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Abstract Adding a supporting material to a methanogenic
bioreactor treating garbage slurry can improve efficiency of
methane production. However, little is known on how
characteristics (e.g., porosity and hydrophobicity) of the
supporting material affect the bioreactor degrading garbage
slurry. We describe the reactor performances and microbial
communities in bioreactors containing hydrophilic or
hydrophobic sheets, or fibrous hydrophilic or hydrophobic
sponges. The porosity affected the efficiency of methane
production and solid waste removal more than the hydrophilic
or hydrophobic nature of the supporting material. When the
terminal restriction fragment length polymorphism technique
was used at a lower organic loading rate (OLR), microbial
diversities in the suspended fraction were retained on the
hydrophobic, but not the hydrophilic, sheets. Moreover,
real-time quantitative polymerase chain reaction (PCR)
performed at a higher OLR revealed that the excellent
performance of reactors containing fibrous sponges with
high porosity (98%) was supported by a clear increase in the
numbers of methanogens on these sponges, resulting in
larger total numbers of methanogens in the reactors. In
addition, the bacterial communities in fractions retained on
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both the hydrophobic and hydrophilic fibrous sponges differed
from those in the suspended fraction, thus increasing bacterial
diversity in the reactor. Thus, higher porosity of the supporting
material improves the bioreactor performance by increasing
the amount of methanogens and bacterial diversity; surface
hydrophobicity contributes to maintaining the suspended
microbial community.
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Introduction

In Japan, the large amount of organic solid wastes (e.g.,
garbage) produced every year is coped with by dumping it in
landfills or incinerating it, both of which produce environ-
mental problems (Haruta et al. 2005; Ueno et al. 2007).
Consequently, there is now a great deal of the social interest
in the recycling of organic solid wastes. Anaerobic digestion
using methane fermentation is one approach to addressing
this problem, as it has minimal environmental impact and
reduces sludge production, and its end products can be used
as an energy source (Farhadian et al. 2007). The up-flow
anaerobic sludge blanket (UASB) process is the most
popular anaerobic system for wastewater treatment; how-
ever, UASB is not adapted for treatment of waste with
organic solids (Ueno et al. 2007). Anaerobic biological
reactors utilized for the treatment of organic solid wastes
include a two-stage system (phase separation in an acido-
genic process and a methanogenic processes) and a packed-
bed system (Angelidaki et al. 2006; Sasaki et al. 2007; Ueno
et al. 2007). Because of its higher loading rate and greater
biogas yield, the packed-bed system has recently gained
much attention (Tatara et al. 2004, 2008; Umafia et al. 2008).
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In this system, supporting materials are installed in the reactor
(Rickard et al. 2004; Tatara et al. 2008) so that they can be
used for biomass retention; because of this, the efficiency of
anaerobic degradation is significantly improved.

The retention of microorganisms in a bioreactor is
influenced by the physical characteristics of the support
material. For instance, the surface hydrophobicity of micro-
organisms is important for their adhesion onto a hydrophobic
surface (Pringle and Fletcher 1983; Van Pelt et al. 1985; Van
Loosdrecht et al. 1987), and is a key determinant of a
supporting material’s suitability for generation of syntrophic—
methanogenic consortia in anaerobic digesters of fatty acids
(Chauhan and Ogram 2005). In addition, from the analysis of
the performance of the methanogenic reactor decomposing
wastewater and total microbial amount retained, supporting
materials with a porous structure were concluded to be
advantageous for microbial adherence (Show and Tay 1999;
Picanco et al. 2001). However, there have been few detailed
comparative analyses of structures of microbial communities
retained on supporting materials with varying characteristics,
which degrade organic solid waste. During anaerobic
bioprocesses, organic solid waste is degraded by complex
microbial communities that include hydrolytic, acidogenic,
syntrophic, and methanogenic microorganisms (Ahring
2003). Consequently, it is important to know the relationship
between the properties of a supporting material and the
microbial community degrading the organic solid waste and
microbial community should be related to reactor perfor-
mance. In the packed-bed methane fermentation system, the
bulk solution is flowed, and the retained fraction is always
exposed to destructive or wash-out stress, which profoundly
affects the microbial community (Gjaltema et al. 1997,
Rickard et al. 2004). The structures of microbial community
in such an environment need to be assessed.

To address these issues, we constructed completely stirred
tank reactors packed with different supporting material. Our
objective was to investigate how the characteristics of the
supporting material influence reactor performance and the
structure of microbial communities in methanogenic reactors
degrading garbage slurry. The main characteristics examined
were the surface properties (i.e., hydrophobic vs. hydrophilic)
and the porosity of the material.

Materials and methods
Supporting materials

We prepared six types of supporting materials; glass sheet
(GS), polyethylene sheet (PES), carbon sheet (CS), glass
fibrous sponge (GF), polyethylene fibrous sponge (PEF),
and carbon fibrous sponge (CF). Table 1 lists the surface
properties and specifications of these supporting materials.
The size of each supporting material was equalized (width:
23.0 mm; length: 70.0 mm) and the contact angles were
measured as described previously (Ohmura et al. 1993).
The thicknesses of GS, PES, CS, GF, PEF, and CF were 3,
3,3,5, 2.4, and 2.4 mm, respectively. The porosities of GF,
PEF, and CF were determined using the air pycnometer
method (Type 1000, Tokyo Science, Tokyo, Japan).

Feed material

Artificial garbage slurry (AGS) was used as a model of
organic solid waste. The composition of AGS was as follows
(in grams per liter); commercial dog food (Vita-one, Nihon
Pet Food, Tokyo, Japan), 20 or 40; KH,PO,, 1.1; and
K,HPO,, 1.7. NiCl,-6H,0 and CoCl,-6H,O were added to
adjust Ni** and Co®" concentrations to 0.10 and 0.12 mg I ",
respectively. The characteristics of AGS (2% dog food) were
as follows: dichromate chemical oxygen demand (CODcr),
19.0 gCODer 1I''; suspended solid (SS), 10.7 g 1"

Construction and operation of bioreactors

Duplicate anaerobic reactors were prepared in which each
contained one of the six types of supporting material. In
each reactor, two sheets of the supporting material were
attached with a steel wire using silicon and fixed. In
addition, the two reactors without supporting material were
also prepared and served as controls, giving a total of 14
reactors. The details of the completely stirred tank reactors
packed with the supporting material are described else-
where (Sasaki et al. 2009). In brief, each glass reactor had a
working volume of 250 ml and was sealed with a silicon
stopper. The contents of the reactor were thoroughly mixed

Table 1 Characteristics of the ] ]
supporting materials Supporting material

Surface characteristics (contact angle) Porosity (%)

Glass sheets (GS)

Polyethylene sheets (PES)

Carbon sheets (CS)

Glass fibrous sponge (GF)
Polyethylene fibrous sponge (PEF)
Carbon fibrous sponge (CF)

Hydrophilic (37.1°) 0
Hydrophobic (93.7°)
Hydrophobic (91.6°)

Hydrophilic (-) 25
Hydrophobic (-) 98
Hydrophobic (-) 98
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using a magnetic stirrer, and temperature was maintained at
55 °C. The seed sludge was collected from a thermophilic
anaerobic digester (Kajima Technical Research Institute,
Tokyo, Japan). The methane production rate of the seed
sludge was 390 ml "' day ' at an organic loading rate
(OLR) of 1.9 gCODecr 1" day ™. The seed sludge contained
2.5x10'* copies/reactor of prokaryotic 16 S rRNA gene.
The reactors were run in semicontinuous mode, i.e., once a
day, a predetermined volume was discharged through the
plug using a syringe, and an equivalent amount of fresh
AGS was added. Simultaneously, 0.5 N NaOH was added
to maintain the pH in the reactors at a value higher than 7.2
throughout the experiment.

The time schedules for changing the OLR and the
hydraulic retention time (HRT) are presented in Fig. 1.
From day 0 to day 53, the OLR was increased in a stepwise
manner by reducing the HRT after fluctuations in the gas
production rate had declined to under +12%. Because of
deterioration of the reactors containing GS, PES, or CS and
the controls without supporting material, the operation was
stopped on day 53 at an OLR of 4.6 gCODcr "' day
(HRT: 4.2 days), and the suspended fraction in each reactor
was then sampled for microbial analysis. In addition, used
GS, PES, and CS in the reactor were also sampled for
microbial analysis. At the same time, the support material
and suspended fraction in one of the two reactors contain-
ing CF were sampled, and operation of that reactor ended.
The remaining five reactors containing GF, PEF, and CF
were operated at an OLR of 6.1 gCODecr "' day ' (HRT:
3.1 days, substrate: 2% dog food) from day 54 to day 63
and at an OLR of 12.2 gCODcr "' day™' (HRT: 3.1 days,
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Fig. 1 Time-dependent changes in OLR and HRT. Operation of

reactors without supporting material or containing GS, PES, or CS and
one of the two reactors containing CF was stopped at day 53

substrate: 4% dog food) from day 64 to day 73. The steady
state of five operations was established by operating for a
period three times the length of the HRT (10 days). At an
OLR of 12.2 gCODcr I"! day ' (day 73), samples of the
suspended fractions and the used GF, PEF, and CF were
collected from those reactors for analysis of retained SS and
microbial communities. To collect retained biomass, sam-
pled GF, PEF, and CF were vigorously shaken by vortexing
in phosphate-buffered saline (PBS), after which any
remaining biomass was scraped off.

Analytical procedures

The suspended fraction in the reactor was periodically
sampled and analyzed at the end point of each OLR.
CODcr and SS were determined according to the Japanese
Industrial Standard K-0102. Volatile fatty acids (VFA) were
monitored using a HPLC system (GL-7400, GL Sciences,
Tokyo, Japan) equipped with a TSKgel OApak-A,P column
(Tosoh, Tokyo, Japan). Biogas production was measured
using the water displacement method. The methane, carbon
dioxide, and hydrogen contents of the biogas were
measured by gas chromatography as described previously
(Sasaki et al. 2009).

DNA extraction

Biomass retained on the supporting materials and in the
suspended fraction from the reactors were centrifuged at
5,000xg and the resultant pellets were suspended in Tris—
EDTA buffer ([pH 8.0], 100 mM Tris—HCI, 40 mM EDTA).
Whole sheets or determined fraction of fibrous sponges
were used to extract DNA. DNA was extracted from the
pellets using repeated beads beating in the presence of
sodium dodecyl sulfate and phenol-chloroform-isoamyl
alcohol (25:24:1), after which the DNA was purified using
a QIAamp DNA micro kit (Qiagen, Hilden, Germany) as
described previously (Sasaki et al. 2009).

Real-time quantitative PCR analysis

Real-time PCR was performed using a LightCycler 1.5
(Roche Diagnostics, Tokyo, Japan) and LightCycler TagMan
Master (Roche Diagnostics). The primer set of March-0348
and Arch-786 were used with the double-dye probe of March-
0515 for measuring the copy number of 16 S rRNA from
methanogenic archaea (Sawayama et al. 2004). The primer
set Uni340F and Uni806R were used with the double-dye
probe of Uni516F for prokaryotes (Takai and Horikoshi
2000). All the double-dye probes were labeled with FAM at
their 5° end and TAMRA at their 3° end. The concentrations
of the primers and the TagMan probe were 0.5 and 0.2 uM,
respectively. Quantitative measurement by real-time PCR
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was conducted in triplicate. The amplification protocol entailed
initial denaturation for 10 min at 95 °C, followed by 40 cycles
of denaturation for 10 s at 95 °C, annealing for 45 s at 50 °C,
and elongation for 1 s at 72 °C. The RNA gene standards for
methanogenic archaea and prokaryotes were plasmids pre-
pared using a pGEM-T Easy Vector System (Promega, Tokyo,
Japan) after PCR of Methanosarcina barkeri (JCM 10043)
using the primer sets Arch21F (Delong 1992) and U1492r, or
PCR of Escherichia coli (IAM 1264) using the primer sets
B8f and U1492r (Lane 1991). To calculate the total copy
number per reactor, the copy number per DNA-extracted
area of the supporting material or volume of the bulk was
multiplied by the total area or volume.

Terminal restriction fragment length polymorphism
(T-RFLP)

PCR amplification was performed using AmpliTagGold
(Applied Biosystems, Tokyo, Japan). The primer sets used
were Ba27f (E. coli positions 8-27) and Ba907r (E. coli
positions 907-926) for the domain Bacteria (Lane 1991;
Lueders and Friedrich 2002), or Ar109f (E. coli positions
109-125) and Ar912rt (E. coli positions 912-934) for the
domain Archaea (Lueders et al. 2004). For terminal
restriction fragment length polymorphism (T-RFLP) analysis,
the Ba27F primer and Ar912rt primers were fluorescently
labeled on their 5’ ends with carboxyfluorescein. The PCR
protocol entailed an initial denaturation for 10 min at 94 °C;
25 cycles of denaturation for 45 s at 94 °C, annealing for 30 s
at 52 °C, and elongation for 90 s at 72 °C; and a final 5-min
elongation at 72 °C.

The products of the PCR amplification described above
were purified using a QIAquick PCR purification kit
(QIAGEN, Tokyo, Japan). Approximately 200 ng of the
amplicons were then digested using 10 U of the restriction
enzymes Mspl (New England Biolabs, Tokyo, Japan) for
Bacteria and Tag®T (New England Biolabs) for Archaea.
The enzymatic digestions were carried out as instructed
by the manufacturer. Aliquots (1.0 pl) of the digested
amplicons were then mixed with 18 ul of Hi-Di formamide
and 0.45 pl of an ROX-labeled GeneScan 500-bp internal
size standard (Applied Biosystems), after which the
mixtures were denatured at 95 °C for 3 min, chilled over
ice, and subjected to electrophoresis using an Applied
Biosystems 3130x/ Genetic Analyzer (Applied Biosystems).
The sizes and heights of the 5’-terminal restriction fragments
(T-RFs) were then determined by the GeneMapper software
version 3.7 (Applied Biosystems), and the data obtained
were aligned and normalized in each sample. Peaks with
heights lower than 100 fluorescence units were filtered out,
and fragments smaller than 50 bp were excluded from the
final data matrix. The percentages of single terminal
restriction fragments were calculated on the basis of their
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relative abundances with respect to the total peak height of
all T-RFs.

Cloning and sequencing of the archaeal 16 S rRNA genes

Using the primers Ar109f and Ar912rt, archaeal 16 S rRNA
gene fragments were amplified from DNA extracted from
the biomass retained on the CF at day 53, after which the
ligated PCR products were then transformed into E. coli
IM109 using the pGEM-T Easy Vector System (Promega,
Tokyo, Japan). Plasmids were extracted from the 30 cloned
cells and purified using a GenElute plasmid Miniprep Kit
(Sigma, St. Louis, MO, USA), after which sequencing
reactions were carried out with a BigDye Terminator v3.1
Cycler Sequencing Kit (Applied Biosystems). Nucleotide
sequencing was performed with an Applied Biosystems
3130x/ Genetic Analyzer (Applied Biosystems). All
sequences were checked for chimeric artifacts by using
the CHIMERA CHECK program from the Ribosomal
Database Project (Maidak et al. 2001). Sequences with a
similarity of 99% or greater were grouped as operational
taxonomic units (OTUs).

Nucleotide sequence accession numbers

The GenBank/EMBL/DDBIJ accession numbers for the
16 S rRNA gene sequences of the clones are AB490316
to AB490319.

Results
Reactor performances

At the beginning of the operation, the OLR was gradually
increased in all reactors. After OLR was reached to
4.6 gCODcr 1! day ', clear differences in reactor perfor-
mance were apparent between the reactors containing sheets
or no supporting material and those containing fibrous
sponges. Rates of gas production by reactors without
supporting material or containing GS, PES, or CS gradually
declined to 150-360 ml 1"' day (Fig. 2a), and the methane
content in gas produced at an OLR of 4.6 gCODcr 1! day !
(day 53) declined to 19-42% (Fig. 2b). At the same time,
large VFA accumulations (84—157 mM) were observed in
these reactors (Fig. 2¢), and the efficiencies of COD and SS
removal declined to 29-35% and 22-33%, respectively
(Fig. 3). By contrast, the reactors containing GF, PEF, or
CF tolerated an OLR of 4.6 gCODecr I"' day ', as indicated
by the higher gas production rates (1,100-1,270 ml 1!
day "), higher methane content (54-63%), greater efficiency
of COD and SS removal (COD, 74-77%; SS, 53—60%), and
lower VFA concentrations (9—32 mM).
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Fig. 2 Time-dependent changes in the gas production rate (a),
methane content (b), and VFA concentration (¢) in the reactors. The
values were averages of two reactors, except for day 54 to day 73,
during which there was one reactor containing CF

We then compared the steady state performances of
reactors containing GF, PEF, and CF at OLR of 6.1 and
12.2 gCODcr I'! day ™' (days 54 to 73). After OLR was
increased to 12.2 gCODcr 17! day ™', reactors containing
PEF or CF showed the best performances among the three
reactor types tested, as confirmed by the high gas
production rate (2,340-2,780 ml I"' day '), high methane
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Fig. 3 The relationship between the OLR and the efficiency of COD
(a) and SS (b) removal. COD removal efficiency was calculated as
follows: COD removal efficiency (%)=[(CODin—CODout)/CODin] x
100, where CODin is the COD of the substrate and CODout is the
COD of the bulk. SS removal efficiency was calculated as follows: SS
removal efficiency (%)=[(SSin—SSout)/SSin]* 100, where SSin is the
SS of the substrate and SSout is the SS of the bulk

content (50-53%), and efficient removal of COD and SS
(COD, 58-67%; SS, 41-49%), and low VFA concentra-
tions (28-44 mM). On the other hand, the reactors
containing GF deteriorated, as indicated by the low gas
production rate (1,560 ml 1"' day™'), low methane content
(13%), low efficiency of COD and SS removal (COD,
41%; SS, 29%), and high VFA accumulation (131 mM). At
the end point of the operation at an OLR of 12.2 gCODcr
"' day ™' (day 73), the VFAs consisted of lactate, formate,
acetate, propionate, and butyrate, among which the main
product was the acetate (GF, 98.1 mM; PEF, 34.2 mM; CF,
23.5 mM). In addition, the amounts of adherent biomass
including solid materials and microorganisms, retained as
SS in the reactor containing GF, PEF, and CF, were 113,
453, and 610 mg, respectively.
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Quantitative description of the prokaryote
and methanogenic archaea

At the end point of the operation at an OLR of 4.6 gCODcr
1" day ' (day 53), the 16 S rRNA gene copy numbers
for the microbial and methanogenic populations in the
suspended or retained fractions from the reactors containing
GS, PES, CS, and CF or no supporting material were
estimated using real-time PCR assays (Table 2). In the
suspended fractions from these reactors, prokaryotic, and
methanogenic 16 S TRNA gene amounts were similar ((1.9—-
6.1)x10'? copies/reactor and (1.0-2.2)x10"" copies/reactor,
respectively). On all supporting materials (GS, PES, CS, and
CF), the ratios of methanogenic copy number to prokaryotic
one were high (22.3-59.1%), as compared with those in the
suspended fractions (2.9-6.9%), which suggests the presence
of the supporting material enhances the retention of
methanogens. In each reactor, however, the amount of
prokaryotic and methanogenic rRNA gene on sheets (GS,
PES, and CS) were only 0.2—1.3% of those in the suspended
fraction. In addition, prokaryotic and methanogenic copy
numbers on the hydrophilic sheet (GS) were comparable to
those on hydrophobic sheets (PES and CS). By contrast, in
the fraction retained on CF, which is highly porous, the
prokaryotic and methanogenic copy numbers were dramat-
ically higher, corresponding to 54.8% and 504.3% of those
in the suspended fraction of the reactors, respectively. These

Table 2 Copy numbers of 16 S rRNA gene in DNA samples
from the suspended fraction and retained fraction in reactors
without supporting material (control) and containing GS, PES, CS,

values were at least 163 times (for prokaryotes) and 416
times (for methanogens) greater than those on sheets. As a
result, the copy number of methanogens, particularly those
in the total fraction (retained fraction + suspended fraction)
from the reactor containing CF, was at least 5.8 times that of
the methanogens in the reactors containing sheets or those
without the supporting material; this increase was mainly
due to the porous nature of CF. We therefore conclude that
many methanogenic archaea were retained on the porous
supporting materials.

At the end point of the operation at 12.2 gCODecr 17
day ' (day 73), the same real-time PCR assay was applied
to reactors containing GF, PEF, and CF (Table 2). For the
reactor containing GF, which has low porosity, the prokaryotic
and methanogenic 16 S rRNA gene copy numbers and the
ratios of methanogens to prokaryotes in the suspended and
retained fractions were the lowest among the three reactor
types. In the fraction retained on PEF or CF, which are highly
porous, the methanogenic 16 S rRNA gene copy numbers
were high (3.8x10'"" and 1.5x10'? copies/reactor, respec-
tively), as compared with that in the fraction retained on GF
(5.1x10" copies/reactor). Within the reactors containing PEF
or CF, the ratio of methanogens in the retained fraction to
those in the suspended fraction was high (134% and
231%, respectively). At the same time, the ratios of
methanogens to prokaryotes in the retained fraction were
increased to 22.0% and 35.6% in the case of PEF and CF,

GF, PEF, or CF (day 53: OLR of 4.6 gCODcr 1! day ' and HRT
of 4.2 day; day 73: OLR of 12.2 gCODcr 1! day ' and HRT of
3.1 day)

OLR Reactor type Fraction Prokaryote (x10°  Methanogen (x10° Methanogen/ R/S of R/S of
(gCODer 1! day ) copies per reactor) copies per reactor) prokaryote (%) prokaryote (%) methanogen (%)
4.6 Control R 1,900+100 130£10 6.9+0.2 - -
GS S 1,900+100 10010 5.5+0.2 0.2+0.0 1.2+0.1
R® 3.3%0.1 1.2£0.1 36.8+0.9
PES S 6,100+100 18010 2.9+0.1 0.2+0.0 1.3+0.1
R 111 2.4+0.3 223422
CS S 4,200+400 210+90 5.1£1.9 0.2+0.0 0.9+0.3
R 6.7+0.1 1.8+0.1 27.0+0.5
CF S 3,200+200 220+60 6.8+1.6 54.8+2.7 504.3+140.8
R 1,800+£100 1,000+£100 59.1+1.2
12.2 GF S 2,400+100 170+40 7.2+1.8 21.7+4.3 31.7+£5.8
R 500+60 5145 10.4+1.3
PEF S 3,500+400 320+130 93+3.4 50.0+7.4 134.0+£55.2
R 1,700+£200 380+30 22.0£2.8
CF S 6,200+700 670+160 11.0£2.6 70.4+£13.0 231.1+£50.8
R 4,300+800 1,500+100 35.6+6.5

Fraction S indicates the suspended fractions
® Fraction R indicates the retained fractions
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respectively. We therefore concluded that a highly porous
supporting material is favorable for increasing the meth-
anogenic archaea.

T-RFLP analysis of the suspended and retained fractions
for each supporting material

To assess microbial diversity, T-RFLP analysis was used to
determine the bacterial and archaeal community fingerprint
patterns for the suspended and retained fractions. The
relative abundances of T-RFs are presented as the averages
of the triplicate experiments.

At the end point of the operation at an OLR of
4.6 gCODcr 1! day ™' (day 53), all bacterial T-RFs in the

Fig. 4 Community dynamics of
100%

suspended fractions were also detected in the retained
fractions for reactors packed with PES, CS, or CF (Fig. 4a),
though the retained fractions contained T-RFs that were not
present in the suspended fractions. In other words, larger
numbers of bacterial T-RFs were detected in the retained
fractions (10, 10, and 12 for PES, CS, and CF, respectively)
than in the suspended fractions (6, 5, 6, and 6 for control,
PES, CS, and CF, respectively). Similarly, in the reactor
packed with GS, the number of T-RFs in the retained
fraction (12) was higher than that in the suspended fraction
(9); however, T-RFs with sizes of 69 and 570 bp found in
suspended fraction were not detected in the retained
fraction, although they were often found in both fractions
in the case of the other reactors.
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At the end point of the operation at an OLR of
4.6 gCODcr 1! day ', the archaeal T-RFLP profiles were
composed of three T-RFs 84, 92, and 186 bp in length
(Fig. 4b). To identify major archaeal T-RFLP peaks, clone
library analysis was used to obtain sequence information
from the fraction retained on CF, after which randomly
selected clones were examined by T-RFLP to compare
the corresponding fingerprint patterns. With this approach,
the aceticlastic methanogen Methanosarcina spp. (Zinder
et al. 1985) and the hydrogenotrophic methanogen
Methanothermobacter spp. (Wasserfallen et al. 2000) were
detected (Table 3). The Methanosarcina sp.-related
sequences corresponded to the 186-bp T-RF, while the
92-bp T-RF was assigned to Methanothermobacter sp. In
each reactor containing GS, PES, CS, or CF, the relative
abundance of Methanosarcina sp.-related T-RF in the
retained fraction was higher than in the suspended
fraction, and was especially high on CF. This suggests
that Methanosarcina sp. was abundant on each supporting
material, particularly on highly porous material.

At the end point of the operation at an OLR of
12.2 gCODcr 1" day ™' (day 73), T-RFLP analysis was
used to investigate the structures of microbial communities
in reactors containing GF, PEF, and CF. The difference of
bacterial T-RFLP profiles between suspended fraction and
retained fraction was observed in each reactor. The numbers
of bacterial T-RFs in the retained fractions (12, 13, and 10
for GF, PEF, and CF, respectively) were higher than or
equal to those in the suspended fractions (7, 9, and 10 for
GF, PEF, and CF, respectively), but there was no tendency
for T-RFs in the retained fraction to include T-RFs in the
suspended fraction. The appearance of a new major T-RF
with the size of 81 bp reflects the succession of T-RFLP
profiles as the OLR was increased from 4.6 to 12.2 gCODcr
"' day '. However, a 259-bp T-RF that was major T-RF at
an OLR of 4.6 gCODcr ! day ' was also detected again as
a major T-RF in the retained fraction of each reactor,
suggesting this T-RF-related microbe was retained on porous
supporting materials. Consequently, the total numbers of
T-RFs in the suspended and retained fractions from the
reactors containing GF, PEF, and CF (14, 15, and 16 for GF,
PEF, and CF, respectively) were higher than in the
suspended fractions.

At the end point of the operation at an OLR of
12.2 gCODcr ! day !, the archaeal T-RFLP profiles were
again composed of three T-RFs of 84, 92, and 186 bp in
length. The relative abundance of Methanosarcina sp.-related
T-RFs was high in the retained fractions, particularly in
reactors containing PEF and CF (53% and 73%, respectively).
On the other hand, it was low in the fraction retained on
GF (6%).

Discussion

Relationship between microbial community structure
and reactor performance

Microbial communities reportedly vary depending upon
reactor conditions (Lee et al. 2008, 2009). In our study, for
example, reactors containing different supporting materials
performed differently with respect to degradation of COD
and SS, VFA accumulation, and methane gas production.
By comparing the structures of the microbial communities
with the reactor performance, we determined the microbial
structures (i.e., quantitatively from the real-time PCR
results and qualitatively from the T-RFLP and cloning
results) that help enhance the reactor performance. Reac-
tors with higher numbers of microorganisms, particularly
methanogens, and/or better retention of biomass on the
supporting material showed better performance. Good
retention of methanogens, which play a role in the final
process of methanogenesis (Ahring 2003), is an important
element of stable reactor operation. In addition, we found
that a higher ratio of methanogens to total microorganisms
was also advantageous for reactor performance. It has been
reported that methanogenic archaea account for about 19—
25% of total organisms in the sewage sludge (Sawayama
et al. 2004) or the granular sludge (Sekiguchi et al. 1998). In
our study, methanogenic fractions in reactors showing better
performances (i.e., those containing PEF and CF) were
maintained at 13-25%, as a result of selective increases in
methanogens on the supporting material, which comple-
mented the low methanogenic component in the suspended
fraction (6.8-11.0%). In addition, a high degree of po-
rosity of the supporting material facilitated the increase of

Table 3 Phylogenetic affiliations and numbers of archaeal clones obtained from the fraction retained on CF

OTU (Accession No.) No. of clones T-RFs? (bp) Closest relative of isolated organisms (Accession No.) Similarity (%)
Al (AB490316) 21 186 Methanosarcina thermophila (M59140) 98
A2 (AB490317) 1 186 Methanosarcina thermophila (M59140) 93
A3 (AB490318) 4 92 Methanothermobacter thermautotrophicus (EF100758) 100
A4 (AB490319) 4 92 Methanothermobacter thermautotrophicus (AE00066) 100

#T-RFs calculated in silico show the size of the smallest fragments, which were confirmed when clone sequences were cut with Tag™ L.

@ Springer



Appl Microbiol Biotechnol (2010) 86:1573-1583

1581

methanogens, particularly aceticlastic methanogens, which
reportedly account for 70% of methane production (Ahring
2003). In our study, the ratio of aceticlastic methanogen to
the total methanogens on highly porous supporting material
was comparatively high (49-73%). Thus, better reactor
performance appears to correlate with large numbers of
methanogens, predominantly aceticlastic methanogens, and a
high ratio of methanogens to total microorganisms.

Our study demonstrated that retention on sheets or
fibrous sponges often produced greater microbial diversity
than the planktonic conditions. In addition, retention on
fibrous sponges produced different microbial populations
than suspensions. Consequently, greater microbial diversity
was achieved in reactors containing supporting material.
The higher microbial diversity in reactors containing PEF
and CF, on which microbial amount occupied a consider-
able part in the reactor, would be expected to play an
important role for improving degradation efficiency and
increasing operational stability.

Effect of hydrophobicity

We also assessed the effect of surface hydrophobicity on
the structure of microbial communities within bioreactors.
Hydrophobic interaction between cells and the surface of a
support material has been reported to be an important
determinant of a material’s ability to retain microorganisms
(Van Loosdrecht et al. 1987; Chauhan and Ogram 2005). In
our study, the structures of microbial communities differed
between hydrophilic and hydrophobic surfaces. A hydro-
philic surface might affect the lack of universal organisms
on it in our reactors. Although at the lower OLR
(4.6 gCODcr 1" day™") hydrophobicity had little effect on
numbers of retained microbes or on the size of the
methanogenic archaeal fraction, hydrophobic material
retained microbial diversity in the suspended fraction,
including Bacteria and Archaea, as shown in the T-RFLP
results. Hydrophobic material would enable microorgan-
isms to withstand the detachment force, thereby maintain-
ing the microbial diversity of the suspended fraction. This
finding is consistent with that of Bos et al. (2000), who
reported that surface hydrophobicity has a significant effect
on retention of bacteria subjected to the detachment force of
potassium phosphate solution. However, careful consider-
ation of the various cell properties such as surface structure
and charge, extrapolymeric substance, motility, and comet-
abolism is still lacking (Davey and O’Tool 2000). Also,
cell-to-cell surface and interface interactions in the biofilm
formed on hydrophobic material would have a significant
influence on the retention of microorganisms. In the
biofilm, repeated cycling of microbial attachment and
detachment would occur; however, at the HRT of 4.2 days,
the microbial community in the biofilm should not change

rapidly. In addition, the conditioning films of organic
compounds formed immediately adjacent to the surface of
the supporting material surface should be considered, as
organic compounds may be adsorbed onto the supporting
material and alter the surface properties prior to microbial
attachment (Bakker et al. 2004).

Effect of porosity

We found that the performance of the reactors containing
fibrous sponges was better than that of reactors containing
sheets. In addition, by comparing real-time PCR results of
fibrous sponges with those of sheets, porosity was shown to
have a great effect on the number of retained microorganisms
or methanogens without regard to surface hydrophobicity or
hydrophilicity. A complex, three-dimensional structure con-
sisting of micoroorganisms, microbial aggregates, and organic
materials is reportedly constructed in the interstices of fibrous
sponges (Sasaki et al. 2007); this three-dimensional structure
would be expected to have a greater effect on retention of
microorganisms than the surface characteristics of supporting
material.

Our data also indicated that the structure of bacterial
communities at a steady state of higher OLR (12.2 gCODcr
I"' day ') was different in the suspended and retained
fractions in reactors containing fibrous sponges, although
the archaeal communities were similar. In addition, the
specific bacteria that were minor in the suspended fraction
and had been dominant at a lower OLR remained dominant
in the retained fraction. This phenomenon was similar to
one reported by Huang et al. (2008), who showed that
bacterial communities in the biofilm and planktonic
biomass are similar under low flux but differ under high
flux in membrane bioreactors, and that specific bacterial
groups became dominant in the biofilm under high flux.
Thus, a microbial community embedded in a fibrous
sponge creates its own niches, which differ from those in
suspended microbial communities. In this way, a fibrous
sponge would increase the total bacterial diversity.

A porous structure contributed to high retention of
methanogens as the real-time PCR results showed. Moreover,
an increase in methanogens in the suspended fraction of
reactors containing highly porous fibrous sponges would be
reflected from an increase of methanogens in the retained
fraction. Release of retained biomass from the supporting
material back into the bulk fluid may have a beneficial effect
on reactor performance if significant microorganisms are
supplied. For instance, we observed increases in the amount
of Methanosarcina sp. on highly porous supporting material.
Methanosarcina sp. would tend to attach and aggregate in
the inner region of the supporting material to avoid
destructive stress in the suspended fraction (Sasaki et al.
2007). Retention and proliferation of acetate-removing
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microoraganisms such as Methanosarcina sp. (Zinder et al.
1985) within a reactor is an important factor contributing to
stable operation because substantial accumulation of acetate
is often observed in reactors whose performance is deterio-
rating (Hori et al. 2006).

The attached bacterial activity would be different from
planktonic existence because methanogenic ratio to prokar-
yotes differed significantly between the suspended fraction
and retained fractions. Methanogens are known to aid
bacterial metabolic ability through syntrophic interaction
(Stams and Plugge 2009). On the supporting material, the
degradation ability of bacterial cells may be elevated.
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