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Bacterial Community Structure on
Membrane Surface and Characteristics of
Strains Isolated from Membrane Surface in

Submerged Membrane Bioreactor

Piao Jinhua, Kensuke Fukushi, and Kazuo Yamamoto
Environmental Science Center, The University of Tokyo,
Bunkyo-ku, Tokyo, Japan

Abstract: In order to investigate the bacterial community structure and the character-
istics of bacteria on the membrane surface, a submerged membrane bioreactor treating
municipal wastewater was continuously operated under two different conditions.
Bacterial community structures were examined by PCR-denaturing gradient gel
electrophoresis and PCR cloning of 16S rRNA genes. Bacterial strains isolated
from membrane surface were identified and their growth curve, EPS concentration
and hydrophobicity were measured. The structures of bacterial communities in
the suspended solids and on the membrane surface were obviously different, and
y-Proteobacteria more selectively adhere and grow on the membrane surface than
other microorganisms. Most of the membrane isolates grew slowly as compared with
the strains isolated from the suspended solids. Also, the membrane isolates were
higher cell surface hydrophobicities, higher EPS concentrations, and higher ratios of
protein to carbohydrate within the EPSs than the isolates from suspended solids.

Keywords: Submerged membrane bioreactor, bacterial community structure,
y-Proteobacteria, characteristics of isolate

INTRODUCTION

A membrane bioreactor (MBR) system, a membrane technology combined
with biological reactors for the treatment of wastewaters, is one of the
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advanced wastewater treatment processes. The advantages of MBR are a
higher biomass concentration of up to 15g/l permitting a high water
product quality and a smaller excess sludge production than in the case of
the conventional activated sludge process (1). A submerged MBR system (2),
in which a membrane unit is directly immersed in an activated sludge bio-
reactor, was developed to be more compact, more energy efficient, and
much improved in terms of minimized membrane fouling by a low-flux
operation.

Although membrane fouling has been improved greatly with the develop-
ment of submerged MBR, it is still a limiting factor in determining MBR
performance, that is higher operating pressures, frequent chemical cleaning,
and shortened membrane life. Various methods have been adopted to
control membrane fouling: backwashing, jet aeration, operation at lower
than a critical or subcritical flux, addition of coagulants, and intermittent per-
meation, etc. (3—7). However, these physicochemical approaches only can
partially solve the problem on a temporary basis.

Biofouling has become a significant concern in an MBR system. Biofoul-
ing is more complicated than other membrane fouling phenomena because
microorganisms can grow, multiply, and relocate there. Numerous researchers
verified that extracellular polymeric substances (EPS) are one of the important
foulants in MBR (8-10). These investigations of EPS effects on membrane
fouling were carried out using various model bacteria that produce large
amount of EPS to accelerate the fouling, but it may lose the complexity
inherent in multispecies biofouling. The microbial community of suspended
solids in MBR for treating real wastewater has been investigated (11, 12).
However, there is a lack of information on what types of bacterium adhere
and grow on the membrane and how the multiplication and relocation of
bacteria on it affect the progress of membrane fouling.

The objective of this study, therefore, is to investigate the bacterial
community structure and the characteristics of bacteria on the membrane
surface.

MATERIALS AND METHODS

A pilot-scale MBR for treating municipal wastewater was continuously
operated under low- and high-volumetric organic load (VOL) conditions.
The low VOL condition reflected a small-scale MBR process similar to a
Jokaso system (an onsite domestic wastewater treatment process), and the
high VOL condition reflected a large-scale MBR process. Membrane fibers
and suspended solids were sampled periodically for bacterial identification.
The bacterial community structures were examined by culture-independent,
molecular biology-based methods, such as PCR-denaturing gradient gel
electrophoresis (PCR-DGGE) and PCR cloning of 16S rRNA genes. For
characterizing bacteria adhering on the membrane surface, bacterial strains
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isolated from membrane surface were identified and their growth curve, EPS
concentration, and hydrophobicity were measured.

Membrane Bioreactor

A pilot-scale submerged MBR (Fig. 1) for treating real municipal wastewater
was placed at a municipal wastewater treatment plant located in Tokyo, Japan.
Activated-sludge mixed liquor, taken from the return sludge line of the
plant, were inoculated within a volume of 150liters. A microfiltration (MF,
Mitsubishi-Rayon Co.) membrane module with an effective surface area of
3m? was submerged in the reactor to control hydraulic retention time
(HRT). The MF membrane of the hollow-fiber type was made of polyethylene.
Its pore size was 0.4 um. Several small membrane modules with an effective
surface area of 0.03 m” were used for the sampling of membrane fibers instead
of the large module mentioned above. Except for the effective surface area, the
characteristics of small membrane modules were the same as those of the large
module. The flux of small membrane modules was controlled similarly to the
large module. Several small membrane modules that were set initially were
sampled individually periodically. The change in HRT caused by that
sampling was negligibly small.

Programmable
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1 : Pressure guage pump Permeate
1
! :
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Figure 1. Schematic diagram of suspended MBR.
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MBR was continuously operated twice at different HRTs. The first run
was operated at an HRT of 1day, and a flux of 0.05m/d. After 3 months of
the run, MLSS concentration increased from 1.7 g/l to about 4.0g/1 and
became stable. Five small membrane modules were sampled periodically
during this period. HRT was then changed to 6 h and flux to 0.2 m/d. When
MLSS concentration increased to approximately around 7.0 g/l, six small
membrane modules were added and periodic sampling was started until the
MLSS concentration became stable at 10.3 g/1. During the entire period of
the operation, no sludge was wasted from the reactor except for sampling.
During the entire period, dissolved oxygen (DO) concentration of the mixed
liquor was maintained in the range from 3 to 4.5 mg0O,/1, temperature in the
range from 18 to 20°C, and pH in the range from 6.5 to 7.3. The treatment per-
formance was monitored by measuring the total or dissolved organic carbon
(TOC or DOC) concentration of the influent and effluent using a TOC-
500 (Shimazu) analyzer. MLSS concentration was also measured by the
standard method (Japan).

Sampling

In each period, membrane fibers were sampled periodically simultaneously
with the sampling of suspended solids. Suspended solids samples of 1 ml
were collected from MBR, and centrifuged at 10,000 rpm for 5 min.
Obtained pellets were resuspended in 0.8 ml of TE buffer (10 mM Tris-HCI,
I mM EDTA, pH 8.0) and then centrifuged again. After discarding super-
natant, the remaining pellets were kept at —20°C for DNA extraction.
Membrane fibers were obtained from small membrane modules and washed
by vortex mixing with TE buffer to remove loosely attached bacteria. After
washing, the membrane fibers were stored at —20°C for DNA extraction.

DNA Extraction

Genomic DNA was extracted using a FastDNA SPIN kit for soil (Bio 101,
Q-BIOgene) following the instructions from the manufacturer. For
suspended solids, 0.5ml of a sample was used. For membrane samples,
membrane fibers were sliced into small fragments with a total surface area
of approximately 0.001 m* and then used for extraction. Extracted DNA
was quantified by measuring the UV absorption spectrum.

PCR-DGGE

The variable V3 region of genetic 16S rRNA were amplified from the
extracted genomic DNA by PCR using a T3Thermocycler (Biometra) and
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primers  357f-GC  (5-CCTACgggAggCAgCAg-3’) and 518r (5'-
ATTACCgCggCTgCTgg-3') (13). The final 50-wl reaction mixture
contained 1 x PCR buffer, 0.15 mM MgCl,, 200 uM deoxynucleoside tripho-
sphate, 200 nM of forward and reverse primers, 0.025 U of Taq DNA polymer-
ase (Amplitaq Gol; Perkin-Elmer), and 1l of template DNA. The PCR
was conducted with the initial denaturation at 95°C for 10 min, followed by
30 cycles of 94°C for 30s, 53°C for 30s, 72°C for 30s and then a final
extension at 72°C for 10 min prior to cooling at 4°C.

DGGE was carried out as described by Muyzer (13), using the
D-code universal mutation detection system (Bio-Rad Laboratories) and 8%
polyacrylamide gels containing denaturant gradients from 35% to 60% for the
analysis of 357f-GC plus 518r PCR products. Electrophoresis was performed
in 0.5 x Tris-acetate-EDTA (TAE) buffer at a constant voltage of 130V and
a temperature of 60°C. After electrophoresis, the gels were stained with
10,000-fold diluted VistraGreen solution (Amersham-Pharmashia) for 15 min
and rinsed with Milli-Q water. Gel images were obtained using a fluorescence
image analyzer, FluorImager 595 (Molecular Dynamics).

PCR Cloning and Sequencing

Nearly complete 16S rRNA genes were amplified by PCR as described
above except that primers 27f (5-AgAgTTTgATCMTggCTCAg-3') and
1492r (5-TACggYTACCTTgTTACgACTT-3') (14) were used. PCR
products were purified, ligated into the pDrive Cloning vector (QIAGEN),
and transformed into competent Escherichia coli cells supplied with a
QIAGEN PCR Cloning kit (QIAGEN). Blue-white screening was
performed according to the manufacturer’s instructions. White colonies on
Luria-Bertani plates were selected and subjected to PCR using primers SP6
and T7, and inserts were detected by agarose gel electrophoresis with sub-
sequent ethidium bromide staining. The PCR conditions and the composition
of the reaction mixtures were the same as those described above, except that a
small number of Escherichia coli cells picked from a colony with a needle
were added instead of DNA. Clones were screened by the PCR-DGGE
method.

Prior to sequencing, DNA templates were purified using a Montage
SEEQ96 Sequencing Reaction Cleanup kit (Millipore Co.). DNA sequencing
was carried out using an ABI Prism BigDye terminator sequencing kit (PE
Applied Biosystems) and an ABI 3100 DNA sequencer (PE Applied Biosystems).

Phylogenetic Analysis

Sequences were compared with those in available databases using the BLAST
network service on DDBJ (15) to determine their approximate phylogenetic
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affiliations. Ribosomal DNA sequences were aligned and analyzed using
the ClustalW software package (16). Phylogenetic trees were constructed
using the neighbor-joining method (17) in the programs of the phylogeny
inference package (PHYLIP).

Isolation and Identification of Bacteria from Membrane and
Suspended Solids

Pellets formed after centrifugation of suspended solids at 3500 rpm for 10 min
were resuspended in nutrient broth (5.0 g of peptone, 3.0 g of beef extract per
liter of distilled water, and final pH of approximately 7.0) and vigorously
vortexed. Appropriate dilutions of the bacterial resuspension were plated on
nutrient agar, which was composed of (per liter) 5.0 g of peptone, 3.0 g of
beef extract, and 15.0g agar. Membrane fibers were washed in distilled
water with vortex mixing prior to their inoculation to the nutrient broth.
Bacteria were dislodged from the membrane surface to the nutrient broth by
sonication at 80 W for 2 min in an ice-water bath and then the inocula were
serially diluted. Appropriate dilutions were spread onto nutrient agar plates.
After incubation at 20°C for up to 1 week, plates containing approximately
50 colonies were examined, and up to three representative colonies of each
of the different types that appeared were picked. Selected colonies were
purified by streaking them onto fresh nutrient agar and used subsequently
for DNA extraction. Morphologically similar colonies were screened by
PCR-DGGE described above, and their representative isolates and other
remaining isolates were identified by the sequencing almost full-length 16S
rDNA genes described above. The gram staining and other characteristics
(see below) of isolates were examined.

Characterization of Bacterial Isolates
Growth Curve

The bacterial isolates were precultured in a test tube containing nutrient broth
at 20°C on a shaker, and bacterial growth was monitored by measuring optical
density at 600 nm (ODgo) With a spectrophotometer (Hitachi). When ODgqq
was in the range from 0.6 to 0.7, 1.5ml of a culture was inoculated into a
flask containing 150 ml of fresh nutrient broth. Growth curves were based
on the 0D6()0.

EPS Extraction and Measurement

The method of Pavoni et al. was used with modifications. Cells were harvested
by the centrifugation of 10 ml of culture at 3500 rpm for 5min at 4°C and
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washed with distilled water twice prior to extraction to remove nutrient broth
from cells. The pellet obtained was resuspended to 5ml of distilled water
and centrifuged at 15,000 rpm for 10 min at 4°C. The EPS of isolates was
obtained by the filtration of supernatants through a cellulose acetate filter
with a pore size of 0.2 wm. Cell dry weight in a culture was measured by
weighing the residue obtained following filtration through a cellulose acetate
filter with a pore size of 0.2 um, and drying for 2 to 4 hours to a constant
weight at 105°C. Total organic carbon (TOC) concentration in EPSs was
measured with TOC-500 (Shimazu). For the quantitative analysis of carbo-
hydrate in EPSs, the phenol-sulfuric acid method was used with glucose as a
standard (18). Total protein concentration in EPSs was quantified by the
bicinchoninic acid (BCA) method according to the manufacturer’s instructions.

Cell Surface Hydrophobicity

The surface hydrophobicity of isolates was examined by the method of
Rosenberg et al. (19) with some modifications. Cells were harvested by the cen-
trifugation of a 1.4-ml culture at 3500 rpm for 5 min at 4°C. The resulting pellet
was washed and resuspended in 1 x phosphate-buffered saline (PBS, pH of
7.2) and then ODgy, was determined. The suspension was mixed for 15s
with 0.35ml n-hexadecane using a vortex mixer and the mixture was
allowed to stand for 15 min, after which the absorbance of the water phase
was measured at 660 nm (ODggp). Hydrophobicity was calculated as follows.

ODgyy — OD
hydrophobicity = %
600

RESULTS

Due to the nature of actual municipal wastewater, the influent TOC concen-
tration fluctuated weekly and seasonally; therefore, the average TOC concen-
tration was used to calculate volumetric organic load (VOL). The average
TOC concentration of the municipal wastewater during the entire experimen-
tal period was 81.8 mgTOC/1 and the VOL of the first run was 0.082kgTOC/
m’ /d. This operating condition was designated as a low-VOL condition in this
study. Under this condition, effluent DOC concentration was maintained at
about 5mg/l. Five membrane samples (ML7, ML13, ML29, ML47, and
ML68, sampled on days 7, 13, 29, 47, and 68, respectively) obtained simul-
taneously with suspended solid samples were obtained during this period,
and the corresponding TMP and the MLSS concentrations are shown in
Table 1. Transmembrane pressure (TMP) increased from 5 to 12 kPa during
3 months of operation under the low-VOL condition. TMP is an important
factor for evaluating the performance of a submerged MBR because it is
directly related to membrane fouling. TMP changes in this case indicated
that membrane fouling was not severe under the low-VOL condition.
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Table 1. TMP of membrane samples and MLSS concentration of
suspended solids samples. In the name of samples, M and S rep-
resent the membrane and suspended solids, respectively; L and
H represent the low volumetric organic loading (VOL) and high
VOL, respectively; the following number show the operating
days. For example, ML47 and SL47 are the samples of the mem-
brane and suspended solids, respectively, obtained simultaneously
on 47 days under the low VOL operating condition

Sample TMP, kPa MLSS, g/1
Low VOL

ML7 SL7 8 2.17
ML13 SL13 8 2.04
ML29 SL29 8 2.20
ML47 SL47 10 3.40
ML68 SL68 12 3.64
High VOL

MH12 SH12 10 7.80
MH22 SH22 12 8.30
MH32 SH32 16 10.1
MH42 SH42 40 10.5
MHS52 SH52 80 10.3

Atan HRT of 6 h and a flux of 0.2 m/d, the VOL was 0.327 kgTOC/m”/d.
This operating condition was designated as a high-VOL condition. The DOC
concentration of effluent was less than 12mg/1 during this period. Five
membrane samples (see Table 1, MH12, MH22, MH32, MH42, and MH52,
sampled on days 12, 22, 32, 42, and 52, respectively) collected simultaneously
with suspended solid samples (SH12, SH22, SH32, SH42, and SH52 in the
Table 1) were obtained under the high VOL condition. TMP increased to
40kPa after operating for 42 days under the high-VOL condition, indicating
that severe fouling occurred during this period. The dynamic variation on
the membrane surface with the progress of fouling was investigated by a
scanning electron microscopy (SEM). Membrane pores on a virgin hollow
fiber MF membrane utilized in this study were clearly observed on a SEM
photomicrograph (Fig. 2(a)). Comparing the SEM photomicrographs of the
virgin membrane with those of membranes that insignificantly fouled, namely
MH12, MH22, and MH32 with TMPs of 10, 12, and 16kPa, respectively,
showed surfaces with similar structures and the shape of cells could be
resolved (Fig. 2(b)—(d)). In contrast, the significantly fouled membrane
MH42 with a TMP of 40kPa showed a surface that was less rough than
those of insignificantly fouled membranes and partially covered with a flat
cake layer, indicating that the accumulation of microorganisms is not a factor
that directly cause a significant increase in TMP but it could lead to the devel-
opment of a cake layer that cause the significant fouling.



09: 42 25 January 2011

Downl oaded At:

Bacterial Community Structure on Membrane Surface 1535

(4) (B) (© (D) (E)

Figure 2. SEM photomicrographs show the surface of virgin hollow fiber MF mem-
brane utilized in this study (A) and the of used membrane samples: (B), the membrane
sample MH12 with the TMP of 10 kPa; (C), the membrane sample MH22 with the TMP
of 12kPa; (C), the membrane sample MH32 with the TMP of 16kPa; (E), the mem-
brane sample MH42 with the TMP of 40. Original magnification, x 6000; bar, 5 pm.

Structure of Bacterial Community on Membrane Surface under
Different Operating Conditions

Low-VOL Condition

In order to compare bacterial community structures between the membrane
samples and suspended solids samples, and also to investigate fluctuations
in the community structure with the progress of fouling, DGGE using
partial 16S rDNA fragments was applied. Under the low-VOL condition,
DGGE profiles (data not shown) of the membrane samples were completely
different from those of the suspended solid samples even between those sim-
ultaneously collected membrane and suspended solid samples. Individual
bands corresponding to individual membrane samples, however, did not
show any trends of increasing or decreasing signal intensity with TMP
increase.

To characterize the compositions of bacterial communities, almost full-
length 16S rDNA sequences obtained from the membrane samples and
suspended solid samples were phylogenitically analyzed by PCR cloning
and sequencing assay. Clone libraries of the membrane samples ML7 and
ML47 obtained on days 7 and 47, respectively, as well as the suspended
solids sample SL47 under the low-VOL condition were generated (Table 2).
Most clones in each clone library were assigned to Proteobacteria. One
sequence (7 clones) in the ML7, one clone in the ML47, and one sequence
(16 clones) in the SL47, could not be assigned to any known bacterial
divisions. However, these were assigned to be candidate divisions of Bacteroi-
detes (see clone ML7-4 in Fig. 7), Xanthomonadaceae of y-Proteobacteria
(see clone ML47-5 in Fig. 5), and a-Proteobacteria (see clone SL47-15 in
Fig. 8), respectively in the phylogenetic analysis. In the suspended solids
clone library SLA47, clones belonging to a-Proteobacteria were the most
abundant whereas in the membrane clone libraries ML7 and ML47, clones
belonging to y-Proteobacteria were the most abundant. More interestingly,
32.2% and 23.8% of all clones in the clone libraries of ML7 and ML47, respect-
ively, were assigned to the Xanthomonadaceae family of y-Proteobacteria,
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Table 2. Distribution of clone and isolate sequences in phylogenetic groups

Number of
Relative clone abundance (%) in: colonies from:

ML7 ML47 SL47 MHI12 MH12 SH12

Phylogenetic group (33)¢ 21 (52) (130) (20)? (23)
a-Proteobacteria 3.0 4.8 38.5 10.0 3 2
B-Proteobacteria 21.2 4.8 13.5 20.8 4 2
y-Proteobacteria 51.5 57.1 1.9 50.0 4 15
o-Proteobacteria 0.0 0.0 0.0 4.6 0 0
Firmicutes 0.0 19.0 1.9 2.3 3 4
Actinobacteria 0.0 4.8 5.8 4.6 1 0
Bacteroidetes 0.0 4.8 7.7 6.2 0 0
Spirochaetales 0.0 0.0 0.0 1.5 0 0
Flavobacteria 0.0 0.0 0.0 0.0 5 0
Unclassified groups 21.2 4.8 30.8 0.0 0 0

“A number in parentheses indicates the total number of clones obtained from each
samples.

A number in parentheses indicates the total number of colonies obtained from the
MH12 and SH12, respectively.

with more than 96% similarity. In contrast, only 1 clone (see clone SL47-5 in
Fig. 5) in SL47 showed 95 % similarity with Thermomonas brevis. Although a
few highly similar clones (>98% identical) were detected both in ML47 and
SL47 [see sequences ML47-16 (2 clones) and SL47-20 (3 clones), sequences
MLA47-17 (1 clone) and SL47-51 (1 clone) in Fig. 8; see sequences ML47-3
(1 clone) and SL47-31 (2 clones) in Fig. 6; see sequences ML47-13
(1 clone) and SL47-5 (1 clone) in Fig. 5], there were substantial differences
between these two bacterial communities.

High VOL Condition

Similar to the results obtained under the low-VOL condition, differences in the
DGGE banding patterns between membrane samples and suspended solid
samples were observed under the high-VOL condition (Fig. 3). Interestingly,
the DGGE banding profiles for the membrane samples showed major changes
in the community structure with the progress of fouling. Bands A, B, C, D, and
E were predominant for the membrane samples MH12, MH22, and MH32,
which were not significantly fouled membranes, and were absent or present
only as faint bands for the membrane samples MH42 and MH52, which
were completely fouled membranes. In contrast, bands F, G, and I, which
were present as faint bands (e.g., bands F and G) or absent (e.g., band I) for
MH12 showed a trend of increasing signal intensity with the progress of
fouling.
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Figure 3. DGGE profiles of the partial 16S rDNA fragments generated by membrane
samples and suspended solids samples that obtained from high VOL operating
condition. Lanes are designated by name of the samples. SH12 to SH52, DGGE
profiles of suspended solids; MH12 to MH52, DGGE profiles of membrane samples.
Details of each sample are shown in Table 1. Predominant bands in the membrane
samples are expressed as A-I; predominant bands in the suspended samples are
expressed as 1-8.

Clones of nearly full-length 16S rDNA were obtained from MH12 and
SH12 by PCR cloning, and the clone library of MH12 was constructed
(Table 2) by DGGE screening followed by sequencing. Similar to the results
obtained under the low-VOL condition, 50% of 130 clones in the MH12
clone library were assigned to y-Proteobacteria, indicating that bacteria
belonging to y-Proteobacteria were predominant on the membrane surface.
However, except for one sequence (2 clones, see clone MH12-36 in Fig. 5)
assigned to Xanthomonas axonopodis with a similarity of 99%, most of
the clones belonging to 7y-Proteobacteria were regarded as unidentified
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Figure 4. Growth curves of suspended solids isolates (a) and membrane isolates (b).

y-Proteobacteria because of their low similarities (<93%) with related
sequences in database. The second most abundant clones (20.8% of all
clones) were assigned to (-Proteobacteria, and most of them belonged to
the Burkholderiales subdivision of B-Proteobacteria. Bacterial divisions of
0-Proteobacteria and Spirochaetales that did not appear under the low-VOL
condition were found on the membrane surface under the high-VOL condition.

To determine the clones corresponding to predominant bands A to I and
bands 1 to 8 in the DGGE profiles (Fig. 2), among clones obtained from MH12
and SH12, at least two clones that corresponded to those distinct bands on
DGGE gel were selected and sequenced. As shown in Table 3, all of the pre-
dominant bands for the membrane sample, except bands A and B assigned to
B-Proteobacteria, were related to y-Proteobacteria. In contrast, the clones
corresponding to the bands for the suspended solid sample belonged to a rela-
tively broad phylogenetic distribution, including Bacteroidets, Firmicutes,
Actinobacteria, and Proteobacteria. A clone that corresponded to band I
was not found when comparing the clones generated from MH12 with those
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Table 3. Identification of DGGE bands from Fig. 2
Phylogenetic relationship

Band no. Clone no. Sequence length (bases) Most closely related sequence (Accession no.) Bacterial division % lIdentity
A MH12-27 1498 Uncultured Aquabacterium sp. (AF523042) B-Proteobacteria 95
B MH12-86 1403 Imtechium assamiensis (AY544767) B-Proteobacteria 96
C MHI12-104 1486 Uncultured bacterium (AY212663) y-Proteobacteria 96
D MH12-3 1572 Uncultured bacterium (AY212663) y-Proteobacteria 95
E MH12-122 1490 Uncultured bacterium (AY212663) y-Proteobacteria 96
F MH12-58 1592 Uncultured bacterium (AY218736) y-Proteobacteria 84
G MH12-7 1572 Moraxella lacunata (AF005170) y-Proteobacteria 91
H MH12-37 1004 Enhydrobacter aerosaccus (AJ550856) y-Proteobacteria 90
1 SH12-15 1411 Uncultured Bacteroidetes bacterium (AY211071) Bacteroidets 97
2 SH12-53 1438 Unidentified rumen bacterium RC6 (AF001699) Firmicutes 87
3 SH12-40 1494 Comamonadaceae bacterium MPsc (AY651926) B-Proteobacteria 96
4 SH12-96 1492 Comamonadaceae bacterium MPsc (AY651926) B-Proteobacteria 96
5 SH12-93 1511 Frateuria aurantia (AB091199) y-Proteobacteria 91
6 SH12-33 1449 Mesorhizobium ciceri (AY206686) a-Proteobacteria 96
7 SH12-92 1446 Gamma proteobacterium (AJ630298) y-Proteobacteria 96
8 SH12-17 1493 Uncultured bacterium ARFS-6 (AJ277690) Actinobacteria 97
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from sample MH22 on the DGGE gel, indicating that microorganisms
corresponding to band I did not exist in sample MH12. The phylogenetic
positions of each band are shown in Figs. 5 to 8; clones corresponding
to bands C, D, and E belonged to unclassified group of y-Proteobacteria
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Figure 5. Phylogenetic tree of the vy-Proteobacteria clones and isolates. For the
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ber. Isolates are in bold and italics. Accession numbers appear in parentheses for all
reference sequences. Cluster 1 to 6 represent Xanthomonadaceae, Moraxellaceae,
unclassified group, Pseudomonadaceae and Aeromonadaceae family or group of the
y-Proteobacteria, respectively. The scale bar indicates 0.1 changes per nucleotide.
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Figure 6. Phylogenetic tree of the B-Proteobacteria clones and isolates. Cluster 7 to
10 represent Comamonadaceae, Burkholderiaceae, Rhodocyclaceae and Neisseriaceae
family or group of the B-Proteobacteria, respectively. Other notation is as described

for Fig. 5.

(see cluster 3 in Fig. 5), clones corresponding to bands F belonged to the
Xanthomonadaceae (see clone MH12-58 in cluster-1, in Fig. 5), and clones
matching bands G and H belonged to the Moraxellaceae family of y-Proteo-
bacteria. Clones MH12-58 and SH12-93, corresponding to two putatively the
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teria, respectively. Other notation is as described for Fig. 5.

same vertical gel position bands F and 5, respectively, had a high similarity
(96%), indicating that these two bands represent the same organism. B and
5 was predominant only during the initial period for the suspended solid
samples; however, band F showed increasing signal intensity with operation
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Figure 8. Phylogenetic tree of the a-Proteobacteria clones and isolates. Cluster
17 to 24 represent Bradyrhizobiaceae, Hyphomicrobiaceae, unclassified group,
Rhodobacter, Phyllobacteriaceae, Sphingomonadaceae, Caulobacteraceae and
Rhodospirillaceae family or group of the «a-Proteobacteria, respectively. Other
notation is as described for Fig. 5.

time for the membrane samples, indicating that the type of y-Proteobacteria
that this band represents changes its growing site, that is, from the suspended
solid phase to the membrane surface during operation periods.

Characteristics of Bacterial Isolates from Membrane Surface
Identification of Isolates

Among 20 colonies obtained from sample MH12, only four colonies belonged
to y-Proteobacteria, whereas, 15 of 23 colonies obtained from SH12 were
assigned to y-Proteobacteria (Table 2). Colonies belonging to the Bacillus
subclass of Firmicutes isolated from both samples MHI12 and SH12 were
abundant (Table 2). Five colonies isolated from MH12 belonged to Flavobac-
teria, whose phyla were not found in clone libraries. Twenty colonies were
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screened and we obtained 11 isolates, and their characteristics as well as
sequencing results of representative isolates are shown in Table 4. Most of
the isolates were highly identical (>97.0%) to known bacterial species.
Several isolates, such as dark-yellow strain IS-21, and deep-yellow strains
IM-4, IM-9, and IM-10, had low identities with their closest microorganisms.
Most of the membrane isolates were gram-positive, whereas most of the
suspended solid isolates were gram-negative.

The isolates were compared with whole clones obtained in this study, par-
ticularly with the clones obtained under the low-VOL condition. The phyloge-
netic tree (Fig. 5) showed that in y-Proteobacteria, isolate IM-17 was similar
to clone ML7-9 with 99% similarity, isolate IM-10 was close to both clones
MLA47-22 and ML7-6 with 99% similarity; in a-Proteobacteria, isolate IM-
9 showed 99% identity with clone SL.47-53. On the other hand, strains that
were highly similar to clones, particularly to those groups of the y-Proteobac-
teria that dominated on the membrane surface under the high-VOL condition,
were not isolated by this method.

Characterization of Isolates

Membrane isolates IM-1, 4,9, 10, 17, 18, and 19, and suspended solid isolates
IS-5, 6,7, 12, 13, 17, and 21, respectively, were selected for characterization
of isolates. Because isolates IM-4, IM-10, and IS-21 could hardly grow in the
nutrient broth, they could not be characterized in this study.

As Figure 4 shows, the growth curves of the membrane isolates and
suspended solid isolates were distinctly different. The suspended solid
isolates showed similar patterns of growth curves, and the ODgy, was near
0.6 to 0.7 after incubation for 10 to 16 h. In contrast, most of the membrane
isolates showed unique patterns of growth curves: IM-1 and IM-18 grew
faster than the other membrane isolates; IM-17, its ODggg, did not increase
further after reaching approximately 0.3 to 0.4 after incubation for 30 h; the
ODggp of IM-19 increased rapidly 0.07 to 0.7 after incubation for 30h;
IM-9 grew slowly. The comparison of growth curves indicated that growth
rate of the membrane isolates were distinctly lower than that of the
suspended solid isolates.

Cell surface hydrophobicity and EPS concentration were compared
among several isolates (Table 5). Before the comparison of hydrophobicity,
we confirmed that cell hydrophobicity decreased slightly from the log
growth phase to the death phase but did not affect the comparison of
different isolates. Except for IM-1, most of membrane isolates showed
higher hydrophobicities than the suspended solid isolates. Comparing the
EPS concentrations, most of the membrane isolates had higher EPS concen-
trations in which protein accounts for more than 90% of EPSs. This result
was verified further by comparing IS-7 and IM-18; both had similar EPS
concentrations.
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Table 4. Bacteria isolated from the membrane sample MH12 and the suspended solids sample SH12

Isolate Color of colony Closest microorganisms (Accession no.) Bacterial division Identity % Gramm staining
1S-1 White Bacillus cereus (AY138271) Firmicutes 99.8 +
1S-4 White Aeromonas hydrophila (X87271) y-Proteobacteria 99.9 ND
1S-5 White Acinetobacter junii (AB101444) y-Proteobacteria 97.5 -
IS-6 Light yellow Acinetobacter sp. (AF430124) y-Proteobacteria 99.0 -
1S-7 Light yellow Aeromonas hydrophila (X60404) y-Proteobacteria 99.8 -
1S-12 Light yellow Vogesella indigofera (AB021385) B-Proteobacteria 97.1 -
1S-13 White Acinetobacter junii (AF417863) y-Proteobacteria 98.1 -
1S-17 White Acinetobacter sp. dcm5SA (AF430124) y-Proteobacteria 99.4 -
1S-20 White Acidovorax temperans (AF078766) B-Proteobacteria 99.7 ND
1S-21 Dark yellow Mesorhizobium sp. (DQ088161) a-Proteobacteria 85.0 +
1S-23 Yellow Bacillus subtilis subsp. (299104) Firmicutes 99.9 +
IM-1 White Bacillus anthracis (AY138381) Firmicutes 99.5 +
IM-4 Deep yellow Riemerella anatipestifer (AY871828) Flavobacteria 95.5 +
IM-9 Deep yellow Sphingomonas taejonensis (AF131297) a-Proteobacteria 96.3 +
IM-10 Deep yellow Xanthomonas sp. (DQO011535) y-Proteobacteria 95.1 +
IM-13 White Sphingomonas taejonensis (AF131297) a-Proteobacteria 98.7 +
IM-14 Yellow Ideonella sp. (AB049107) B-Proteobacteria 97.5 ND
IM-16 White Comamonas testosteroni (M11224) B-Proteobacteria 99.9 ND
IM-17 Yellow Pseudomonas alcaligenes (Z76653) y-Proteobacteria 99.8 +
IM-18 Yellow Pandoraea sp. (AF247698) B-Proteobacteria 99.7 +
IM-19 Deep yellow Arthrobacter rhombi (Y15885) Actinobacteria 99.8 +
IM-20 Yellow Rhodobacter capsulatus (D16427) a-Proteobacteria 97.3 +

IS-1 to IS-23, bacterial isolates from the suspended solids sample SH12; IM-1 to IM20, bacterial isolates from the membrane sample MH12.
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Table 5. Cell surface hydrophobicity and EPS concentration of isolates

EPS, mg/(mg dry biomass)

Isolate Hydrophobicity TOC Carbohydrate Protein Protein/EPS

1S-7 0.053 0.71 0.16 0.28 0.63
IS-17 0.294 0.54 0.14 0.31 0.69
IM-1 0.060 1.39 0.13 1.21 0.90
M-9 0.655 2.39 0.19 2.14 0.92
IM-17 0.326 - - - -
IM-18 0.555 0.72 0.05 0.71 0.93
IM-19 0.384 7.56 0.77 6.70 0.90
DISCUSSION

Despite that much effort has been spent, membrane fouling is still a problem
hindering the wide spread use of MBR. Considering microbial relevant factors
e.g., EPS, soluble microbial products (20) related to membrane fouling, we
presume that a microbial approach may provide a novel trigger for controlling
membrane fouling. However, a lack of basic information about microbial
communities on the membrane surface, particularly in a long-term MBR
system that is required for practical processes, averts researchers’ attention
from the potential. Our study is the first to investigate the structure of
bacterial communities on the membrane surface in comparison with those
on suspended solids in a submerged MBR treating real wastewater. Our
results, obtained by PCR-DGGE and PCR cloning of 16S rDNA genes,
showed that the structures of bacterial communities in the suspended solids
and on the membrane surface were obviously different, and suggest that
y-Proteobacteria more selectively adhere and grow on the membrane
surface than other microorganisms.

In practical MBR processes, before TMP increases to 20 kPa higher than
initial value (provided by membrane manufacturer, Mitsubishi Rayon), a
washing step is necessary to avoid significant membrane fouling. In this
study, however, no washing steps were carried out intentionally in order to
obtain significantly fouled membranes. Some organisms corresponding to
bands A to E existed in the nonsignificantly fouled membranes from the
initial stage and did not show any trends with membrane fouling. However,
some groups of <y-Proteobacteria corresponding to bands F and I, were
multiplied with operation time. The comparison between before and after sig-
nificant fouling of membranes suggest that the bacteria multiplying with
operation time are more responsible for membrane fouling than those
existing from the initial stage. Because initial-stage of biofilm development
has been studied in many model organisms (21, 22), initial-stage observation
has been emphasized in studies of membrane fouling (23, 24). Although
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microbial communities on the membrane surface can be viewed as a biofilm,
they are distinctly different from the usual biofilm because they easily survive
on the membrane surface by assimilating nutrients that were supplied by
membrane permeation. For this reason together with our results, long-term
investigations of the community structure on the membrane surface are very
important for identifying fouling-causing bacteria.

Under the low-VOL condition, the organisms associated with the Xantho-
monadacea family of y-Proteobacteria were predominant on the membrane
surface. Considering that many Xanthomonas species have been identified
as biopolymer-producing biopolymer bacteria (25, 26), this species may
play an important role in membrane fouling mechanisms. However, under
the high-VOL condition, all organisms suspicious as fouling-causing
bacteria were categorized as unidentified y-Proteobacteria. The understand-
ing of the role of these microorganisms for membrane fouling is important.
In order to investigate the role, it requires their isolation and characterization.
Unfortunately, our isolation procedure could not isolate the target organisms.
This result was expected because of those non-culturable or unidentified clone
sequences as well as the limitation of culture-dependent method.

Regardless of the phylogenetic distribution, the characteristics of the
membrane isolates were clearly different from the suspended solid isolates.
Most of the membrane isolates grew slowly as compared with the strains
isolated from the suspended solids. Also, the membrane isolates were
higher cell surface hydrophobicities, higher EPS concentrations, and higher
ratios of protein to carbohydrate within the EPSs than the isolates from
suspended solids. These results suggest that among slow-growing bacteria
in mixed liquor, those with thick-EPS-layer and high-cell surface hydrophobi-
city may selectively grow on the membrane surface.
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