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a b s t r a c t

Sweet potato shochu is a traditional Japanese spirit produced mainly in the South Kyushu area in
Japan. The amount of stillage reaches approximately 8 × 105 tons per year. Wastewater mainly
containing stillage from the production of sweet potato-shochu was treated thermophilically in a full-
scale treatment plant using fixed-bed reactors (8 reactors × 283 m3). Following the addition of Ni2+

and Co2+, the reactors have been stably operated for six years at a high chemical oxygen demand
(COD) loading rate of 14 kg/(m3·day). Analysis of coenzyme content and microbial communities
indicated that similar microbial communities were present in the liquid phase and on the fiber
carriers installed in reactors. Bacteria in the phyla Firmicutes as well as Bacteroidetes were dominant
bacteria, and Methanosarcina thermophila as well as Methanothermobacter crinale were dominant
methanogens in the reactors. This study reveals that stillage from sweet potato-shochu production can
be treated effectively in a full-scale fixed-bed reactor under thermophilic conditions with the help of
Ni2+ and Co2+. The high diversity of bacterial community and the coexistence of both aceticlastic and
hydrogenotrophic methanogens contributed to the excellent fermentation performance.

Introduction

Sweet potato shochu is a traditional Japanese spirit that
is mainly produced in the South Kyushu area in Japan.
Two major hurdles in shochu production are how to treat
stillage discharged during production and how to reduce
the huge consumption of fossil fuel during the distillation
process. The amount of stillage, which is generally twice
as much as the volume of sweet potato shochu produced,
reaches approximately 8 × 105 tons/yr. However, dumping
it into the ocean or reutilizing it as manure has already
been prohibited. As a result, entrepreneurs have to develop
efficient shochu making plants that cannot only solve these

∗Corresponding author. E-mail: kida@scu.edu.cn;
kida@gpo.kumamoto-u.ac.jp

problems but also combat the global warming caused by
carbon dioxide emitted during shochu making.

Methane fermentation of industrial wastewater is now
commonly used all over the world as an environmentally
friendly process, because not only is the waste and wastew-
ater treated but the process is energy producing. During
this process, organic matter in wastewater is converted
to methane though four steps, hydrolysis, acidogenesis,
acetogenesis and methanogenesis, which are conducted
by different groups of microorganisms (McCarty, 1982).
Among the four steps, acetogenesis and methanogenesis
are key to controlling the whole methane fermentation
process. The rate of acetogenesis is generally low be-
cause the degradation of volatile fatty acids (VFAs) is
thermodynamically unfavorable. In addition, acetogenesis
can only happen when combined with methanogenesis.
Unfortunately, the growth rates of microorganisms respon-
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sible for acetogenesis and methanogenesis are relatively
low, which limits the methane fermentation rate especially
when completely stirred tank reactors (CSTRs) are em-
ployed. Therefore, in order to achieve a high loading rate
of methane fermentation, the following is required: (1)
retention of a high concentration of microorganisms in
the reactor; (2) optimal conditions for syntrophic growth
of VFA-degrading bacteria and methanogens; and (3)
stimulation of methane conversion of methanogens. A
fixed-bed reactor fulfills both (1) and (2) since carriers
installed in the reactor can not only retain microorganisms
in the reactor but also provide the space for adjacent
growth of microorganisms. Stillage from barley shochu-
and awamori-making processes has been successfully
treated at high chemical oxygen demand (COD) loading
rates with fixed-bed reactors under thermophilic conditions
(Kida and Sonoda, 1993; Tang et al., 2007a). There are
also several reports of using fixed-bed reactors in full-
scale plants treating wastewater with high organic content
(Andreottola et al., 2005; Colleran et al., 1998; Mokhtarani
et al., 2012). In spite of the type of reactor, the addition
of cofactors may be necessary for biochemical reactions
as they may significantly stimulate reaction rates. Nickel
and cobalt ions, which are cofactors of methyl-S-CoM
reductase and coenzyme M (CoM) methylase, respectively,
are necessary for methane production in both aceticlastic
methanogens and hydrogenotrophic methanogens (Speece
et al., 1986; Takashima et al., 1990). Addition of Ni2+ and
Co2+ to the reactors drastically improved methanogenic
activity, increased biogas evolution rates and led to much
higher loading rates (Schink, 1997; Kida et al., 2001).

A pilot-scale plant was initially constructed to treat
sweet-potato shochu stillage using novel fixed-bed reac-
tors. By the addition of Ni2+ and Co2+, a high COD loading
rate of 15 kg/(m3·day) was achieved (Tatara et al., 2004;
Togo et al., 2000). Based on the results of this pilot-scale
plant, a full-scale plant was constructed to treat stillage as
well as all other wastes and wastewater from sweet-potato
shochu production. Here, we report on the performance
of the full-scale plant, which has now been operating
stably for more than six years. We examined the activity
of methanogens in the wastewater from the full-scale
plant by measuring coenzymes F430, corrinoids, and F420.
Methyltransferase and methylreductase are key enzymes
in methane production pathways. Methyltranderase has
corrinoid as coenzyme with Co2+ ligand. Methylreductase
has F430 as coenzyme with Ni2+ ligand. The addition of
Ni2+ and Co2+ improves the activity of these enzymes and
hence increases the methane production rate. In addition,
methane is produced from H2 and CO2 via C1 cycle
pathway. F420 was a key coenzyme with intrinsic fluores-
cence in C1 cycle pathway. The microbial communities
attached in the fiber carriers and suspended in liquid phase
within the reactors were also analyzed by using denaturing
gradient gel electrophoresis (DGGE) and 16S rRNA gene

clone library techniques. Finally, the stability and the
structure of microbial community are discussed.

1 Materials and methods

1.1 Slurry and raw wastewater

Stillage, wastewater and sweet potato waste with a vol-
umetric ratio of 88:8:6 (hereafter called raw wastewater)
were discharged from the shochu making process at the
Kirishima Shuzo Co., Ltd. (Miyakonojo City, Japan).
Sweet potato waste was suspended with water and crushed
with a hammer mill before being added into the storage
tank. The mixture of stillage, wastewater and sweet potato
waste was fed into fixed-bed reactors through a cutting
pump, which cut fiber into a mixture. Table 1 shows the
representative composition of stillage and raw wastewater.
The concentrations of COD, total nitrogen and total phos-
phate were very high.

1.2 Thermophilic methane fermentation

Figure 1 shows the schematic diagram of the full-
scale plant for thermophilic methane fermentation using
fixed-bed reactors. The plant was constructed by Kajima
Corporation (Tokyo, Japan). Each fixed-bed reactor with a
total volume of 406 m3 was made of steel. Two hundred
tubes of nonwoven carbon fiber (100 mm in diameter,
20 m long) arranged vertically were fixed into a cage
with a volume of 283 m3 and installed in each reactor
for microorganism retention. Eight reactors were arranged
in parallel as shown in Fig. 1. Specified volume of raw
wastewater was fed from Service tank2 to each reactor by
using automatically controlled valve and pump. Anaerobic
garbage digesting sludge was added into each reactor as
seed sludge and acclimated at 55◦C for 33 days. Trace ele-
ment solution was prepared to maintain the methanogenic
activity as follows: 150 kg of 40% FeCl3·4H2O solution,
10 kg of 35% NiCl2·6H2O solution and 10 kg of 35%
CoCl2·6H2O solution were filled up to 400 L with water.

Table 1 Representative characteristics of stillage and raw wastewater

Parameter Stillage Raw wastewater

Total solid (mg/L) 37000 38000
Volatile total solid (mg/L) NM 35000
Suspended solid (mg/L) 5000 28000
BOD5 (mg/L) 32000 38000
CODCr (mg/L) 70000 80000
Total nitrogen (mg/L) 2400 2800
Total phosphate (mg/L) 280 300
Water content (%) 92 93
pH 4.2 4.0

NM: not measured.
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Fig. 1 Schematic diagram of the full-scale plant for treating stillage by thermophilic methane fermentation using fixed-bed reactors. “P” means pump,
“A1–A4, B1–B4” were names of eight bioreactors.

Fifty liters of the solution was added to each reactor to give
the final concentrations of 8.8 mg/L of Fe3+, 0.9 mg/L of
Ni2+ and 0.9 mg/L of Co2+. The trace element solution was
added every two weeks for the first 24 months-operation
after which it was added only when the concentration of
volatile fatty acid (VFA) in the reactors increased. Raw
wastewater was fed continuously to each reactor and the
dilution rate was increased step-wise to achieve increasing
loading rate. Biogas was stored temporarily in a gas holder
after the removal of sulfate. Steam was generated from
the biogas with a boiler and was used to maintain the
temperature of the reactors and for the shochu-making
process.

1.3 Determination of coenzyme content

Microorganisms were collected separately from the fiber
carrier and the suspended liquid phase in the reactor A4
at the 64th, 65th and 66th months, where the reactor
was operated at dilution rates of 0.15, 0.16 and 0.12
day−1, respectively. In order to detach the microorganisms
attached to the fiber carrier, the carriers were suspended
in 10 mmol/L hate buffer solution and vortexed. The
determination of coenzymes F430 (nickel tetrapyrrole),
corrinoids and relative concentrations of F420 (8-hydroxy-
5-deazaflavin) were carried out according to methods
reported previously (Kida et al., 2001). Corrinoids and
F430 were extracted from microorganisms using acetate
buffer containing potassium cyanide and distilled water,
respectively. After the removal of insoluble materials, the
extracted corrinoids and F430 were purified using an Am-
berlite XAD-2 column (Organo, Tokyo, Japan). Corrinoids

and F430 in the samples were determined separately as
cobalt and nickel concentrations analyzed with an atomic
absorption spectrophotometer (AA-6600G, Shimadzu, Ky-
oto, Japan). F420 was extracted from microorganisms with
distilled water at 120◦C for 20 min. After the removal of
insoluble materials, the relative concentrations of F420 in
the samples were estimated using a spectrofluorophotome-
ter (RF-5300PC, Shimadzu, Japan) based on fluorescent
strength determined at a wavelength of 460 nm after
excitation at a wavelength of 425 nm. The fluorescent
strength of the sludge from the CSTR being fed with
acetate as sole carbon source at a dilution rate of 0.025
day−1 was defined as a 1 time concentration as described
in previous study (Kida et al., 2001).

1.4 Denaturing gradient gel electrophoresis (DGGE)
and 16S rRNA gene clone analysis

Sludge in the liquid phase at the 64th-, 65th- and 66th-
month and sludge in fiber carrier at the 65th-month were
sampled from reactors A4 and B4. Community DNAs
were extracted using the FastDNAr spin kit for soil (MP
Biomedicals, Cleveland, USA). DGGE analysis of these
eight samples was carried out using methods described
previously (Tang et al., 2005). Clones of methanogens ob-
tained from a dry thermophilic methanogenic digester were
used to identify the bands of DGGE for Archaea (Tang
et al., 2011). Samples collected from the fiber carriers in
the 65th-month at the dilution rate of 0.16 day−1 were
used to construct 16S rRNA gene clone libraries using
methods described previously (Shigematsu et al., 2003,
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2006). The primer sets Ar109F and Ar915R (Lueders
and Friedrich, 2003) as well as Eu27F and 1490R, were
used for amplification of the 16S rRNA genes of Archaea
and Bacteria, respectively. One archaeal-16S rRNA gene
library (SWSA library) and one bacterial-16S rRNA gene
library (SWSB library) were constructed using extracted
community DNA. Ninety positive clones in SWSA library
and 70 positive clones in SWSB library were randomly se-
lected for sequencing (Takara Bio Inc., Dragon Genomics
Center, Mie, Japan). Clones with sequence similarities
over 98% were considered as the same operational taxo-
nomic unit (OTU). The OTUs were designated SWSA01
and SWSA02 for clones of the archaeal library, and
SWSB01 to SWSB30 for clones of the bacterial library.
The phylogenetic analyses of these OTUs were carried out
as described previously (Tang et al., 2011).

1.5 Other analytical methods

Total solids (TS), volatile total solids (VTS), suspended
solids (SS), biochemical oxygen demand (BOD), total
nitrogen (TN), total phosphate (TP), water content and
pH were analyzed in accordance with standard methods
(Hirakawa, 1998).

Chemical oxygen demand (COD) was analyzed using
the HACH method (DR2800, Hach Co., Loveland, Col-
orado, USA). Concentrations of volatile fatty acids (VFAs)
and total alkalinity (T-Alk) were also analyzed using super-
natants obtained after centrifugation at 4500 ×g for 20 min
in accordance with standard methods (Hirakawa, 1998).
Biogas evolution rate was analyzed using an ultrasonic
gas flow meter (GM868, General Electric Co., USA). The
methane content of the biogas was measured by using a gas

density meter (GD300S, Yokogawa Electric Corporation,
Tokyo, Japan). Hydrogen sulfide was measured using
Kitagawa precision gas detector tubes (Komyo Kitagawa,
Kanagawa, Japan).

1.6 Nucleotide sequence accession numbers

The nucleotide sequences determined in this study have
been deposited in the GenBank database under accession
numbers AB772284 to AB772315.

2 Results and discussion

2.1 Performance of anaerobic fixed-bed reactor treat-
ing raw wastewater under thermophilic conditions

Figure 2 shows monthly changes of the COD loading rate,
the quality of effluent, the removal efficiency of COD and
the digestion efficiency of VTS during the six years of
treatment. COD loading rate was increased step-wise to
15 kg/(m3·day) during the first 20 months operation. After
that, COD loading rate was kept at 14 kg/(m3·day), which
corresponding to dilution rates of 0.15–0.17 day−1. Though
SS content of raw wastewater was higher than 28 g/L
blockages did not occur during the whole operation period.
The pH in the reactor was approximately 7.0–7.7, and
the VFA concentration was approximately 450–550 mg/L.
VFA accumulated to over 2000 mg/L only once, as a result
of mis-operation at the 25th-month of operation, however,
it decreased sharply by the addition of trace element
solution. Following this episode, the trace element solution
was added to the reactor when the VFA concentration
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Fig. 2 Monthly changes in the quality of effluent, the removal efficiency of COD and the VTS digestion efficiency during the six-year treatment of
raw wastewater with fixed-bed reactor.
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tended to increase (Fig. 3). As a result, the raw wastewater
was treated stably for six years. At the COD loading rate
of 14 kg/(m3·day), the COD removal efficiency and the
VTS digestion efficiency were kept at more than 80% and
75%, respectively. Biogas evolution rate was 15000–20000
Nm3/day raw wastewater, and the methane content and
H2S concentration in the biogas was approximately 60%
and 250–820 ppm, respectively.

The maximum COD loading rate of 14 kg/(m3·day) in
the present study was almost the same as that when SS-
removed stillage was treated using a UASB reactor and
stillage with SS was treated using a membrane reactor
(Samejima, 2003; Ikeda and Matsushita, 2010). The biogas
evolution rate achieved in this study was almost the same
as that generated from the stillage with SS treated by using
the membrane reactor, while it was more than twice as
that generated from the SS-removed stillage treated with
a UASB reactor (Samejima, 2003; Ikeda and Matsushita,
2010). This suggests that a fixed-bed reactor with the
addition of trace elements can achieve good performance
with respect to the loading rate as well as the biogas
evolution rate even when treating wastewater containing
high SS for long periods. The carbon fiber carrier used
in the present study was highly porous and was arranged
tangentially along the flow of liquid in the reactor. The
capacity of the carbon fiber of retaining syntrophic bacteria
with low growth rate might contribute to the excellent
treatment performance (Tang et al., 2007a; Tatara et al.,
2008).

The evolution rate of biogas with a methane content of
60% was 45 Nm3/m3 raw wastewater, corresponding to
the energy production of 968,200 kJ/m3 raw wastewater.
As the amount of raw wastewater produced per day was
188 m3 (which is equivalent to the stillage of 165 m3), the
energy generated from methane would reach 182,000,000
kJ/day. Since the amount of saturated steam (pressure, 0.3
MPa; specific enthalpy, 2738 kJ/kg) needed for the distil-
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Fig. 3 Changes in VFA concentration in the fixed-bed reactor from the
25th through to the 30th-month operation.

lation was 65,000 kg/day in the Kirishima Shuzo plant, the
amount of heat supplied per day should be 197,800,000
kJ/day (=178,000,000/0.9), assuming that boiler efficiency
is 90%. Therefore, 92% of the energy needed for the
distillation could be supplied by methane fermentation of
raw wastewater.

2.2 Coenzyme content in methanogens attached to the
carbon fiber carrier and those suspended in the
liquid phase

The treatment had been carried out at the high COD load-
ing rate for six years. Then, the contents of coenzymes in
microorganisms in the reactor were measured at the 64th–
66th month. Table 2 shows the contents of coenzymes in
microorganisms attached on the carbon fiber as well as
those suspended in the liquid phase in the fixed-bed reactor
during the 64th, 65th, and 66th month of operation. F430
and corrinoids are coenzymes of key two enzymes, methyl-
S-CoM reductase and coenzyme M (CoM) methylase,
both of which participate in methane production pathways
of both aceticlastic and hydrogenotrophic methanogens.
F420 is much more involved in methanogenesis from
H2-CO2 than in methanogenesis from acetate (Kida et
al., 2001). No obvious changes in the concentrations of
the three coenzymes were detected during the operation
time, indicating a stable methanogen structure during
the operation time. This was consistent with the stable
performance of the methane fermentation. No significant
differences in concentrations of the three coenzymes were
observed between microorganisms attached on the carbon
fiber carrier and those suspended in the liquid phase
(Table 2), suggesting that the relative ratio of aceticlastic
and hydrogenotrophic methanogens was similar between
methanogens existing in the carrier and liquid phases.

As shown in Table 2, concentrations of coenzyme F430,
corrinoids and F420 (relative value) were 0.510–0.580 µmol
Ni/g VSS, 0.130–0.152 µmol Co/g VSS and 0.176–0.210,
respectively. They were even comparable to those in a
methane fermentor fed with transparent synthetic wastew-
ater with acetate as the sole carbon and energy source
(Kida et al., 2001), suggesting that there was relatively
high methanogenesis activity in the fixed-bed reactor that
led to good performance of methane fermentation.

2.3 Microbial community revealed by DGGE and clone
library analyses

The structures of archaeal and bacterial communities at-
tached on the fiber carrier and those suspended in the liquid
phase were compared by DGGE analysis (Fig. 4). The
bacterial community was more complex than the archaeal
community. However, for both archaeal and bacterial com-
munities, in spite of minor differences in the strength of
the bands, no obvious differences in band number and
band site were observed along the operation time, sug-
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Fig. 4 Comparison using DGGE of archaeal (A) and bacterial (B)
communities attached to the fiber carrier and those suspended in the
liquid phase. Lane 1: archaeal clone marker (a, Methanobacterium; b,
Methanothermobacter; c, Methanosarcina; d, Methanoculleus); lane 2:
iquid phase in Reactor A4 at the 64th month (0.15 day−1); lane 3: liquid
phase in Reactor B4 at the 64th month (0.15 day−1); lane 4: liquid phase in
Reactor A4 at the 65th month (0.16 day−1); lane 5: liquid phase in Reactor
B4 at the 65th month (0.16 day−1); lane 6: liquid phase in Reactor A4 at
the 66th month (0.12 day−1); lane 7: liquid phase in Reactor B4 at the
66th month (0.12 day−1); lane 8: fiber carrier in Reactor A4 at the 65th
month (0.16 day−1); lane 9: fiber carrier in Reactor B4 at the 65th month
(0.16 day−1).

gesting a relatively stable microbial community which was
responsible for the efficient treatment of raw wastewater.
In addition, the archaeal and bacterial communities on the
fiber carrier and in the liquid phase found in both the same
reactor and in different reactors were similar. The stable
archaeal community was consistent with the results from
the coenzyme content analysis (Table 2).

The bands for Methanothermobacter and
Methanoculleus were detected as dominant bands
in all samples, while bands for Methanosarcina and
Methanobacterium were weak and only appeared in
some of the samples. The DGGE result on the archaeal
community in the thermophilic fixed-bed reactor indicated
that hydrogenotrophic methanogens might dominate
methanogens and that methane was produced mainly from
H2 and CO2 pathways. However, since biases might occur
due to the primers used, it may be necessary to use several

other analysis techniques simultaneously.
Since the microbial communities on fiber carriers are

thought to play a major role in digestion, microbial
communities on the fiber carrier at the 65th month
were investigated further by 16S rRNA gene clone
library analysis. Table 3 shows the classification of
clones of SWSA and SWSB libraries. Only two OTUs
were obtained in the SWSA library. One OTU with
58 clones was closely related to Methanosarcina ther-
mophila with a 99% sequence similarity, while another
OTU with 29 clones was closely related to Methan-
othermobacter crinale with a 98% sequence similarity.
Clones related to Methanoculleus were not obtained,
though Methanoculleus-related bands were detected as
dominant bands in DGGE analysis (Fig. 4). The bi-
ases between DGGE and clone library analysis might
be attributed to the different primers used in these two
techniques. Altogether, hydrogenotrophic methanogens of
Methanothermobacter and Methanoculleus as well as
aceticlastic methanogen Methanosarcina were dominant
methanogens. In other words, both aceticlastic and hy-
drogenotrophic pathways for methane production were
requisite in the thermophilic fixed-bed reactor treatment
of raw wastewater. These methanogens have also been
detected as dominant methanogens in other thermophilic
methanogenic reactors (Frank et al., 2007; Liu et al., 2009,
2011; Tang et al., 2011), indicating that their presence is
ubiquitous in thermophilic reactors.

As shown in Table 3, 29 OTUs were obtained from
68 clones in the SWSB library. Twenty four OTUs from
53 clones were classified in the phylum Firmicutes,
while one OTU from 10 clones was classified in the
phylum Bacteroidetes. In addition, four OTUs from 5
clones were classified in the phyla Thermotogae, candidate
division OP9, Tenericutes and Planctomycetes. Species in
phyla Firmicutes and Bacteroidetes could be considered
as dominant bacteria in the fixed-bed reactor treatment
of raw wastewater, which was similar with the bacterial
community in a thermophilic fixed-bed reactor treating
awamori distillation wastewater (Tang et al., 2007a).

OTUs classified in Thermotogae, Tenericutes, Plancto-
mycetes and Candidate division OP9 showed relatively

Table 2 Contents of coenzymes in microbial communities from thermophilic fixed-bed reactor treating raw wastewater

Month Dilution rate (day−1) Sample Concentration

F430 (µmol Ni/g VSS) Corrinoids (µmol Co/g VSS) F420

64th 0.15 Suspended in liquid phase 0.580 0.144 0.182
65th 0.16 Attached on fiber carrier 0.521 0.130 0.176

Suspended in liquid phase 0.512 0.151 0.201
66th 0.12 Attached on fiber carrier 0.514 0.152 0.194

Suspended in liquid phase 0.510 0.144 0.210

F430 is coenzyme of Methylreductase with Ni2+ ligand in methane production pathways; F420 is a key coenzyme with intrinsic fluorescence in C1 cycle
pathway.
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Table 3 Distribution of 16S rRNA gene clones in SWSA and SWSB
libraries constructed using community DNA extracted from carbon
fiber carrier in the thermophilic fixed-bed reactor treating raw wastew-
ater (65th month, dilution rate 0.16 day−1)

Taxon (phylum) Number of OTUs Number of clones

Archaea
Methanosarcina (genus) 1 58
Methanothermobacter (genus) 1 29

Bacteria
Firmicutes 24 53
Bacteroidetes 1 10
Thermotogae 1 1
Candidate division OP9 1 2
Tenericutes 1 1
Planctomycetes 1 1

low similarities to pure-cultured species but had high
similarities to uncultured clones obtained from various
anaerobic reactors such as a solid waste degrading packed-
bed reactor, a sludge digester and a swine manure digester
(Akuzawa et al., 2011; Sasaki et al., 2007; Riviere et al.,
2009).

Most of the OTUs in phylum Firmicutes, i.e., those
located in Cluster 1 (three OTUs of five clones), Cluster
2 (four OTUs of 12 clones) and Cluster 3 (five OTUs of
14 clones) shown in Fig. 5, were not closely related to any
pure-cultured species. However, these OTUs showed high
sequence similarities of 99%–100% to uncultured clones
obtained from various anaerobic reactors such as the full-
scale anaerobic sludge digester (for SWSB03–05), and the
thermophilic anaerobic cellulose-, glucose-, silage-, and
turfgrass-, solid waste-degrading reactors (for SWSB07–
11, 14–16) (Tang et al., 2008, 2011; Sasaki et al., 2011).
Though the role of microorganisms represented by these
OTUs in the reactors are still unclear due to their consistent
existence in anaerobic reactors as described above, they
might contribute significantly to the acidogenesis and
acetogenesis steps in the methane fermentation process.

As shown in Fig. 5, among other OTUs in phy-
lum Firmicutes, SWSB01 (six clones) and SWSB02
(one clone) showed 91% and 94% sequence similarities,
respectively, to cellulolytic species Clostridium stercorar-
ium subsp. leptospartum, however, showed 99% sequence
similarity to uncultured clone AWA-B7 from a ther-
mophilic upflow anaerobic filter reactor treating awamori
distillery wastewater (Tang et al., 2007a) and OTU-B9
from a thermophilic anaerobic digester treating organ-
ic solid waste (Sasaki et al., 2011). SWSB30 (three
clones) had a 91% similarity to non-cellulolytic Clostrid-
ium sp. TG60-81 (AB551425) and a 97% similarity to
uncultured clone G55 D% H B A06 (DQ887919) from
a thermophilic anaerobic solid waste digester. SWSB06
with only one clone was related to Clostridium sp. XB90
isolated from anoxic bulk soil of rice paddy microcosms

Clone S2 _1_443 (JQ104642)

SWSB02 (1) (AB772287)

Clone OTU-B9 (AB428533)

Clostridium stercorarium subsp. leptospartum (NR_025100)

Clone CFB-6 (AB274495)
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Fig. 5 Phylogenetic tree of bacterial clones of the SWSB library
constructed using community DNA from the fixed-bed reactor treating
raw wastewater. The tree was constructed by using the Neighbor-Joining
method and partial sequences of the 16S rRNA gene. The bar represents
two substitutions per 100 nucleotide positions. Bootstrap probabilities
<50% are indicated at the branch nodes. Numbers of clones with iden-
tical sequences are shown in parentheses. The DDBJ/EMBL/GenBank
accession numbers for reference strains and clones obtained in this study
are shown in parentheses.

(Chin et al., 1999) with a 90% similarity and to uncultured
clone 1-2B-02 from a dry thermophilic methanogenic
digester (Tang et al., 2011) with 100% similarity. SWSB27
and 28 (two clones) had a sequence similarity of 90%
to xylanolytic thermophilic Caldicoprobacter oshimai and
similarities of 98% and 99%, respectively, to uncultured
clones J2 2 1557 (JQ089339) from a full scale anaerobic
reactor and CFB-3 from a pack-bed reactor degrading solid
waste (Sasaki et al., 2007). Dedicated from the related
species of OTUs, the microorganisms represented by the
OTUs described above might contribute to the degradation
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of holocellulose component in raw wastewater.
SWSB26 (two clones) had a 96% similarity to Tepidimi-

crobium ferriphilum strain SB91 which is a thermophilic,
Fe(III)-reducing bacterium capable of fermenting protein
and amino acids (Slobodkin et al., 2006). SWSB21 and
22 (three clones) showed 97% and 100% similarities
to protein fermenting Coprothermobacter proteolyticus,
respectively. The microorganisms represented by OTUs
SWSB21, 22 and 26 might therefore play a significant role
in protein degradation in the fixed-bed reactor.

SWSB18 with two clones showed a 92% similarity
to syntrophic acetate-oxidizing Syntrophaceticus schinkii
strain Sp3 (Westerholm et al., 2010) and a 99% similarity
to uncultured Thermacetogenium sp. clone De217 (Liu
et al., 2011). In the fixed-bed reactor, the existence of
acetate-oxidizing bacteria indicated the existence of a
methane production pathway by acetate oxidization com-
bined with hydrogenotrophic methanogenesis (Shigematsu
et al., 2004). Since acetate-oxidizing bacteria grow slowly,
they are generally washed out from CSTR-type reactors
which were operated at high dilution rates (Shigematsu et
al., 2004). The dilution rates of the fixed-bed reactors in the
present study were 0.12–0.18 day−1. The acetate-oxidizing
bacteria may have been retained in the reactors due to the
carriers installed in the reactors. This should therefore be
considered one of the requirements of a fixed-bed reactor
as it enables those microorganisms with low growth rates
to stay in the reactor, despite the high retention times
when treating wastewaters. It is generally reported that
under thermophilic conditions, methanogenesis through
the hydrogenotrophic pathway becomes more dominant
than at mesophilic conditions (Tang et al., 2005, 2007a,
2007b, 2008, 2011), which means that the role of acetate-
oxidizing bacteria is quite critical. Since fixed-bed reactors
were used for the treatment, sludge retention time was
extended intensively. Though the doubling time of acetate-
oxidizing bacteria were reported to be around 30 days,
those slow growing acetate-oxidizing bacteria could be
retained on the carrier. As a result, syntrophic methane
production from H2 and CO2 by acetate-oxidizing bacteria
and hydrogenotrophic methanogens became easier in the
fixed-bed reactor. Hence, to achieve high loading rates,
reactors like fixed-bed type reactors should be employed
when treating wastewater under thermophilic conditions.

3 Conclusions

The stillage discharged from sweet potato-shochu pro-
duction has been treated stably for about six years in
a full-scale methane fermentation plant using a novel
fixed-bed reactor with the addition of trace elements. The
COD loading rate reached 14 kg/(m3·day) and a biogas
of 45 Nm3/m3 raw wastewater was generated effectively.
Analysis of the coenzyme content and the microbial com-

munity suggested similar microbial communities existed
in the liquid phase and on the fiber carrier in the reactors.
The coexistence of both aceticlastic and hydrogenotrophic
methanogens and a bacterial community with high di-
versity contributed to the excellent performance of the
treatment.
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