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Acidophilic biohydrogen production from rice slurry
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Abstract

Batch experiment results showed that hydrogen production from rice slurry was found most effective at pH 4.5, 37 ◦C
treating a slurry containing 5.5 g-carbohydrate/L. An anaerobic digester sludge was used as seed after a 100 ◦C heat treatment
for 30 min. After a 36 h acclimation period, the sludge had a maximum specific hydrogen production rate of 2.1 L/(g-VSS d)
and a hydrogen yield of 346 mL/g-carbohydrate, corresponding to 62.6% of stoichiometric yield. The effluent was composed
mostly of acetate (28.3–43.0%) and butyrate (51.4–70.9%). Based on the 16S rDNA analysis, the 28 clones developed from this
acidophilic hydrogen-producing sludge may be classified into nine OTUs, all of which are affiliated with the genus Clostridium.
Phylogenetic analysis shows that eight OTUs (96.4% of population) form a distinct group with Clostridium sp. 44a-T5zd.
Results indicate the acidophilic hydrogen-producing bacteria found in this study are unknown, and warrant further studies.
� 2005 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Hydrogen is a high-value industrial commodity with a
wide range of applications. It is an ideal fuel, producing only
water upon combustion. It may be converted into electricity
via fuel cells or directly used in internal combustion engines.
It can also be used for the syntheses of ammonia, alcohols
and aldehydes, as well as for the hydrogenation of edible
oil, petroleum, coal and shale oil [1]. Many believe that
hydrogen will replace fossil fuels as the next generation of
energy supply [2]. A hydrogen-based economy will impose
no risk of global warming, and will significantly improve
the urban air quality [3].

Hydrogen is traditionally generated by hydrocarbon ref-
ormation or electrolysis of water [1]. It is, however, tech-
nically feasible to harvest hydrogen from carbohydrates in
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waste and wastewater through biological process by fermen-
tative microbes [4]. The hydrogen production characteristics
of a number of pure cultures have been studied, including
Clostridia [5–7] and Enterobacteria [8–10]. However, from
an engineering point of view, producing hydrogen by mixed
cultures is generally preferred because of lower cost, ease
of control, and the possible use of organic wastes as sub-
strate. Furthermore, production of hydrogen from organic
wastes is a one-stone-two-birds paradigm; it not only cleans
up the environment but also produces a clean and readily
usable energy in a sustainable fashion [3]. Most studies of
bio-hydrogen production so far, however, have been limited
to using pure carbohydrates, such as glucose, sucrose and
starch. Little information is available on the feasibility of
using the carbohydrate-rich agricultural and food wastes.

Fermentative hydrogen production is affected by many
parameters such as pH, temperature and feedstock concen-
tration as well as the nature of the microbial community.
pH is crucial due to its effects on hydrogenase activity [11],
metabolism pathways [12], and microbial communities
[13]. Hydrogen production is usually accompanied by the
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production of volatile fatty acids (VFA) and alcohols. Some
found that lowering the pH to 4.5 or below may shift the
VFA-producing pathway to an alcohol-producing pathway
[14,15]. Lay et al. [16] found that pH 5.6 was optimal for
hydrogen production, and was also the threshold pH for the
VFA- and alcohol-producing pathways. Fang and Liu [13]
reported an optimal pH of 5.5, and their analysis based on
polymerase chain reaction (PCR) and denatured gradient
gel electrophoresis (DGGE) indicated that the diversity of
microbial community increased with pH. Morimoto et al.
[17] demonstrated that the production of hydrogen, which
was started at neutral pH, was reduced with lowering pH and
ceased at pH 4. Khanal et al. [15] also found the variations in
acetate/butyrate ratio, which implied a metabolic alteration
due to environmental changes, such as pH, etc. So far in the
literature, pH of 5.5 is regarded as the optimal value and
little information is known about the hydrogen production
under a more acidophilic environment.

Fermentation reactions can be conducted at mesophilic
(25–40 ◦C), thermophilic (40–65 ◦C), extreme thermophilic
(65–80 ◦C), or hyperthermophilic (>80 ◦C) temperatures
[18]. Most of the studies on hydrogen production by dark
fermentative bacteria were conducted at 25–40 ◦C, with a
few exceptions at 60 ◦C [19] and 55–70 ◦C [20].

This study was conducted initially to investigate the fea-
sibility of producing hydrogen from rice slurry which is a
common carbohydrate-rich food waste. It was soon found
that, unlike reported in most studies, acidophilic condition
was favored for rice slurry. The focus of this study was
then shifted to investigate the performance, optimal oper-
ational conditions and microbial community of acidophilic
hydrogen-producing sludge, using 16S rDNA-based molec-
ular techniques, including PCR–DGGE, cloning, sequenc-
ing and phylogenetic analysis.

2. Materials and methods

2.1. Batch experiments of hydrogen production

Rice, the most common dietary food worldwide, was
chosen as the model of carbohydrate-rich food waste af-
ter steaming at 100 ◦C for 30 min. The rice was composed
of carbohydrate (78.3%), protein (6.6%), lipid (3.2%) and
water (11.9%). An anaerobic digester sludge, sampled from
a local municipal wastewater treatment plant, was used as
seed. The sludge was pre-heated at 100 ◦C for 30 min to
deactivate the hydrogenotrophic methanogens before it was
used to seed the reactors. Three series of batch experi-
ments were conducted in duplicate in 280 mL serum bottles.
The wastewater was prepared using the following nutrients
(all in mg/L): NaHCO3 1250; NH4Cl 2500; KH2PO4 250;
K2HPO4 250; CaCl2 500; NiSO4 32; MgSO4 · 7H2O 320;
FeCl3 20; Na2BO4 ·H2O 7.2; Na2MoO4 ·2H2O 14.4; ZnCl2
23; CoCl2 · 6H2O 21; CuCl2 · H2O 10; MnCl2 · 4H2O 30;
yeast extract 50.

Series I was to investigate the effect of pH on hydrogen
production. Experiments were conducted from pH 4.0 to 7.0
with 0.5 increments at 37 ◦C and 5.5 g-carbohydrate/L. Se-
ries II was to compare hydrogen production at 37 and 55 ◦C
treating the rice slurry at pH 4.5 and 5.5 g-carbohydrate/L.
After the optimal pH and temperature were identified as 4.5
and 37 ◦C, respectively, Series III was to further investigate
the effect of feedstock concentration at 2.7, 5.5, 8.3, 11.0,
13.8 and 22.1 g-carbohydrate/L. In all batches, 150 mL rice
slurry was treated with 85 mg of sludge as measured by
volatile suspended solids (VSS). The mixed liquor was first
purged with nitrogen for 20 min and capped tightly with
butyl rubber to ensure anaerobic conditions. These reactors
were then placed in a reciprocating shaker at 100 rpm at con-
trolled temperatures. The mixed liquor pH was periodically
adjusted using either 1 M HCl or 1 M NaOH to maintain the
desired values.

2.2. Chemical analysis

The amount of biogas produced in each reactor was mea-
sured using a glass syringe. Biogas of 50 �L was sampled
to analyze the contents of hydrogen, carbon dioxide and
methane by a gas chromatograph (GC) (Hewlett–Packard
5890II, USA) equipped with a thermal conductivity detector
and a 2 m × 2 mm (inside diameter) stainless steel column
packed with Porapak N (80–100 mesh). Injector, detector
and column temperatures were kept at 57, 180 and 50 ◦C,
respectively. Argon was used as the carrier gas at a flow rate
of 30 mL/min.

Concentrations of VFA and alcohols in the mixed liquor
were analyzed by a second GC of the same model equipped
with a flame ionization detector and a 10 m × 0.53 mm HP-
FFAP fused-silica capillary column. The VFA analyzed in-
cluded acetate, propionate, butyrate, i-butyrate, valerate, i-
valerate and caproate, whereas alcohols included methanol,
ethanol, propanol and butanol. Mixed liquor sample of 1 mL
was first filtered through a 0.2 �m membrane, acidified by
formic acid and measured for free acids. The initial tem-
perature of the column was 70 ◦C for 3 min followed with
a ramp of 10 ◦C/min and a final temperature of 180 ◦C for
4.5 min. The temperatures of the injector and detector were
200 and 250 ◦C, respectively. Helium was used as the car-
rier gas at a flow rate of 25 mL/min.

The biomass concentration was measured by VSS accord-
ing to the Standard Methods [21].

2.3. Kinetic modeling

The cumulative hydrogen production in the batch exper-
iments followed the modified Gompertz equation [22,23].

H = P exp

{
− exp

[
Rme

P
(� − t) + 1

]}
, (1)

where H is the cumulative hydrogen production (mL), �
the lag time (h), P the hydrogen production potential (mL),
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Rm the maximum hydrogen production rate (mL/h), e the
2.718281828.

The values of P, Rm and � for each batch were estimated
using the solver function in Excel (version 5.0, Microsoft)
with a Newtonian algorithm. The maximum specific hydro-
gen production rate (L/(g-VSS d)) was calculated by divid-
ing Rm by the initial VSS in the reactor. The hydrogen yield
(mL/g-carbohydrate) was calculated by dividing P by the
carbohydrate content of feedstock.

2.4. DGGE, cloning, sequencing and phylogenetic analysis

The sludges at pH of 4.5–6.5 were sampled at the
130 h when hydrogen production was ceased for mi-
crobial analysis. In addition, the sludge at pH 4.5 was
sampled from 0 to 130 h for analysis of microbial popula-
tion shift. DNA was extracted from the sludge, followed
by PCR amplification using the primer set of 341FGC
(5′-CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGC
ACGGGGGGCCTA CGGGAGGCAGCAG-3′) and 518R
(5′-ATTACCGCGGCTGCTGG-3′) at the annealing temper-
ature of 55 ◦C in an automated thermal cycler (GenAmp�)
PCR 9700, Perkin–Elmer, Foster City, CA) [24,25]. The
PCR-amplified products were then screened using DGGE
to investigate the microbial population variations under
different pH and time intervals using 8% gel with 30–70%
denaturant gradients [24,25]. Electrophoresis was con-
ducted in a 1 × TAE buffer solution at 200V and 60 ◦C
for 4 h. The 16S rDNA bands on the gel were then stained
with silver nitrate [26].

The DNA of sludge sample of pH 4.5 at 130 h was further
analyzed. Firstly, the DNA was amplified using the primer
set of EUB8F (5′-AGAGTTTGATCMTGGCTCAG-3′) and
UNIV1392R (5′-ACGGGCGGTGTGTRC-3′) at the anneal-
ing temperature of 54 ◦C. The PCR-amplified product was
then used to build a clone library with the TA Cloning Kit
(Invitrogen, Carlsbad, CA) as described previously [25]. A
total of 28 clones were selected to recover the DNA insert
in the plasmids by the whole-cell PCR using the primer
set of M13F (5′-CAGGAAACAGCTATGAC-3′) and M13R
(5′-GTTTGATCCTGGCTCAG-3′) at the annealing temper-
ature of 54 ◦C. The PCR product was used as the template for
further PCR with the primer set of 341FGC/518R. The PCR
products using the primer set of 341FGC/518R were used
for DGGE screening to identify the unique sequence based
on the band positions. Finally nine unique sequences, i.e.
operational taxonomy units (OTUs), were sequenced using
primers 1392R and EUB8F, an auto sequencer (ABI model
377A, Perkin–Elmer), and the dRhodamine Terminator Cy-
cle Sequencing FS Ready Reaction Kit (Perkin–Elmer).

The nearly full length sequences of each OTU were
then manually edited with BioEdit [27], checked using
the CHECK-CHIMERA program [28] to remove possible
chimeric artifacts, if any, and compared with the refer-
ence microorganisms available in the GenBank by BLAST
search [29]. The DNA sequences obtained and their clos-

est 16S rDNA sequences of reference microorganisms
retrieved from the GenBank were aligned and checked
manually using the BioEdit [27]. Phylogenetic trees were
then constructed using the neighbor-joining method [30]
with MEGA 2.1 [31]. Bootstrap re-sampling analysis [32]
for 500 replicates was performed to estimate the confidence
of tree topologies.

2.5. Accession numbers

The nine nucleotide sequence data reported in this paper
have been assigned the following accession numbers for the
GenBank, EMBL and DDBJ databases: AY862509-17.

3. Results and discussion

In all experiments, the biogas produced contained hydro-
gen (45–56%) and carbon dioxide (44–55%), excluding the
residual nitrogen from the initial purging. The biogas was
free of methane due to lack of methanogenic activities in the
sludges. Eq. (1) correlates hydrogen production data well
with R2 > 0.98 in all series.

3.1. Effect of pH on hydrogen production at 37 ◦C

Fig. 1 illustrates that plots based on Eq. (1) fit well the cu-
mulative hydrogen production data for pH ranging from 4.0
to 7.0 treating a rice slurry containing 5.5 g-carbohydrate/L
at 37 ◦C. Table 1 further summarizes the three kinetic param-
eters, plus hydrogen yield and maximum specific hydrogen
production rate. Results show that the maximum hydrogen
yield of 346 mL/g-carbohydrate occurred at pH 4.5. Under
this pH, hydrogen evolved after a long lag phase (36 h),
and cumulative yield increased with time before reaching
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Fig. 1. Cumulative hydrogen production at pH 4.0–7.0: � pH = 4.0;
� pH = 4.5; × pH = 5.0; ∗ pH = 5.5; � pH = 6.0; + pH = 6.5;
� pH = 7.0.
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Table 1
Kinetic parameters for hydrogen production at pH 4.0--7.0

pH � Rm P Maximum specific hydrogen Hydrogen yield
(h) (mL/h) (mL) production rate (L/(g-VSS d)) (mL/g-carbohydrate)

4.0 40 0.7 175 0.2 212
4.5 36 7.3 286 2.1 346
5.0 12 9.0 277 2.5 336
5.5 12 11.0 248 3.1 300
6.0 11 8.5 220 2.4 264
6.5 18 14.0 185 4.0 223
7.0 18 8.0 132 2.3 160

Table 2
Comparison of hydrogen yield

Feedstock pH Temperature Hydrogen yield Yieldc Reference
( ◦C) (mL/g-carbohydrate) (%)

Rice 4.5 37 346 62.6 This study
Starch 6.0a 55 92 16.6 [33]
Cellulose 7.0a 37 72 13.0 [34]
Cellulose 7.0a 60 193 34.9 [35]
Sucroseb 5.5 36 280 53.4 [36]
Glucoseb 5.5 37 261 52.2 [13]

aInitial pH.
bContinuous experiments.
cAssuming carbohydrate was totally converted into hydrogen and acetate.

Table 3
VFA and alcohol productions at pH 4.0--7.0

pH VFA and alcohols (mg/L) Constituents Acetate/butyrate ratio

Acetate Butyrate Methanol Propionate This study Ref. [13]
(%) (%) (%) (%)

4.0 3134 30.4 69.6 0.0 0.0 0.44 0.37
4.5 3354 27.3 67.1 5.6 0.0 0.41 0.51
5.0 3748 35.4 57.4 3.6 3.6 0.62 0.61
5.5 3517 37.6 54.1 3.3 5.0 0.70 0.83
6.0 3558 43.0 51.4 1.6 4.0 0.84 0.91
6.5 3192 44.5 48.8 1.3 5.4 0.91 1.05
7.0 3678 48.4 42.3 1.5 7.8 1.15 1.09

the maximum. This finding was in close agreement with the
results obtained by Khanal et al. [15] based on the studies
carried out using both sucrose and starch.

Table 1 shows that the lag time was greatly affected by
pH, varying from as low as 11 h at pH 6.0 to 40 h at pH 4.0.
The effect of pH on the maximum specific hydrogen pro-
duction rate was insignificant in the range of pH 4.5–7.0, the
highest being 4.0 L/(g-VSS d) at pH 6.5. However, the max-
imum specific hydrogen production rate of 0.2 L/(g-VSS d)
at pH 4.0 was much lower than the 2.1–4.0 L/(g-VSS d)

found at high pH values. Table 1 also shows the hydro-
gen yield increased sharply from 212 mL/g-carbohydrate at
pH 4.0 to 346 mL/g-carbohydrate at pH 4.5, and then
decreased sharply with the further increase of pH to
160 mL/g-carbohydrate at pH 7.0.

Stoichiometrically, each gram of polysaccharides pro-
duces a maximum of 553 mL hydrogen assuming acetate
being the sole by-product. The maximum hydrogen yield of
346 mL/g-carbohydrate represents 62.6% of the theoretical
yield. Table 2 shows that, such a yield was much higher
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Table 4
Kinetic parameters at pH 4.5 and various rice concentrations

Rice concentration � Rm P Maximum specific Hydrogen yield
(g-carbohydrate/L) (h) (mL/h) (mL) hydrogen production rate (mL/g-carbohydrate)

(L/(g-VSS d))

2.7 38 1.0 115 0.3 278
5.5 36 7.3 286 2.1 346
8.3 36 2.1 302 0.6 244
11.0 40 1.8 291 0.5 176
13.8 16 1.6 325 0.4 157
22.1 12 1.6 510 0.4 154

than the 280 mL/g-sucrose reported at 36 ◦C in a continu-
ous stirred tank reactor [13] and the 193 mL/g-cellulose by
the microflora from sludge compost at 60 ◦C in batch ex-
periments [33]. Overall, pH 4.5 was identified in this series
of experiments as the optimal pH for hydrogen production.
This is more acidic than the reported optimal pH of 5.5 for
hydrogen production from wastewaters containing sucrose
and glucose [13,36]. The discrepancy is unclear, but could
be attributed to the choice of seed sludge.

Table 3 summarizes the distribution of key VFA/alcohols
produced in batches of various pH. It shows that acetate
(27.3–48.4%) and butyrate (42.3–69.6%) were the two main
by-products in all batches, followed by little amounts of
methanol and propionate. In a hydrogen-producing process
the pathway may shift from VFA-producing to alcohol-
producing when the pH was lowered 4.5 or below [14,15].
However, in these batch experiments, only a small amount of
methanol was detected. Results show that the increase of pH
has no significant effect on the total VFA and alcohols con-
centrations. However, increase of pH resulted in the increase
of acetate from 30.4% at pH 4.0 to 48.4% at pH 7.0 and the
decrease of butyrate from 69.6% to 42.3%. Table 3 shows
that the acetate/butyrate ratio increased from 0.41 at pH 4.5
to 1.15 at pH 7.0, suggesting a shift of metabolism pathway
as pH changed. This result is consistent with a previous work

Table 5
VFA and alcohol production at pH 4.5 and various rice concentrations

Rice concentration VFA and alcohols (mg/L) Constituents

Acetate Butyrate Methanol Propanol Propionate Valerate Caproate
(g-carbohydrate/L) (%) (%) (%) (%) (%) (%) (%)

2.7 1772 31.2 55.8 0.0 5.1 0.0 0.6 7.2
5.5 3771 43.0 51.4 1.6 0.0 4.1 0.0 0.0
8.3 4734 29.2 62.8 0.0 2.0 0.0 0.3 5.8
11.0 6556 28.3 67.4 0.0 1.4 0.3 0.1 2.4
13.8 7394 34.2 64.8 0.0 0.9 0.1 0.0 0.0
22.1 10587 28.8 70.9 0.0 0.0 0.0 0.0 0.4
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Fig. 2. Cumulative hydrogen production at two temperatures (�
37 ◦C; © 55 ◦C).

[13], in which the ratio of acetate/butyrate increased from
0.51 at pH 4.5 to 1.09 at pH 7.0 for hydrogen produc-
tion from sucrose at 36 ◦C in continuous experiments. How-
ever, this result is different from another previous work
[15], in which the acetate/butyrate ratio was 3–4 at pH
5.5–5.7. The byproducts, which were mostly composed of
VFA, can be converted to methane or hydrogen by further
fermentation.
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4.5 5.0 5.5 6.0 6.5

Fig. 3. DGGE profiles for hydrogen-producing communities at pH
4.5–6.5.

3.2. Effect of temperature on hydrogen production at pH 4.5

Fig. 2 illustrates that plots based on Eq. (1) satisfactorily
fit the cumulative hydrogen production data at pH 4.5 treat-
ing 5.5 g-carbohydrate/L of rice slurry at 37 and 55 ◦C. The
best-fit parameters were: � 36 h, Rm 7.3 mL/h and P 286
mL for 37 ◦C; � 44 h, Rm 2.9 mL/h and P 174 mL at 55 ◦C.
The lengthy lag-phase times were likely needed by the bac-
teria to adjust their physiological state for the new acidic
environment of pH 4.5. Based on the P and Rm values, the
maximum specific hydrogen production rates and hydro-
gen yields at 37 ◦C were calculated as 2.1 L/(g-VSS d) and
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Fig. 4. DGGE profiles at pH 4.5 over 130 h and the corresponding hydrogen accumulation.

Fig. 5. SEM image of the hydrogen-producing bacteria at pH 4.5.

346 mL/g-carbohydrate. The corresponding values at 55 ◦C
were 0.8 L/(g-VSS d) and 210 mL/g-carbohydrate. These re-
sults show that the mesophilic sludge was more effective
than the thermophilic sludge in treating carbohydrate-rich
food waste.

3.3. Effect of feedstock concentration on hydrogen
production at pH 4.5 and 37 ◦C

Table 4 summarizes the kinetic parameters �, Rm and
P, plus maximum specific hydrogen production rate and
hydrogen yield for experiments conducted at pH 4.5
and 37 ◦C treating rice slurries at concentrations from
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Table 6
Phylogenic affiliation of operational taxonomic units

OTU Phylogenetic relationship No. of Abundance

Closest species in GenBank Similarity (%) clones (%)

HPB-R-1 Clostridium sp. 44a-T5zd 96 1 3.6
HPB-R-2 Clostridium sp. 44a-T5zd 97 17 60.7
HPB-R-4 Clostridium sp. 44a-T5zd 96 2 7.0
HPB-R-16 Clostridium sp. 44a-T5zd 97 3 10.7
HPB-R-21 Clostridium sp. 44a-T5zd 98 1 3.6
HPB-R-25 Clostridium sp. 44a-T5zd 97 1 3.6
HPB-R-26 Clostridium sp. 44a-T5zd 96 1 3.6
HPB-R-46 Clostridium sp. 44a-T5zd 98 1 3.6
HPB-R-55 Clostridium roseum 99 1 3.6
Total 28 100.0

2.7 to 22.1 g-carbohydrate/L. It shows that the lag time
was sensitive to the concentration, decreasing from 38 h
at 2.7 g-carbohydrate/L to 12 h at 22.1 g-carbohydrate/L.
Whereas the maximum specific hydrogen production rate
increased from 0.3 L/(g-VSS d) at 2.7 g-carbohydrate/L to
2.1 L/(g-VSS d) at 5.5 g-carbohydrate/L and then decreased
to 0.4 L/(g-VSS d) at 22.1 g-carbohydrate/L. The concentra-
tion of 5.5 g-carbohydrate/L also gave the highest hydrogen
yield of 346 mL/g-carbohydrate. Hydrogen yield decreased
steadily with concentration above 5.5 g-carbohydrate/L,
probably resulting from the increased concentration of
VFA and alcohols. Table 5 shows the total concentration
VFA and alcohols increased significantly with the increase
of feedstock concentration, from 1772 mg/L at 2.7 g-
carbohydrate/L to 10,587 mg/L at 22.1 g-carbohydrate/L. It
has been known that increased concentration of VFA and al-
cohols may inhibit the further production of hydrogen [37].
Acetate (28.3–43.0% of total VFA and alcohols) and bu-
tyrate (51.4–70.9%) were two main products in all batches,
followed by low amounts of caproate, propionate, methanol
and propanol. Increase of rice concentration resulted in a
slight decrease of acetate and an increase of butyrate.

3.4. Microbial community analyses of sludge

Fig. 3 is the DGGE image illustrating the variation of
microbial populations under different pH values. It shows
that the biodiversity decreased considerably as pH lowered
from pH 6.5 to 4.5, as indicated by the reduced numbers of
the major bands. As pH 4.5 is the optimal pH for hydro-
gen production from rice slurry, the microbial population of
sludge at pH 4.5 was further analyzed. Fig. 4 illustrates the
microbial population shift over a 130 h period at pH 4.5. It
shows that the microbial diversity decreased with time and
one band became predominant after 48 h. Fig. 4 also illus-
trates the hydrogen accumulation over the same time period.
It shows that hydrogen production increased substantially
after 38 h of lag time for gradually leveled off after 90 h as
substrate became depleted. These results strongly suggest

that the predominant population shown in Fig. 4 was mainly
responsible for the hydrogen production. Fig. 5 illustrates
the morphology of the hydrogen-producing bacteria at pH
4.5. The bacteria cells have the typical rod-shaped morphol-
ogy of Clostridium species.

Based on the cloning-sequencing analysis, nine OTUs
were classified from the 28 clones developed from this
acidophilic hydrogen-producing sludge. Table 6 shows the
number of clones and relative abundance of each OTUs,
plus the closest species found in the GenBank and the
similarity by BLAST analysis. The phylogenetic tree illus-
trated in Fig. 6 shows that all the OTUs are affiliated with
the genus Clostridium, and fell into the 16S rDNA Cluster
I [38]. Eight OTUs, HPB-R-1, −2, −4, −16, −21, −25,
−26 and −46, (totaling 96.4% of relative abundance) form
a group at 100% bootstrap value with two known species,
Clostridium acetobutylicum, Clostridium felsineum, plus
several uncultured clones found in acidic conditions, i.e.
Clostridium sp. FA3/2 and Clostridium sp. L1/6 involved
in the water retting process [39], and Clostridium sp. 44a-
T5zd (AY082483) in an acid mine drainage system. The
eight OTUs form a group with Clostridium sp. 44a-T5zd
at a bootstrap value of 100%. This uncultured group may
be divided into two subgroups. The similarity within each
subgroup is over 97% whereas the similarity between two
subgroups is below 96%. Fig. 6 illustrates that species
of Clostridium genus, for example, C. felsineum and C.
roseum, C. thiosulforeducens and C. subterminale, C.
argentinense, C. botulinum, have shorter interspecies evo-
lution distances as compared to these eight OTUs. This
implies that these OTUs likely represent eight new species
with characteristics different from any known species
of Clostridium.

The remaining HPB-R-55 (3.6% abundance) is closely
related to C. roseum, C. beijerinckii and C. diolis with 99%
similarity. C. beijerinckii and C. roseum are well-known
fermentative and hydrogen-producing bacteria while little
information is available on the hydrogen production of C.
diolis.
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 HPB-R-4 (AY862513)
 HPB-R-1 (AY862515)

 HPB-R-26 (AY862511)

 HPB-R-16 (AY862512)

 HPB-R-2 (AY862514)
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 HPB-R-46 (AY862516)

 Clostridium sp. 44a-T5zd (AY082483)
 HPB-R-21 (AY862509)

 Clostridium sp. FA3/2 (AY188848)
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Fig. 6. Phylogenetic tree of the nine OTUs and their close relatives based on almost fully length 16S rDNA. The tree based on Jukes-Cantor
distance was constructed using neighbor-joining algorithm with 1000 bootstrappings. Bacillus soli was selected as the outgroup species.
The scale bar represents 0.02 substitution per nucleotide position. Numbers at the nodes are the bootstrap values. • OTUs obtained in this
study, � known hydrogen-producing bacterium species.

Hydrogen producing bacteria may be classified into four
major groups: strictly anaerobes, facultative anaerobes, aer-
obes and photosynthetic bacteria [40]. In this study, the
strictly anaerobic Clostridium was found most abundant
in the sludge. Many Clostridium species are capable of
producing hydrogen, including C. acetobutylicum [41], C.
butylicum [42], C. butyricum [43], C. kluyveri [44] and C.
pasteurianum [45], of which some are known acidophilic
species. It has been reported that C. acetobutylicum can
grow at pH 4.3 [46] and C. butyricum at pH 4 [47]. Two
anaerobic acid-tolerant bacteria, C. akagii CK58T and C.
acidisoli CK74T, have been isolated from acidic beech litter
and acidic peat-bog soil, respectively [48]. The growth of C.
akagii CK58T and C. acidisoli CK74T on glucose yielded
hydrogen, butyrate, lactate, acetate, formate, and CO2 at pH
3.7–7.1 and 3.6–6.9, respectively. In addition to Clostridium,
an acidophilic Enterobacter aerogenes strain HO-39 capa-
ble of producing hydrogen at the pH of 4.0 has also been
isolated [49]. However, none of these acidophilic hydrogen-
producing species was detected in this study. This indicates

the acidophilic hydrogen-producing bacteria found in this
study are unknown. Further study, including isolation and
characterization, is warranted.

4. Conclusions

Hydrogen production from rice slurry was found most
effective at pH 4.5, 37 ◦C treating a slurry containing 5.5 g-
carbohydrate/L using an anaerobic digester sludge as seed
after a 100 ◦C heat treatment for 30 min. After a 36 h ac-
climation period, the sludge had a maximum specific hy-
drogen production rate of 2.1 L/(g-VSS d) and a hydrogen
yield of 346 mL/g-carbohydrate, corresponding to 62.6%
of stoichiometric yield. The effluent was composed mostly
of acetate (28.3–43.0%) and butyrate (51.4–70.9%), plus
small amounts of alcohols. Based on the 16S rDNA analy-
sis, the 28 clones developed from this acidophilic hydrogen-
producing sludge may be classified into nine OTUs, all of
which are affiliated with the genus Clostridium. Phyloge-
netic analysis shows that eight OTUs (96.4% of population)
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form a distinct group with Clostridium sp. 44a-T5zd. Results
indicate the acidophilic hydrogen-producing bacteria found
in this study are unknown, and warrant further study.
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