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anaerobic mixed cultures in elephant dung under thermophilic temperature. Carbox-
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ymethyl cellulose (CMC) was used as the model substrate. The investigated parameters
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included initial pH, temperature and substrate concentration. The experimental results
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showed that maximum hydrogen yield (HY) and hydrogen production rate (HPR) of
7.22  0.62 mmol H2/g CMCadded and 73.4  3.8 mL H2/L h, respectively, were achieved at an
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initial pH of 7.0, temperature of 55  C and CMC concentration of 0.25 g/L. The optimum

Bio-hydrogen

conditions were then used to produce hydrogen from the cellulose fraction of sugarcane

Elephant dung

bagasse (SCB) at a concentration of 0.40 g/L (equivalent to 0.25 g/L cellulose) in which an HY

Thermophilic

of 7.10  3.22 mmol H2/g celluloseadded. The pre-dominant hydrogen producers analyzed by

Carboxymethyl cellulose

polymerase chain reaction-denaturing gel gradient electrophoresis (PCR-DGGE) were

Sugarcane bagasse

Thermoanaerobacterium thermosaccharolyticum and Clostridium sp. The lower HY obtained
when the cellulose fraction of SCB was used as the substrate might be due to the presence
of lignin in the SCB as well as the presence of Lactobacillus parabuchneri and Lactobacillus
rhamnosus in the hydrogen fermentation broth.
Copyright ª 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

Introduction
Hydrogen is a clean and sustainable energy carrier i.e. upon its
combustion with oxygen, only water is obtained as a byproduct. Hydrogen has a high energy content of 122 kJ/g

which is 2.75 times higher than fossil fuel such as gasoline [1].
Biologically, hydrogen can be produced by photo production
process and dark fermentation process. Dark fermentation
process has the advantages over photo production process in
terms of a higher rate of hydrogen production and more
versatility of the substrates can be used [2e5].
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Different types of feedstocks i.e. food crops (first generation feedstock), lignocellulosic materials (second generation
feedstock) and microalgae (third generation feedstock) have
been used to produce hydrogen by dark fermentation process
[6]. However, the feedstock for hydrogen production should
come from non-food crops in order to avoid a competition
between food source and energy source. Hence, lignocellulosic materials are promising feedstock for producing
hydrogen due to its compositions that are rich in polysaccharide that can subsequently be hydrolyzed to produce
fermentable sugar. In addition, lignocellulosic materials are
abundant with no/low cost. The compositions of lignocellulosic materials are 30e56% cellulose, 10e27% hemicellulose
and 3e30% lignin [7]. Cellulose consists of linear and highly
chains of glucose that is suitable as a carbon source to produce
hydrogen by the biological method. However, due to its complex structure, cellulose is difficult to be used as a feedstock
for hydrogen production. Therefore, only a few studies have
been conducted using cellulose to directly produce hydrogen
[5,8] while the research on using hydrolysate of cellulosic or
lignocellulosic materials as substrate to produce hydrogen is
well-documented [9e13]. Thus, a further investigation on
finding efficient methods to directly produce hydrogen from
cellulose is needed.
In this study, simultaneous saccharification and fermentation (SSF) process was selected as an efficient method to
produce hydrogen due to its advantages including a higher
hydrolysis rate, lower enzyme requirements, higher product
yield, shorter process time (since glucose is removed immediately and hydrogen is produced) and a smaller reactor
volume (using single reactor) [14]. The mixed cultures in
elephant dung were chosen as a seed culture to produce
hydrogen from cellulose with the hypothesis that the cellulolytic bacteria that can degrade cellulose to glucose and
non-cellulolytic bacteria that can produce hydrogen from the
resulting glucose would present in elephant dung due to the
diet of the elephant which comprised of mainly plant
materials.
In order to obtain a successful hydrogen production process, there is a need to optimize the important process parameters such as substrate concentration, initial pH and
temperature. Substrate concentration affects metabolic
pathways and microbial community structures [15,16], while
the initial pH directly affects the activity of the ironcontaining hydrogenase enzyme that is responsible for the
production of hydrogen [17] as well as the extent of the lag
phase in batch hydrogen production [18]. Temperature affects
the rate of biochemical processes [19]. Hydrogen production at
high temperature by mixed thermophilic bacteria favors reaction kinetics and has a positive effect on biocatalyst activity
promoting hydrogen production [20].
Therefore, in order to maximize thermophilic hydrogen
production from cellulose by microorganisms in elephant
dung using the SSF process, the optimization of important
process parameters including initial pH, temperature and
cellulose concentration, was conducted. The possibility of
producing hydrogen from natural cellulose i.e. the cellulose
fraction of sugarcane bagasse (SCB) was explored under the
optimum initial pH, CMC concentration, and temperature.
The findings from this research would provide the important
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information toward the use of lignocellulosic materials for
energy (hydrogen) production.

Materials and methods
Seed microorganisms
Elephant dung was obtained from the elephant village, Surin,
Thailand. Before it was directly used as the seed cultures, 100 g
of elephant dung was chopped into small pieces and heattreated in an LDO-100E hot air oven (Lab Tech, Korea) for 2 h
at 105  C in order to inhibit methanogenic activity and to
harvest hydrogen-producing spore forming anaerobes. The
elephant dung comprised of 47.36% cellulose, 18.97% hemicellulose and 14.91% lignin. The volatile solid (VS) of heattreated elephant dung was 827.34 g-VS/kg.

Cellulose fraction of SCB
SCB was obtained from a local chipboard industry (Panel Plus
Ltd.), Chaiyaphum, Thailand. Compositions of SCB are 51.52%
cellulose, 23.49% hemicellulose, and 8.33% lignin.
The cellulose fraction of SCB was the solid residue obtained
after acid hydrolysis of SCB with 1% (v/v) H2SO4 at a mass ratio
of SCB:H2SO4 of 1:15 [21]. Prior the usage, the cellulose fraction
of SCB was washed and soaked in tap water for 5 min. This
process was conducted several times until the pH of cellulose
fraction of SCB was 7. Then, it was dried in an LDO-100E hot air
oven (Lab Tech, Korea) at 105  C for 3 h. The obtained cellulose
fraction of SCB contained 62.50% cellulose, 8.80% hemicellulose and 16.41% lignin.

Batch hydrogen fermentation with carboxymethyl cellulose
(CMC)
CMC was chosen as the representative of natural cellulose
because of its amorphous cellulose structure and a high
reducing sugar production rate. The optimization of initial pH,
temperature and CMC concentrations for hydrogen production by thermophilic microorganisms in the elephant dung
were conducted in a batch mode. The hydrogen production at
different initial pH (pH 5.0, 6.0, 7.0 and 8.0) was first investigated at the initial CMC concentration of 2.5 g/L and 55  C. The
effects of temperature (45, 50, 55 and 60  C) on hydrogen
production were then observed under the obtained optimum
initial pH and CMC concentration of 2.5 g/L. The effects of CMC
concentrations (0.1, 0.25, 0.5 and 0.75 g/L) on hydrogen production were further investigated at the optimum initial pH
and temperature.
All batch fermentations were conducted in 120 mL serum
bottles with a working volume of 70 mL comprised 3.5 g of
elephant dung (27.34 g-volatile suspended solid (VSS)/L) and
70 mL of CMC solution. The CMC solution was prepared in a
buffer solution containing inorganic nutrients at the final
concentration of (all in mg/L): 5240 NH4HCO3; 125 K2HPO4; 15
MgCl2$6H2O; 25 FeSO4$7H2O; 5 CuSO4$5H2O and 0.125
CoCl2$5H2O (modified from Endo et al., 1982 [22]). Citratephosphate buffer solution, phosphate buffer solution and
sodium-phosphate buffer solution were used in the treatment
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with an initial pH of 5.0, 6.0e7.0 and 8.0, respectively. The
initial pH of the CMC solution inoculated with elephant dung
was slightly adjusted to the designated values using 2 mol/
L HCl or 2 mol/L NaOH. The serum bottles were purged with
nitrogen gas for 5 min in order to create anaerobic condition.
The serum bottles were closed with rubber stoppers and
capped with aluminum caps. During the fermentation, biogas
and soluble metabolite products (SMPs) were monitored until
the end of hydrogen production. Control vial without CMC
was conducted in order to account for background hydrogen
production from self-fermentation of elephant dung. The
background hydrogen production was subtracted from the
hydrogen production in the vial with CMC for obtaining the
actual hydrogen production. All treatments were conducted in
triplicates.

Batch hydrogen fermentation with the cellulose fraction of
SCB
The obtained optimum initial pH, temperature and CMC
concentration were used to produce hydrogen from the cellulose fraction of SCB. Cellulose fraction of SCB was prepared
in phosphate buffer solution. The experimental methods followed the protocols in section Batch hydrogen fermentation
with carboxymethyl cellulose (CMC). Control vials without
cellulose fraction of SCB and without elephant dung, respectively, were included in order to account for background
hydrogen production from indigenous microorganisms in SCB
and self-fermentation of elephant dung, respectively. The
background hydrogen produced in the control vials was subtracted from the hydrogen produced in vial with the cellulose
fraction of SCB and elephant dung in order to obtain the actual
hydrogen production from cellulose fraction of SCB by mixed
cultures in elephant dung. All treatments were conducted in
triplicates.

Prior to analysis of lactic acid concentration, the liquid
sample was centrifuged at 10,000 rpm for 5 min, acidified by
0.2 N oxalic acid and filtered through a 0.2 mm nylon membrane [25]. The high performance liquid chromatography
(HPLC) analysis was carried out to determine the concentration of lactic acid using an LC-10AD (Shimadzu, Japan) with an
Aminex HPX-87H column. The operational conditions of HPLC
followed the method of Fangkum and Reungsang [25].
Endoglucanase activity was measured using the modified
method of Nitisinprasert and Temmes [26]. A reaction mixture
contained 0.1 mL of crude enzyme and 0.9 mL of 0.1% CMC in
acetate buffer (pH 4.5) and incubated at 55  C for 30 min. The
reaction was terminated by ice cool. The reducing sugar was
estimated with dinitrosalicylic reagent method using glucose
as standard [27].
The microbial community analysis in the hydrogen
fermentation broth using CMC or cellulose fraction of SCB as
the substrate under the optimum conditions was conducted
by PCR-DGGE analysis according to the method described in
our previous report [21].
Cumulative hydrogen production was calculated from the
headspace measurement of the gas composition and total
volume of biogas produced at each time interval using the
mass balance equation [21,28]. The HPR was calculated from
the cumulative hydrogen production divided by fermentation
time (h) (mL-H2/L h). The HY was calculated from total molaric
amount of hydrogen divided by the amount of CMC added
(mmol-H2/g CMCadded). The total molaric amount of hydrogen
was calculated using the ideal gas law [25,29].

Results and discussions
Hydrogen production from CMC by anaerobic mixed cultures
in elephant dung

Analytical method

Effect of initial pH on hydrogen production

During the incubation, volume of biogas was measured by the
plunger displacement method [23]. Gas composition was
measured by gas chromatography (GC) using a thermal conductivity detector (TCD) and Unibead C column. The GC conditions followed the method previously described by Pattra
et al., 2008 [24]. Volatile fatty acids (VFAs), acetone and alcohols were detected by GC (model Shimadzu 14B, Japan)
equipped with a flame ionization detector (FID) and Porapak Q
column. The operational conditions of GC were similar to our
previous report [21].

Results showed that the cumulative hydrogen production
increased with an increase in the initial pH from 6.0 to 7.0 and
sharply decreased with an increase in the initial pH from 7.0
to 8.0 (Table 1). A maximum cumulative hydrogen production
of 761 mL-H2/L was achieved at an initial pH of 7.0 (Table 1).
At low pH (pH 5.0), hydrogen could not be produced which
could possibly due to the formation of acidic metabolites that
may destabilize the ability of the microbial cells to maintain
internal pH, resulting in a decrease in the internal level of
ATP and inhibiting substrate uptake [30]. At an initial pH of
7.0, the maximum HY and HPR were 11.32  0.28 mmol-H2/g-

Table 1 e Effect of initial pH on hydrogen yield (HY), hydrogen production rate (HPR), cumulative hydrogen production (CHP)
and soluble metabolite product (SMP) concentrations from carboxymethyl cellulose at a concentration of 2.5 g/L and a
temperature of 55  C.
pH

6
7
8

HY
(mmol-H2/g CMCadded)
a

0.64  0.12
11.32  0.28c
5.50  0.37b

HPR
(mL-H2/L h)
a

54.5  10.3
1074.5  23.8c
467.0  31.2b

CHP
(mL-H2/L)
43
761
320

SMP (mM)
Ethanol

Acetic

Butyric

Butanol

Lactate

0.08
0.81
0.27

3.84
16.21
18.18

0.11
0.02
0.03

0.00
0.17
0.06

0.00
0.01
0.04

Different letters indicate significant difference among treatment by the Duncan’s test (p < 0.05).
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Table 2 e Effect of temperature on hydrogen yield (HY), hydrogen production rate (HPR), cumulative hydrogen production
(CHP) and soluble metabolite product (SMP) concentrations from carboxymethyl cellulose at a concentration of 2.5 g/L and
initial pH of 7.
Temp.

( C)

HY
(mmol-H2/g CMCadded)

45
50
55
60

2.62
8.49
11.32
8.90






0.38a
1.51b
0.28c
0.45b

HPR
(mL-H2/L h)
314.9 
642.7 
1074.5 
690.2 

CHP
(mL-H2/L)

46.1a
114.2b
26.4c
35.3b

171
562
761
604

SMP (mM)
Ethanol

Acetate

Butanol

Butyric

Lactate

0.42
0.76
0.32
0.12

20.87
30.59
29.74
17.57

0.03
0.03
0.03
0.10

0.10
0.14
0.07
0.05

0.00
0.00
1.10
0.00

Different letters indicate significant difference among treatment by the Duncan’s test (p < 0.05).

CMCadded and 1074.5  23.8 mL-H2/L h, respectively. At high
pH (pH 8), low hydrogen production was observed. Wang and
Wan, 2009 [31] reported that the activity of hydrogenase is
inhibited at high pH. Our optimal pH of 7 was in agreement
with other studies investigating hydrogen production from
cellulose under thermophilic conditions. For example, Lin
and Hung, 2008 [1] reported an initial pH of 7.0 was optimal
for thermophilic hydrogen production (55  C) from cellulose
by anaerobic cow dung microflora with an HY of 2.8 mmolH2/g-cellulose. At an optimal initial pH of 7.0, Clostridium
thermocellum JN4 produced a maximum HY of 10 mmol-H2/gcellulose from cellulose at an incubation temperature of 60  C
[32].
Concentration of each VFAs and alcohol at the end of each
batch test are presented in Table 1. The results demonstrate
that a decrease in pH and an increase in VFAs occurred in
parallel with hydrogen production. The most abundant SMPs
was acetate, comprising greater than 94% of the total end
products in all batch tests, followed by ethanol, butanol,
butyrate and lactate, respectively. Results suggested that a
hydrogen production from CMC by anaerobic mixed cultures
in elephant dung was acetate type fermentation.

ferredoxin oxidoreductase occurred resulting in a reduction
of hydrogen production and a shift of by-product composition
[34,35]. Thus, the optimal temperature for hydrogen production from CMC by anaerobic mixed cultures in elephant dung
was 55  C. The trends of HY and HPR were similar to the cumulative hydrogen production in which the maximum HY
and HPR of 11.32  0.28 mmol-H2/g-CMCadded and
1074.5  26.4 mL-H2/L h, respectively, were obtained at 55  C.
The optimum temperature in this study was different from
the report of Lo et al., 2011 [36] that the optimum temperature
for hydrogen production from filter paper by Clostridium sp.
TCW1 was 60  C. The different in the optimum temperature
might be due to the different types of microorganisms.
The main SMPs at different incubation temperatures was
acetate (Table 2). This result suggested that the fermentation
type at the temperature in the ranges of 45e50  C was acetateeethanol type while at 55  C was the acetateelactate type
and at 60  C was acetate type. Under high temperature (60  C),
the hydrogen production by thermophilic anaerobic bacteria
followed the EmbdeneMeyerhof pathway. In this pathway,
glucose is converted to pyruvate and then pyruvate is converted to acetylcoenzyme A (acetyl-CoA), carbon dioxide, and
hydrogen by pyruvate-ferredoxin oxidoreductase and hydrogenase [35]. Acetyl Co-A is finally converted to acetate,
butyrate and ethanol, depending on the microorganisms and
the environmental conditions [35,37].
Other SMPs i.e. butyrate was detected in the hydrogen
fermentation broth at every temperature. The highest SMPs
was observed at temperature of 55  C corresponding to the
highest cumulative hydrogen production, HY and HPR. The
changes in acetate, ethanol and lactate concentration in the
SMPs of each batch test with increasing temperature may be
resulted from the metabolic pathway shift caused by different
pre-dominant bacteria at each temperature.

Effect of temperature on hydrogen production
The cumulative hydrogen production from CMC by anaerobic
mixed cultures in the elephant dung was found to increase
with an increase in the incubation temperature from 45  C to
55  C. A further increase in incubation temperature from 55  C
to 60  C resulted in a decrease in the cumulative hydrogen
production (Table 2). Temperature higher than the optimum
temperature could induce a denaturation of hydrogenase
resulting in a low microbial activity and a decrease in HY and
HPR [33]. At a lower temperature, the inhibition of some
essential enzyme such as hydrogenase and pyruvate-

Table 3 e Effect of carboxymethyl cellulose (CMC) concentration on hydrogen yield (HY), hydrogen production rate (HPR),
cumulative hydrogen production (CHP) and soluble metabolite product (SMP) concentrations at 55  C and initial pH of 7.
CMC
concentration
(g/L)
0.1
0.25
0.5
0.75

HY
(mmol-H2/g CMCadded)
3.70 
7.22 
2.46 
0.61 

1.01b
0.62c
0.26b
0.06a

HPR
(mL-H2/L h)
17.1 
73.4 
56.6 
18.0 

3.6a
3.8b
4.2b
1.3a

CHP
(mL-H2/L)
10
49
33
12

SMP (mM)
Ethanol

Acetate

Butanol

Butyrate

Lactate

0.54
1.49
1.05
0.75

1.54
1.55
1.84
2.00

0.02
0.02
0.03
0.06

0.04
0.03
0.02
0.00

0.00
0.19
0.00
0.00

Different letters indicate significant difference among treatment by the Duncan’s test (p < 0.05).
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A

B

Streptococcus sp.

Band 1
Band 2
T. thermosaccharolyticum

Uncultured compost bacterium

Band 3
Lactobacillus parabuchneri

Band 5
Band 7

Band 4
Clostridium sp.

Band 6
Clostridium sp.

T. thermosaccharolyticum
Uncultured compost bacterium

Band 8
Band 9
Band 10

Clostridium sp.

Clostridium sp.

Band 11
Lactobacillus rhamnosus

Band 12
Clostridium sp.

Fig. 1 e DGGE band profile for each substrate at the
optimum conditions. Lanes: A, microorganism taken from
hydrogen fermentation broth of cellulose fraction of
sugarcane bagase (SCB); B, microorganism taken from
hydrogen fermentation broth of carboxymethyl cellulose
(CMC).

Effect of CMC concentration on hydrogen production
The effect of CMC concentration on hydrogen production was
conducted under the optimal initial pH (7.0) and optimal
temperature (55  C). The cumulative hydrogen production
increased with an increase in the CMC concentration from 0.1
to 0.25 g/L, but decreased from 49 mL-H2/L to 12 mL-H2/L with
a further increase in the CMC concentration from 0.25 to
0.75 g/L (Table 3). The trends of HY and HPR were similar to
cumulative hydrogen production. The HY and HPR were
decreased when the CMC concentration was greater than
0.25 g/L which may be resulted from the substrate and byproduct inhibition that occurred during hydrogen production
[21,38,39].
During hydrogen fermentation processes, SMPs i.e. acetate, ethanol, lactate, butyrate and butanol were detected in
the fermentation broth (Table 3). Among these, the content of
acetate accounted for 90e96% of the total SMPs indicating
that the hydrogen fermentation from CMC by anaerobic
mixed cultures in the elephant dung is acetate type
fermentation.
Therefore, the optimum conditions for hydrogen production from CMC by anaerobic mixed cultures in elephant dung
were an initial pH of 7.0, temperature of 55  C and CMC concentration of 0.25 g/L. Under the optimum conditions, the

maximum cumulative hydrogen production, HY and HPR of
49 mL-H2/L, 7.22  0.62 mmol-H2/g-CMCadded and 73.4  3.8 mLH2/L h, respectively, were achieved. The cumulative hydrogen
production of this study (49 mL-H2/L) was a bit lower than that
reported by Ren et al. [40] (1750 mL-H2/L) which produced
hydrogen from CMC by co-cultures of Clostridium acetobutylicum X9 and Ethanoigenens harbinense B49. Co-culture could
rapidly hydrolyze CMC and produce hydrogen in which the
strain X9 is cellulose hydrolyzer while the strain B49 is
hydrogen producer. In addition, the cumulative hydrogen
production of this study was lower than that report by Nguyen
et al. [41] (175.7 mL-H2/L and 172.4 mL-H2/L) which produced
hydrogen from CMC by Thermotoga maritina and Thermotoga
neapolitana. Such discrepancies depended on the different in
inoculum used.
It is worth noting that the CMC concentration used in this
study is quite low in comparison to the other potential substrate. Thus, we suggest that the pretreatment of CMC by
dilute or strong acid, cellulase as well as a co-culture of cellulose hydrolyzer and hydrogen producer would improve the
process performance at a high organic loading.
Despite the fact that we did not measure the amount of
hexose and pentose sugars released during and at the end of
the fermentative hydrogen production process, our findings
together with the evidence of the endoglucanase activity of
mixed cultures in the elephant dung in the ranges of
0.005e0.20 Unit/mL (data not shown) during the biohydrogen production process indicated that the mixed cultures in elephant dung were a potential cellulose hydrolyzer
as well as hydrogen producer that can simultaneously hydrolyze cellulose and use the resulting sugar to produce
hydrogen.

Hydrogen production from the cellulose fraction of SCB by
the anaerobic mixed cultures in elephant dung
Previous researches focused on bio-hydrogen production from
the hydrolysate of lignocellulosic materials such as beer less
waste [9], agro-industrial materials [11], cellulolytic materials
[12] and cellulose [13]. However, the report on bio-hydrogen
production from cellulose fraction of SCB by SSF is still
limited. Therefore, this experiment was designed to directly
produce hydrogen from cellulose fraction of SCB by anaerobic
mixed cultures in elephant dung, using SSF. The optimum
conditions were used in practice to produce hydrogen from
the cellulose fraction of SCB at a concentration of 0.4 g/L
(equivalent to the optimal cellulose concentration of 0.25 g/L).
Cumulative hydrogen production, HY and HPR of 47 mL-H2/L,
7.10  3.22 mmol-H2/g-celluloseadded and 115.2  52.8 mL-H2/
L h, respectively, were achieved. Acetate (78.1%) was detected
as the major SMPs, followed by lactate (14.4%), butyrate (5.6%),
ethanol (1.5%) and butanol (0.3%), respectively. The results
indicated that the anaerobic mixed cultures in elephant dung
could simultaneously degrade cellulose fraction in SCB to
sugar and use the resulting sugar for hydrogen production.
Though, a low hydrogen production was obtained which may
be due to the complex structure of the cellulose fraction of
SCB. In addition, the presence of lactic acid bacteria might also
contribute to a low HY and HPR (see section Microbial
community structure analysis).
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band6
Clostridium sp. T8
Clostridium sp. HR-1
Clostridium sp. R9
Clostridium roseum strain DSM 6424
band12
47 Clostridium sp.
80 Uncultured Clostridium sp.
band8
99 Uncultured compost bacterium
32 Clostridiales bacterium
23 Uncultured compost bacterium
35
Uncultured rumen bacterium
48
band3
T. thermosaccharolyticum strain W16
T. thermosaccharolyticum strain WC13
T. thermosaccharolyticum strain GD17
Thermoanaerobacterium sp.
100 T. thermosaccharolyticum
band2
65
band7
77 Clostridium sp. C41-3
band11
47
band5
77
Lactobacillus parabuchneri strain NWL70
99
91 Lactobacillus parabuchneri JCM 12493
Lactobacillus rhamnosus strain Lr19
47
81 Lactobacillus casei strain 186
band1
27
Streptococcus agalactiae strain VC462
Streptococcus sp. XQ-1
100 Streptococcus agalactiae strain 2853
Clostridium saccharoperbutylacetonicum strain N1-4
Clostridium sp. CGP4
50Clostridium chartatabidum strain 163
band10
55
band4
38
Clostridium sp. BL-8
66 Clostridium acetobutylicum HP7
Clostridium sp. DMHC 10
45 Clostridium sp. HPB-46
band9
0.1

Fig. 2 e Phylogenetic tree showing the relationship between DGGE bands detected in this study and reference sequences
based on a comparison of 16S rRNA sequences. The bar corresponds to a 10% difference in nucleotide sequence. The
numbers shown next to the nodes indicate percent bootstrap values from 1000 iterations.

Microbial community structure analysis
The structures of microbial community in the fermentation
broth using cellulose fraction of SCB as the substrate: Lane A
and CMC as the substrate: Lane B are illustrated in Fig. 1. The
phylogenetic tree of the dominant species and their close
relatives based on partial 16S rRNA gene is shown in Fig. 2.
Bands 3, 5, 7, 10 and 11 were found in the fermentation broth
of cellulose fraction of SCB. Bands 3 and 5 were similar to
uncultured bacteria and Lactobacillus parabuchneri, respectively. Bands 7 and 10 were similar to Clostridium sp. while
Band 11 was similar to Lactobacillus rhamnosus. Bands 1, 2, 4, 6,
8, 9, 12 were found in the fermentation broth of CMC. Band 1
affiliated with Streptococcus sp. while band 2 affiliated with
Thermoanaerobacterium thermosaccharolyticum. Bands 4, 5, 8, 9
and 12 affiliated with Clostridium sp. Band 6 was similar to
uncultured bacteria. T. thermosaccharolyticum and Clostridium

sp. are known hydrogen-producing bacteria [1,32,39]. T. thermosaccharolyticum could pre-dominant in the fermentation
broth under thermophilic condition when using elephant
dung as the source of inoculum. However, T. thermosaccharolyticum was not detected in the fermentation broth under
mesophilic condition when elephant dung was used as the
source of inoculum [21]. Therefore, the detection of thermophilic microorganisms i.e. T. thermosaccharolyticum in both
hydrogen fermentation broth indicated a successful hydrogen
fermentation under thermophilic condition [25,35].
The number of bands pre-dominant with hydrogen producer in fermentation broth of cellulose fraction of SCB (bands
7, 10) was lower than the number of bands dominant with
hydrogen producer in the fermentation broth of CMC (bands 1,
2, 4, 6, 9 and 12). This could contribute to a low HY obtained
when cellulose fraction of SCB was used as the substrate for
hydrogen production. In addition, a low HY could be due to the
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presence of lactic acid bacteria (LAB) i.e. L. parabuchneri and L.
rhamnosus. These bacteria could produce bacteriocins that
caused the adverse effect on hydrogen-producing bacteria
[42]. In order to inhibit the activity of the LAB, the mandelic
acid should be added to the fermentation broth [43].

[6]

[7]
[8]

Conclusions
This study demonstrated that anaerobic mixed cultures in
elephant dung could simultaneously breakdown cellulose and
utilized the resulting sugars to produce hydrogen. The optimum conditions for hydrogen production from CMC were an
initial pH of 7.0, temperature of 55  C and CMC concentration
of 0.25 g/L. Under these optimum conditions, the cumulative
hydrogen production, HY and HPR of 49 mL-H2/L,
7.22  0.62 mmol-H2/g-CMCadded and 73.4  3.8 mL-H2/L h,
respectively were obtained. The microorganisms in elephant
dung could also use the cellulose fraction of SCB as the feedstock for hydrogen production with cumulative hydrogen
production. The dominant hydrogen producers were T. thermosaccharolyticum and Clostridium sp. The detection of L. parabuchneri and L. rhamnosus in the hydrogen fermentation broth
of the cellulose fraction of SCB may have been responsible for
the low HY.
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