (Life
Technologies, Carlsbad, CA, USA). An appropriate
amount of the 16S rRNA gene segments and an internal
control (PhiX Control V3; Illumina, San Diego, CA,
USA) were subjected to paired-end sequencing with a
300-cycle MiSeq reagent kit (Illumina) and a MiSeq se-
quencer (Illumina). Removal of PhiX, low-quality (Phred
value score [Q], <30), and chimeric sequences and assem-
bly of the paired-end sequences were performed according
to a previous report (Itoh et al. 2014). Contaminated PhiX
sequences in the Illumina sequence libraries were detected
using a homology search against the Greengenes database
(DeSantis et al. 2006) using the Burrows–Wheeler
Aligner, version 4.0.5 (Li and Durbin 2009). The PhiX
sequences were then removed from the library by self-
written scripts. The paired-end sequences were joined
using a fastq-join tool in the ea-utils software package
(https://code.google.com/p/ea-utils/downloads/list),
version 1.1.2-301 (Aronesty 2013). The joined sequences
with Q scores of ≥30 were collected using the software
package QIIME, version 1.7.0 (Caporaso et al. 2010) and
aligned using the program mothur, version 1.31.2 (Schloss
et al. 2009); thereafter, the chimeric sequences were de-
tected and excluded from the library. The sequences in
each library were characterized phylogenetically using
the QIIME software package (Caporaso et al. 2010).
The α-diversity indices (i.e., Chao1, Shannon, and
Simpson reciprocal) and the weighted UniFrac distances
for principal coordinate analysis (PCoA) were calculated
using the QIIME software package. For the calculations,
a total of 56 libraries with more than 15,406 sequences
were used. Two libraries were ruled out from the
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diversity analyses due to the low sequences obtained.
The closest cultured relatives of the identified operational
taxonomic units (OTUs) were further determined based on
the BLAST search (http://blast.ncbi.nlm.nih.gov/Blast.cgi)
by comparing the sequenced 16S rRNA genes with those
in the nucleotide sequence database. The raw sequence data
in this study were deposited in the MG-RAST database
(http://metagenomics.anl.gov/) as a BMicrobial community
dynamics in a perturbed MBR 2015^ project under the
following IDs: 4675246.3, 4675249.3, 4675251.3,
4675253.3, 4675256.3, 4675258.3–4675280.3.

Results

Changes in reactor performance throughout the operation
of a pilot-scale MBR

The MLSS decreased from 3770 mg l−1 at day 4 to
2067 mg l−1 at day 8 (Fig. 1a), indicating approximately
45 % reduction of the total biomass within the MBR.
Thereafter, the reactor was stably operated without any artifi-
cial stimuli and its MLSS increased to 4270 mg l−1 at day 19.
Nonetheless, the COD removal ratio gradually decreased due
to the event i, ranging from 90.6 % at day 4 to 78.2 % at day
19 (Fig. 1c). The response capability of the once functionally
disrupted microbial communities to short-term conditional
changes was then evaluated. The concentration of synthetic
wastewater was doubled from 450 to 900 mg COD l−1 after
sampling at day 22 (event ii). Furthermore, an MAwas sup-
plemented into the MBR after the sampling at day 31 (event
iii). Both events resulted to substantial increases in MLSS,
reaching 7067 mg l−1 at day 26 (after the event ii) and 13,
300 mg l−1 at day 39 (after the event iii). These imply that
the high organic loading and the MA addition facilitated
the microbial growth in the activated sludge. Although
the addition of this MA was demonstrated to be effec-
tive to reduce the accumulated ammonium concentration
in the reactor (Sato et al. 2015a), such phenomenon was
not observed in the present operation (Fig. S2). The DO
dropped to 0.11 mg l−1 at day 24 (i.e., just after the
event ii) and afterwards remained at <0.87 mg l−1

(Fig. 1b), suggesting that the sludge microorganisms
consumed most of the supplied oxygen to degrade the
high-strength organic wastewater so that the reactor con-
ditions became microaerobic and/or presumably partially
anaerobic. During the operation after events ii and iii,
the COD removal ratios were maintained at high levels
(86.5–97.4 %) even under the high OLR conditions. The
values of TMP prominently increased from 9 kPa at day
36 to 30 kPa at day 39, during which the effluent flow
rate rapidly decreased (Fig. 1d), indicating the initiation
of membrane fouling in this period.

Changes in the microbial diversity indices
throughout the operation

The sludge microbial communities in the MBR were exam-
ined bymeans of high-throughput Illumina sequencing of 16S
rRNA genes. The total number of the sequences obtained
from a total of 56 different sludge samples was around 1.65
million, corresponding to an average of 29,388 sequences per
library (minimum, 3739; maximum, 60,137; and standard de-
viation, 11,869). Because the structural patterns of the micro-
bial communities from two sampling points were similar
(Fig. S3a, b), the data from the second compartment was used
as a representative for presentation. Alpha diversity indices

Fig. 1 Changes in physicochemical parameters of the membrane
bioreactor during the operation. a MLSS in the sludge. The arrows
indicate the timing of the three events. b DO in the sludge. c COD in
the effluent. d Closed circle, TMP of the membrane module; open circle,
effluent flow rate
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(i.e., Chao1, Shannon, and Simpson reciprocal) based on the
Illumina sequence data are shown in Fig. 2. The Chao1
index denotes the richness of microbial species to pre-
dict the total number of phylogenetically distinct species,
while the indices of Shannon and Simpson reciprocal
give indications of the evenness as well as the richness
of microbial communities, emphasizing the effect from
rare species and predominant species, respectively (Hill
1973). These diversity indices showed different trends in
their variation with time. Just after the artificial water
dilution (event i), the Chao1 values were kept relatively
stable, albeit on a declining trend after day 15 (Fig. 2a),
whereas the microbial evenness indices drastically de-
creased (Fig. 2b, c). Compared to those at day 5 (before
the event i; representative of stable operation), the values
of Chao1, Shannon, and Simpson reciprocal at day 22
decreased by 50.7, 46.2, and 84.7 %, respectively. These
indicate that the simulated intense rainfall situation re-
duced the microbial diversity (i.e., both the richness and

evenness). Despite their gradual increase after events ii
and iii, the values of Chao1, Shannon, and Simpson
reciprocal were recovered not fully but only to some
degree, accounting for 94.2, 80.5, and 58.3 % at the
end of the operation as compared to their respective
values at day 5.

Comparison of whole microbial community structure
throughout the operation

Community similarities were evaluated through the operation
by principal coordinate analysis (PCoA) of the Illumina se-
quence data based on weighted UniFrac distances (Fig. 3).
The PCoA scatter plot indicated the marked shifts of microbial
communities associated with the artificial conditional chang-
es, i.e., events i to iii. In detail, the operational periods with
stable reactor performance (i.e., days 1–5) were clustered
closely at the upper left on the plot. After the artificial water
dilution of the activated sludge (event i), the microbial com-
munity structure drastically shifted to the middle right on the
plot. After implementing the high organic loading (event ii),
we found the reorganization of microbial communities at days
30–31 that were more similar to those observed before the
event i (days 1–5) than those observed before event ii (days
8–22) in terms of the value of PC1. The operational periods
after adding anMA (event iii), i.e., days 32–38, were clustered
in a group with days 30–31 on the plot, suggesting that the

Fig. 2 Alpha diversity indices calculated based on the obtained sequence
data. a Chao1, b Shannon, and c Simpson reciprocal. Each index was
calculated based on an equal amount of sequences (15,406) sub-sampled
ten times from original libraries (mean ± SD). For each index, higher
values represent more diverse microbial communities. The symbols
denote the operational days: closed circles, days 1–5; open circles, days
8–22; closed triangles, days 23–31; open triangles, days 32–39. The
arrows indicate the timing of the three events

Fig. 3 PCoA scatter plot of 16S rRNA sequences based on the weighted
UniFrac obtained by Illumina sequencing of 26 samples from activated
sludge. The symbols denote the operational days: closed circles, days
1–5; open circles, days 8–22; closed triangles, days 23–31; open
triangles, days 32–39. The numbers beside the plots indicate their
respective sampling time
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MA supplementation had less impact on the changes in the
microbial community structure. The final time point, i.e., day
39, at which the TMP drastically increased, was located rather
far from days 30–38.

Compositional changes of microbial communities
throughout the operation

The class- and genus-level phylogenetic analyses of Illumina
sequence data using the QIIME and mothur software were
conducted to clarify the changes in composition of the sludge
microbial communities throughout the operation (Fig. 4).
Alpha-, β- and γ-proteobacteria, Bacteroidetes, and
Sphingobacteriia dominated the initial activated sludge,

accounting for 11.6, 44.2, 8.4, 4.0, and 23.0 %, respectively,
of the total sludge biomass (Fig. 4a). This composition is
similar to those found in the other activated sludge treatment
plants (Hu et al. 2012; Wang et al. 2012). Firstly, the artificial
water dilution (event i) at day 5 affected differently these pre-
dominant microbial groups. Beta-proteobacteria increased to
a relative abundance of 66.1 % at day 8; the most dominant
genus of this class was Aquabacterium (39.1 %) (Fig. 4b).
Afterwards, Aquabacterium spp. continued to increase and
accounted for 62.8 % of the total at day 22. Though
Azospira spp. also dominated the class β-proteobacteria, its
relative abundance decreased remarkably from 10.9 % at day
8 to 0.07 % at day 22. With respect to the dominant microbial
groups other than β-proteobacteria, the relative abundances of
Sphingobacteriia and Bacteroidetes decreased to 0.1 and
3.6 %, respectively, at day 22. Meanwhile, the abundance of
γ-proteobacteria and α-proteobacteria remained rather stable
from day 5 to 22. Aside from these groups, the class
Flavobacteriia increased to a relative abundance of 7.2 % at
day 22. Secondly, after employing the high OLR conditions
(event ii), γ-proteobacteria consisting mainly of the genus
Luteimonas increased to a relative abundance of 21.5 % at
day 31. Although Sphingobacteriia declined during the
water-dilution perturbation (after the event i; days 8–22), it
recovered and dominated again the microbial communities,
reaching 15.7 % of the total at day 31. Flexibacteraceae was
the major family of the increased Sphingobacteriia popula-
tion. The third conditional change (event iii), i.e., supplemen-
tation of an MA, triggered the increases in the classes
Clostridia (mainly composed by Fusibacter spp. and
Clostridiaceae bacteria) and Bacteroidia (mainly the
Porphyromonadaceae family). Within the class β-
proteobacteria, the genus Aquabacterium representing the
largest proportion during events i and ii (days 8–31) was no-
tably reduced after the event iii, and eventually its initial pre-
dominance was comparable with that of the other beta-
proteobacterial genus Acidovorax.

Transition of the OTUs throughout the operation

TheOTU-level phylogenetic analysis of Illumina sequence data
demonstrated microbial species responding to the three differ-
ent conditional changes, i.e., artificial water dilution (event i),
high OLR application (event ii), and addition of an MA (event
iii). The top threemost dominant OTUswere extracted from the
Illumina sequence library at days 5, 22, 31, and 39, and these
were considered as the representative OTUs before event i and
after events i, ii, and iii, respectively. As a result, a total of eight
dominant OTUs were identified and a couple of these (OTUs II
and III) were present at different events (Fig. 5). The top 3 most
abundant microbial species at day 5 were OTUs I (relative
abundance 18.3 %, closest relative Azospira restricta), II
(8.8 %, Leadbetterella byssophila), and III (8.1 %,

Fig. 4 Structural changes of the microbial community during the
membrane bioreactor operation. Microbial community structure in
activated sludge sample was analyzed by high-throughput sequencing
of 16S rRNA genes. Relative distributions of the sequences at class (a)
and genus (b) level are shown. The classes and genera which showed
more than 3 % in relative abundance are displayed individually. The
higher taxonomic category is listed for class or genus that QIIME analysis
was unable to identify. The arrows indicate the timing of the three events.
The colored version of this figure is available online
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Aquabacterium sp. Aqua2); those at day 22 were OTUs III
(61.0 %), IV (6.8 %, Solitalea canadensis), and V (6.0 %,
Paracoccus marcusii); those at day 31 were OTUs III
(31.4 %), VI (18.2 %, Luteimonas marina), and II (14.5 %);
those at day 39 were OTUs VII (20.7 %, Acidovorax ebreus),
III (19.3 %), and VIII (8.42 %, Rhodobacter sp. 16-62). Based
on the time-course change in relative abundances of these dom-
inant OTUs, each of the genera Azospira, Aquabacterium,
Luteimonas, and Acidovorax, the family Flexibacteraceae,
and the class Flavobacteriia that we monitored with a special
focus in the preceding section are mostly represented by these
individual OTUs. Moreover, the sum of the relative abun-
dances of these 8 OTUs ranged from 67.8 to 84.6 %
after events i to iii, while this was only 39.2 % before
the event i. This agreed with the microbial diversity data
(Fig. 2b, c) that showed a drastic decrease in evenness
just after the event i and which even at the end of the
operation did not fully recovered. On the other hand,
Table S1 summarizes the top five highly increased
OTUs after each event. After the event i (days 8–22),
the OTU IV (Solitalea-related Flavobacteriia bacterium)
exhibited a large, i.e., 141-fold, increase in its relative
abundance at day 22 (6.8 %) as compared to that at day
5, while the most major OTU III (Aquabacterium sp.)
increased 8-fold during this period. The high OLR conditions
(after the event ii; days 23–31) stimulated the growth of the
OTUs II (Leadbetterella-related Flexibacteraceae bacterium)
and VI (L. marina); they showed 27-fold and 8-fold increases
(relative abundance 14.5 and 18.2 % at day 31), respectively.
In addition to these dominant OTUs, the minor OTU XII
(Bdellovibrio-related delta-proteobacterium) increased ap-
proximately 100-fold after the event ii, accounting for 2.2 %
of the total microorganisms at day 31. The MA supplementa-
tion (event iii; days 32–39) had an impact on the dynamics of
the minor OTUs. In particular, the obligatory anaerobic bac-
terial OTUs XV (Tissierella sp.), XVI (Petrimonas sp.), and
XVIII and XIX (Fusibacter spp.) affiliated within the classes

Clostridia and Bacteroidia exhibited remarkable changes, i.e.,
127–440-fold increases, during this period when microaerobic
and/or partially anaerobic conditions were established (Fig. 1b).

Discussion

In this study, we investigated the high-resolution dynamics of
the sludge microbial communities along with the three condi-
tional changes, i.e., water dilution (event i), high organic load-
ing (event ii), and supplementation of an MA (event iii), in a
pilot-scale MBR using a combination of chemical analyses
and high-throughput Illumina sequencing of 16S rRNA genes.
During the event i, a deteriorated reactor performance was
artificially induced by the overflow of its activated sludge
through intensive water supply (i.e., the simulated intense
rainfall situation). Hereby, we were able to unveil the structur-
al and functional responses of the once functionally disrupted
sludge microbial communities to the subsequent environmen-
tal stimuli, i.e., events ii and iii. Recently, the non-perturbed
community responses to these two events have been reported
(Sato et al. 2015a; Sato et al. 2015b). Using these experimen-
tal data as controls, distinct phenomena and response charac-
teristics that are specific to the perturbed communities are
discussed.

The effects of the water-dilution perturbation employed
(event i) can be divided into two types. One is the washout
(i.e., physical removal) of the sludge biomass and the other
is the subsequent decrease in F/M ratios. The former most
likely caused the dramatic decrease in the microbial even-
ness, i.e., Shannon and Simpson reciprocal indices (Fig. 2b,
c), and the considerable changes in the composition of the
sludge microbial communities (Fig. 4a, b) in the immediate
aftermath of the event i. This was also reflected by the
long distance between data points at days 5 and 8 on the
PCoA plot (Fig. 3). On the other hand, the effect of the
latter was continuous but rather gradual. Specifically, the

Fig. 5 The OTUs responding to the three different conditional changes.
The top three most dominant OTUs were extracted from the sequence
library at days 5 (before event i), 22 (after event i), 31 (after event ii), and
39 (after event iii). Each bar denotes relative abundance of the OTU

corresponding to the table on the right. The most closely related species
and the similarity score, as predicted by BLAST analysis, are shown in
the table. Class, order, and family of each OTUwere predicted byQIIME.
The colored version of this figure is available online
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decline of the COD removal ratio (Fig. 1d), the slow de-
crease in microbial richness and evenness, i.e., Chao1 and
Shannon indices (Fig. 2a, b), and the disappearance and
reappearance of certain bacteria (e.g., OTU I [Azospira
sp.] and OTU IV [Solitalea-related Flavobacteriia bacteri-
um]) (Fig. 4b) stemmed conceivably from the decrease in
F/M ratio. These changes in physicochemical and microbi-
ological parameters were not found in the non-perturbed
MBRs (Sato et al. 2015b). Therefore, the deterioration
processes observed were truly associated with the
water-dilution perturbation (event i). Furthermore,
employing the high OLR conditions (event ii) facilitated
the recovery of the COD removal, and the stable reactor
performance continued. The supplementation of the MA
(event iii), which was effective to reduce ammonium
concentration for the non-perturbed MBR (Sato et al.
2015a), seemed not to work in the present study, prob-
ably due to the preceding water-dilution effect on mi-
crobial communities. During these phases, all the three
microbial diversity indices gradually increased and ulti-
mately recovered to some degree (Fig. 2). Remarkably,
the PCoA plots in Fig. 3 clearly showed that the points
representing the deteriorative periods (after the event i;
days 8–22) were closely clustered together, while after
the event ii, the whole microbial community structure
shifted towards the initial situation before the event i,
which is characterized as the stable performance.
Although distinctly clustered, the stable operational
phases (days 1–5 and 30–38) were located with the
similar PC1 values. The data points for days 24–26
were adjacent to those for the deteriorative phase (i.e.,
days 8–22) in the plot (Fig. 3), which indicates that
there was a lag time to reestablish the microbial com-
munities in response to the event ii. It has been reported
that operational periods of at least threefold of the HRT
are required for the turnover of the supplied wastewater
(Ueno et al. 2006, Hori et al. 2015). Taken together, the
dynamics of the microbial diversity indices and fine-
scale microbial community structure based on the
weighted UniFrac distances were apparently correlated
with the reactor performance, especially the COD re-
moval ratio.

The structural responses of the sludge microbial communi-
ties varied from one conditional change to another. The water-
dilution perturbation (event i) produced a sharp increase in the
relative abundance of OTU II (Aquabacterium sp.) (Fig. 4b).
Aquabacterium spp. have been isolated from a drinking water
system, and their cells were found to contain polyalkanoate
and polyphosphate as nutrient storage polymers (Kalmbach
et al. 1999). Such metabolic strategies may be effective for
these species to survive in oligotrophic environments such as
the situation observed during the event i. Our previous study
also confirmed the dominance of related microorganisms

under low OLR conditions in the MBR (Sato et al. 2015b).
On the contrary, OTU I (A. restricta) decreased dramatical-
ly after the event i (days 8–22) and it was eventually re-
duced to a quite low population level (<0.25 %) (Fig. 4b).
In the non-perturbed MBR (Sato et al. 2015b), its predom-
inance was observed under not only low- but also high-
OLR conditions, indicating that the water dilution initiated
the elimination of this dominant microbial constituent from
the MBR. Azospira restricta was originally isolated from
groundwater, and it has been also known as an oligotroph
capable of producing nutrient storage polymers including
poly-beta-hydroxybutyrate (Bae et al. 2007). It remains to
be clarified which environmental factors select and shape
the oligotrophic bacterial populations in the perturbed
MBR. Nevertheless, such functional redundancy and niche
differentiation are essential for the maintenance of the mi-
crobial community function, i.e., the stabilization of reactor
performances, as reported in the other wastewater treatment
plants (Allison and Martiny 2008; Vuono et al. 2015). On
the other hand, OTU IV (Solitalea-related Flavobacteriia
bacterium) showed a drastic increase after the event i, so
that became the second most abundant OTU at day 22
(relative abundance 6.8 %; Fig. 5 and Table S1). Its cultured
relatives, Solitalea spp., have been reported to be involved
in the hydrolysis of gelatin and starch (Weon et al. 2009).
Furthermore, they were identified as the bacterial
micropredators metabolically active in soil environments
(Lueders et al. 2006). In this regard, the other highly in-
creased OTU X (Myxococcales bacterium; 69-folds; rela-
tive abundance 1.0 % at day 22) is closely related to the
facul ta t ive micropredator Sorangium cel lulosum
(Pasternak et al. 2013). OTU VI (L. marina), possessing a
high increasing ratio after the event i (81-folds; relative
abundance 2.4 % at day 22) and the second most dominant
after the event ii (18.2 % at day 31), is also phylogenetically
close to one of the well-characterized micropredators,
Lysobacter spp. (Lueders et al. 2006; Vasilyeva et al. 2008;
Seccareccia et al. 2015). During days 23–31 (after the event
ii), the most highly increased OTU XII (Bdellovibrio
bacteriovorus; 98-folds; 2.2 % at day 31) has been reported
to be an obligate predatory bacterium that preys on gram-
negative bacteria as a substrate for growth (Rendulic et al.
2004). Other than these OTUs, the major OTU II
(Leadbetterella-related Flexibacteraceae bacterium; 14.5 %
at day 31) and minor OTU XI (Lewinella-related
Saprospiraceae bacterium; 0.4 % at day 31) are also possible
micropredator candidates owing to their previously reported
genomic insights (Pasternak et al. 2013; Abt et al. 2011). As a
consequence, although viruses and protozoa have been
regarded as crucial players in controlling the sludge biomass
(Barr et al. 2010; Ni et al. 2010), the results of this study
indicate that the bacterial micropredators may play a promi-
nent role in the flexible reorganization of the sludge microbial
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communities, thus contributing to the functional stability in
the closed MBR system.

Finally, it is noteworthy to point out the membrane
fouling that occurred at the end of the operation (Fig.
1e). Although the excessive cumulation of the sludge bio-
mass (MLSS >12,000 mg l−1) was considered as its main
cause based on previous reports (Trussell et al. 2007), the
dynamic shift of the microbial communities from day 38
to 39 might also contribute (Fig. 3). The top 10 highly
increased OTUs during days 38–39 are listed in Table S2.
The OTU XX, which exhibited the highest increasing ra-
tio (55-fold increase; relative abundance 0.33 % at day
39), was phylogenetically related to the parasitic
Acholeplasmatales bacterium. Acholeplasmatales bacteria
are known to parasitize a variety of organisms such as plants,
mammals, crustaceans, and insects. Among them,
Acholeplasma laidlawii that was originally isolated from
wastewater is a cultured species exclusively holding both a
parasitic and free-living existence (Lazarev et al. 2011).
Only fairly recently, these bacteria were reported capable of
actively incorporating dead bacterial cells and their compo-
nents including cell wall and membrane, and intracellular ma-
terials (e.g., amino acids and nucleic acids) (Hanajima et al.
2015). This suggests that the release and accumulation of
these dead cell components may be one of the causes for the
membrane fouling in the MBR. The other highly increased
OTUs XXI–XXIX were all affiliated with anaerobic bacteria
(Table S2).

Due to the prevention of the sludge washout that
allows the low replacement of the sludge microorgan-
isms, the MBR environment is ideal for studying the
structure and function of microbial communities in
closed systems (Miura et al. 2007; Le-Clech 2010). In
order to gain deeper insight into the functional stability
and structural flexibility of the sludge microorganisms,
we employed high-throughput Illumina sequencing of
16S rRNA genes to describe the fine-scale dynamics
of microbial communities in response to the three con-
ditional changes, i.e., the water dilution resulting to the
decrease in F/M ratio, the increase in OLR, and the MA
supplementation. The results in this study showed that
the diversity and overall structure of microbial commu-
nities were tightly associated with the reactor perfor-
mance, i.e., the COD removal ratio. In this context,
co-existence and niche differentiation of physiologically
similar microorganisms and the dynamic proliferation of bac-
terial micropredators took pivotal roles in the flexible reorga-
nization of the microbial communities. Environmental tran-
scriptomics (Morita et al. 2014) and ultra-high-sensitivity sta-
ble isotope probing (Aoyagi et al. 2015a) targeting on these
key microbial groups should further demonstrate their eco-
physiology and metabolic network within the sludge microbial
communities.
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