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Abstract The microbial community compositions of a
chemostat enriched in a thermophilic (55 °C) mixed culture
fermentation (MCF) for hydrogen production under different
operational conditions were revealed in this work by integrat-
ing denaturing gradient gel electrophoresis (DGGE), Illumina
Miseq high-throughput sequencing, and 16S rRNA clone li-
brary sequencing. The results showed that the community
structure of the enriched cultures was relatively simple.
Clones close to the genera of Thermoanaerobacter and/or
Bacillus mainly dominated the bacteria. And homoacetogens
and archaea were washed out and not detected even by
[llumina Miseq high-throughput sequencing which supported
the benefit for hydrogen production. On the other hand, the
results revealed that the metabolic shift was clearly associated
with the change of dominated bacterial groups. The effects of
hydrogen partial pressure (Pyy,) and pH from 4.0 to 5.5 on the
microbial compositions were not notable and
Thermoanaerobacter was dominant, thus, the metabolites
were also not changed. While Bacillus, Thermoanaerobacter
and Propionispora hippei dominated the bacteria communi-
ties at neutral pH, or Bacillus and Thermoanaerobacter dom-
inated at high influent glucose concentrations, consequently
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the main metabolites shifted to acetate, ethanol, propionate, or
lactate. Thereby, the effect of microbial composition on the
metabolite distribution and shift shall be considered when
modeling thermophilic MCF in the future.
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Chemostat - Denaturing gradient gel electrophoresis - Illumina
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Introduction

To reduce the dependency on petroleum fuels and lowering
the environmental pollution, there is a growing trend in devel-
oping clean and biobased fuel processes (Angenent et al.
2004; Kleerebezem and van Loosdrecht 2007). Mixed culture
fermentation (MCF), as a worthwhile and well-studied tech-
nology, has the merits of having no sterilization requirements,
an adaptive capacity to variations in feedstock or conditions, a
stable and continuous operation, and so on (Kleerebezem and
van Loosdrecht 2007; Liguori et al. 2013; St-Pierre and
Wright 2014; Zhang et al. 2014). Consequently, this technol-
ogy is ubiquitously implemented for converting the degrad-
able organic wastes into bioproducts such as biohydrogen,
acetate, ethanol, and even medium chain fatty acids
(Kleerebezem and van Loosdrecht 2007; Liguori et al. 2013;
Pawar and Niel 2013; Zhang et al. 2014; Zhang et al. 2013a).

Hydrogen production by thermophilic MCF has demon-
strated several benefits such as a higher hydrogen yield due
to the favorable thermodynamic conditions, high substrate
degradation rate and efficient heat utilization for treatment of
hot wastewater (Gannoun et al. 2007; Labatut et al. 2014;
Pawar and Niel 2013; Zhang et al. 2012a). The metabolites
of thermophilic MCF are always a mixture of acetate, buty-
rate, ethanol, etc., and their distributions are commonly related
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to the operational conditions such as pH and hydrogen partial
pressure (Pyy,); however, the effect of the microbial commu-
nity is commonly ignored. For example, Ueno et al. (2006)
found a change of butyrate and acetate to acetate and ethanol
as pH increased from 5.0 to 8.0. Akutsu et al. (2009) reported
that the hydrogen yield increased from 2.3 to 2.8 mol/mol-
glucose as the influent concentration of starch increased from
15 t0 20 g/L, and then decreased to 2.1 mol/mol-glucose as the
starch concentration increased to 70 g/L.

Several recent studies on bacterial communities show that
changes in reactor operations are often associated with chang-
es in the composition of bacterial communities (Krober et al.
2009; O-Thong et al. 2008; Temudo et al. 2008). For example,
Temudo et al. (2008) demonstrated the relationship between
microbial communities and metabolite distributions in a
mesophilic chemostat under different pH and carbon sources
by denaturing gradient gel electrophoresis (DGGE) and 16S
rRNA clone library. Their results showed that cluster I of the
genus Clostridium dominated the microorganism community
at acidic pH while at middle pH values, the principal micro-
organism belonged to the genus Klebsiella. Therefore, the
operational variables such as pH have a clear impact on the
population established and consequently on the fermentation
pattern (Temudo et al. 2008).

Investigating the dominated microbes is necessary to ana-
lyze and explain the previously mentioned results and reveal
the relationship between the metabolite distribution and mi-
croorganism composition in thermophilic MCF. DGGE and
16S rRNA gene clone library sequencing are the typical tra-
ditional molecular methods that could identify the major func-
tional microbes (O-Thong et al. 2008; Temudo et al. 2008;
Zhang et al. 2012b). For example, Ueno and Ishii (2001)
found the hydrogen production yield was around 2.0 mol/
mol-hexose in either the thermophilic batch or chemostat cul-
tivation, and most of the isolates belonged to the cluster of the
thermophilic Clostridium/Bacillus subphylum of low G+C
gram-positive bacteria. O-Thong et al. (2008) recently
isolated and identified a thermophilic bacterium,
Thermoanaerobacterium thermosaccharolyticum, from a
biohydrogen reactor fed with palm oil mill effluent. Except
hydrogen producing bacteria in MCF, hydrogenotrophic
methanogensis and homoacetogenesis are two main
pathways to consume hydrogen, while their percentages are
still an open question and needs to be revealed. For example,
Siriwongrungson et al. (2007) reported homoacetogenesis in a
thermophilic continuously stirred tank reactor (CSTR) with
hydraulic retention time (HRT) of 6 days for butyrate degra-
dation, but the functional bacteria were not identified.

Recently, the high-throughput sequencing analysis of bio-
reactors or environmental samples including 454-
pyrosequencing and/or Illumina Miseq high-throughput se-
quencing can reveal the minority populations that are hard to
be explored by traditional molecular methods (Zhang et al.
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2012b). But, the 16S rRNA gene length obtained by those
high-throughput sequencing technologies were relatively
short and around 400 bp; consequently, the phylogenetic char-
acterization could not be assigned to taxonomic affiliations at
the species level (Krdber et al. 2009; Zhang et al. 2012b). The
16S rRNA clone library sequencing could offset this draw-
back. Therefore, an integrated approach that combined high-
throughput sequencing reads describing the diversity of the
community and clone library sequencing enabling high reso-
lution phylogenetic analysis of abundant taxonomic units shall
be an option to reveal the microbial function in thermophilic
MCF and may provide deep explanation to the relationship
between metabolite shift and microbial composition.

Among the reactor configurations, the chemostat is essen-
tial to explain the metabolic distributions and microbial com-
munities (Temudo et al. 2008). However, till now, only few
researches have reported the chemostat results in thermophilic
MCEF. Recently, our group investigated the effect of pH, Pyp,
and influent glucose concentration on the metabolic distribu-
tion in thermophilic chemostat (Zhang et al. 2015). The results
showed that the metabolite composition was changed from
acetate, butyrate and hydrogen to acetate, ethanol and propi-
onate at neutral pH. Reducing Py, did not significantly in-
crease the hydrogen yield and consequently other metabolites
also did not change much. The maximum hydrogen yield was
2.2 mol/mol-glucose at Py, 0.05 atm. Lactate accumulation
was observed only at high influent glucose concentrations.
Meanwhile, the results also revealed that the impacts of pre-
cedent experimental concentrations on the metabolite distri-
bution were negligible.

Thereby, the aim of the research described in this paper was
to investigate the community profiles as a function of pH,
glucose concentration and Py, in a chemostat of thermophilic
MCEF by integrating DGGE, Illumina Miseq high-throughput
sequencing and 16S rRNA clone library sequencing. The out-
comes could improve the understanding of the metabolic shift
in thermophilic MCF.

Materials and methods

The chemostat of thermophilic MCF for hydrogen
production

The detailed information of chemostat was demonstrated in
our former work (Zhang et al. 2015), and the operation was
briefly described as follows: the anaerobic sludge was collect-
ed from a thermophilic (55 °C) CSTR; the volume was 2.0 L,
and the working volume was 1.35 L; the feeding glucose
concentration was 5 g/L during the enrichment period; the
temperature was maintained at 55+0.5 °C with a water bath;
the pH was maintained automatically with 2 M NaOH; the
stirring velocity was 300 rpm; and the reactor was shaken
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vigorously every 2 weeks to detach the biofilm on the reactor
walls. Through the following experiments, HRT was con-
trolled at 0.7 days. Different pH, Py, and influent glucose
concentrations were conducted and at least five HRTs were
operated for each condition.

DNA extraction

The microbial samples were collected from the effluent of
chemostat under the conditions of Py, 0.05 atm; pH of 4.0,
45,5.0,5.5,6.0, 6.5, and 7.0; and influent glucose concen-
tration, 50.9, 76.3 and 108.5 mmol/L, and were sequentially
named from Py,-L1 to glu-L11, as shown in Table 1. The
collected samples were washed with the phosphate-buffered
saline solution (PBS solution). The composition of PBS solu-
tion (in 1.0 L distilled water) was: NaCl, 8 g; KCI, 0.2 g;
Na,HPO,, 1.44 g; and KH,POy,, 0.24 g, the pH was 7.4.
Four milliliters of the cultures were collected from the reactor
and centrifuged to extract DNA using the PowerSoil DNA
isolation kit (MO BIO, USA). The integrality of the DNA
was checked with gel electrophoresis in a 1 % agarose gel.
The DNA concentration was determined with a spectropho-
tometer NanoDrop 2000.

Denaturing gradient gel electrophoresis

The amplification of 16S rRNA gene fragments for DGGE
was performed by the C1000 thermal Cycler (Bio-Rad,
Hercules, USA) using the following program: an initial dena-
turation at 94 °C for 5 min, followed by 30 cycles of denatur-
ation at 92 °C for 30 s, annealing at 55 °C for 30 s, and
extension at 72 °C for 30 s, then the final extension at 72 °C
for 15 min. The resulting PCR products were analyzed for
their molecular weight and yield on a 1 % agarose gel using
ethidium bromide staining.

Denaturing gradient gel electrophoresis (DGGE) was then
performed on 8 % polyacrylamide gel using the D-Code sys-
tem (Bio-Rad Laboratories, Hercules, CA) with a denaturant
gradient ranging from 40-70 % (100 % denaturant is defined
as 7 M urea and 40 %v/v formamide). Gel was electropho-
resed at 60 °C and 75 V for 14 h. Bands were stained for
20 min in 1x TAE containing 1 pg/mL ethidium bromide
and photographed using the Gel Doc XR Gel
Documentation System (Bio-Rad, Hercules Co., USA).

INlumina Miseq high-throughput sequencing and data
analysis

According to the method of Sundberg et al. (2013), DNA for
both bacteria and archaea high-throughput sequencing was
amplified using the 16S rRNA primers that covers the V3
and V4 regions of the 16S rRNA gene: modified 341 F
(CCTAYGGGRBGCASCAG) and modified 806R

(GGACTACNNGGGTATCTAAT). The amplification was
carried out by ABI GeneAmp® 9700 with the following pro-
gram: 95 °C for 3 min, then 25 cycles of 95 °C for 30 s, 55 °C
for 30 s, and 72 °C for 45 s, followed by a final extension at
72 °C for 10 min (Majorbio Corporation, Shanghai, China).
Sequencing was then carried out on an [llumina Miseq PE
300 high-throughput sequencer according to standard proto-
cols (Majorbio Corporation, Shanghai, China). Paired se-
quences were joined with software FLASH (Version 1.2.7).
The adaptors, barcodes, and primers were trimmed.
Sequences either with a low quality or with a length of less
than 200 bp were removed. Then, the remaining sequences
were denoised and screened for chimera sequences in Mothur
program (http://www.mothur.org/wiki/Main_Page). The
resulting effective sequences were used for the subsequent
information analysis. To analyze bacterial diversity and
microbial community structure, the operational taxonomical
units (OTUs) were picked at 97 % sequence identity using the
Usearch program (Version 7.1, http://derive5.com/uparse/),
the representative sequences obtained were phylogenetically
allocated down to the domain, phylum, class, family, and
genus level. The relative abundance of a given phylogenetic
group was calculated by dividing the number of sequences
affiliated to that group with the total number of obtained
sequences. The OTU-based analyses of the alpha diversity
indices, including community richness of Chaol and
abundance-based coverage estimator (ACE), community di-
versity of Shannon Index and Simpson, and Coverage, were
performed in the Mothur program. To define the relative abun-
dance of a given phylogenetic group, the number of sequences
affiliated to that group (with 97 % identity) was divided by the
total number of obtained sequences. The sequencing data of
the five samples (Py,-L1, pH-L2, pH-LS, pH-LS8, and glu-
L11) were deposited in the NCBI Sequence Read Archive
under the accession numbers SRS1071072, SRS1067180,
SRS1067301, SRS1071070, and SRS1071071, respectively.

16S rRNA clone library sequencing and phylogenetic
analysis

DNA for 16S rRNA clone library sequencing was amplified
using the universal bacteria 16S rRNA primers: 27 F
(AGAGTTTGATCCTGGCTCAG) and 1492R
(GGTTACCTTGTTACGACTT) (Krober et al. 2009; Zhang
et al. 2013a). The Amplification of bacteria 16S rRNA gene
was carried out by ABI GeneAmp® 9700 with the following
program: 94 °C for 5 min, then 30 cycles of 94 °C for 30 s,
54 °C for 30 s, and 72 °C for 30 s, followed by a final exten-
sion at 72 °C for 10 min (Majorbio Corporation, Shanghai,
China).

The method of clone library construction and sequencing
was according to that of Thomsen et al. (2001), which was
briefly described as follows: the amplicons were visualized on
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Table 1 The main experimental

conditions and produced Sample pH Py (atm) Influent glucose Hydrogen yield
hydrogen yields in a thermophilic name concentration (mmol/L) (mol/mol-glucose)
chemostat of mixed culture
fermentation Pio-L1 5.5 0.05 27.5 2.18

pH-L2 4.0 0.62 27.5 1.94

pH-L3 4.5 0.62 27.5 1.97

pH-L4 5.0 0.60 27.5 2.02

pH-L5 5.5 0.62 27.5 1.92

pH-L6 6.0 0.64 27.5 1.83

pH-L7 6.5 0.71 27.5 1.68

pH-L8 7.0 0.95 27.5 0.60

glu-L9 5.5 0.59 50.9 2.03

glu-L10 5.5 0.57 76.3 1.98

glu-L11 5.5 0.56 108.5 1.25

1.5 % agarose gels, the bands were cut out and then recovered
directly with the gel DNA recovery kit (Majorbio
Corporation, Shanghai, China). The recovered products were
ligated into a PMDI18-T vector (TAKARA, Dalian, China)
and then transformed into Escherichia coli DH5a competent
cells according to the manufacturer’s directions. The white
clones were obtained by the blue-white screening and were
checked by the PCR methods using the M13F
(CGCCAGGGTTTTCCCAGTC ACGAC) and M13R
(AGCGGATAACAATTTCACACAGGA) primers. The pos-
itive clones were selected and sequenced by the ABI
PRISMTM 3730XL DNA Analyzer (Majorbio Corporation,
Shanghai, China).

The previously mentioned obtained 16S rRNA gene se-
quences were compared with sequences in the GenBank da-
tabase using the NCBI Blast search program (http://blast.ncbi.
nlm.nih.gov/Blast.cgi). Closest cultured and uncultured
relatives were retrieved from the database. A neighbor-
joining tree was made based on the 16S rRNA gene sequences
determined in this study and related reference sequences.
Alignment and phylogenetic analysis were performed with
the MEGA 4.1 (Beta) software. Sequences retrieved in this
study were accessible under the accession numbers:
KT185026-KT185052.

Results

The DGGE gel profiles of microorganisms
in a thermophilic chemostat

The effects of Pyy,, pH, and influent glucose concentration on
the enriched microorganisms in thermophilic chemostat can
be reflected by their DGGE gel profiles. As shown in Fig. 1,
the DGGE gel demonstrated that the bands of 16S rRNA gene
fragment were relatively low, and the dominated bands were
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not changed much, while the minor bands emerged at a neutral
pH and disappeared at high influent glucose concentrations. In
our former work (Zhang et al. 2015), the metabolic distribu-
tions were systemic determined with good COD balances and
results reproducibility that the metabolite composition mainly
were acetate, butyrate, and hydrogen and were not changed at
acidic pH (4.0-6.0, corresponding to DNA samples from pH-
L2 to pH-L6), or at constant pH 5.5 when reducing Py, from
0.62 (pH-L5) to 0.05 atm (Py,-L1) or increasing influent glu-
cose concentration from 27.5 mmol/L (pH-L5) to 76.3 mmol/
L (glu-L10). But, those metabolites were changed to acetate,
ethanol, propionate and format when pH increased from 6.0

Fig. 1 DGGE analysis of the 16S rRNA gene fragment from microbial
communities in a thermophile chemostat. The sampling conditions in
lanes from left to right were Py, of 0.05 atm (Pyy,-L1); pH of 4.0 (pH-
L2), 4.5 (pH-L3), 5.0 (pH-L4), 5.5 (pH-LS), 6.0 (pH-L6), 6.5 (pH-L7),
7.0 (pH-LB); influent glucose concentration of 50.9 mmol/L (glu-L9),
76.3 mmol/L (glu-L10) and 108.5 (glu-L11) mmol/L, respectively
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(pH-L6) to 7.0 (pH-LS), and lactate accumulation was ob-
served at a higher influent glucose concentration of
108.5 mmol/L (glu-L11). Therefore, after combing DGGE
gel and previous experimental results, the samples of Pyp,-
L1, pH-L2, pH-LS, pH-LS, and glu-L11 were selectively an-
alyzed furthermore by the 16S-rRNA-gene-based Illumina
high-throughput sequencing technology.

The Illumina high-throughput sequencing of chemostat
microorganisms

To reveal the microbial communities shifting and diversities,
the samples, including Py,-L1, pH-L2, pH-LS, pH-L8, and
glu-L11, were chosen for the Illumina high-throughput se-
quencing, their sequencing indices are summarized in
Table 2. Over 32,000 effective sequences were obtained for
each sample and the maximum value was an even amount of
43,000, and the mean lengths were above 422 bp. Rather high
coverages were achieved in this study and the values were all
above 0.9999 for each sample. The OTU numbers of each
sample were all below 15, which meant that simple microbial
communities were enriched in the thermophilic chemostat.

The curves of Shannon index in Fig. 2a showed that when
the sequence number of each sample was greater than 2000,
Shannon diversity for the isolated microorganism did not
increase clearly, indicating that the sequencing depth in this
work was sufficient to analyze the archaea and bacteria
communities. The bacterial richness levels were determined
using Rarefaction analysis in Fig. 2b, which also indicated the
highest bacterial richness in reactors. Meanwhile, the
microbial diversity indexes of ACE, Chaol, Shannon, and
Simpson also indicated that relative simple populations were
enriched (Table 2). As shown in Table 2, especially for the
sample of Py,-L 1, the Shannon index was 0.27 and Simpson
index reached to 0.8788.

The microbial community structures by the Illumina high-
throughput sequencing at the domain (A), phylum (B), class
(C), family (D), and genus (E) levels are summarized in Fig. 3.
It was interesting that the percentages of archaea were 0 % at
the domain level, which meant that methanogens were
completely washed out in the thermophilic chemostat and
consequently, this result shall support the benefit of hydrogen

production in thermophilic MCF. The Firmicutes dominated
the bacteria at the phylum level and the percentages of Pyy,-L1,
pH-L2, pH-LS, and glu-L11 were all above 99.9 %, while the
percentage of pH-L8 was 95.0 %, as shown in Fig. 3b. The
percentages of another phylum, Proteobacteria, were rather
low and even approached 0.03 % in pH-L2.

In Fig. 3c, the sequencing results showed that Clostridia
was the main Firmicutes at the class level and the percentages
of L1, pH-L2, and pH-L5 were 99.5, 99.9, and 99.8 %, re-
spectively, which was due to its high-resistance nature espe-
cially in acidic conditions (Tracy et al. 2012; Zhang et al.
2013b). At a neutral pH (pH-L8) and high glucose concentra-
tion (glu-L11), the bacteria diversities also increased as shown
in both Figs. 2 and 3¢, and Clostridia percentages decreased to
41.5 and 69.4 %, respectively. Bacilli were the second domi-
nated bacteria, and the percentages were 37.5 and 26.9 %,
respectively. Other bacteria at the class level including
Betaproteobacteria and Negativicutes were also established
in sample L8, and the percentage was 16.7 and 16.0 %,
respectively.

The results in Fig. 3d and e showed that the dominated
bacteria of samples Py,-L1, pH-L2, and pH-L5 were close
to the Thermoanaerobacterales Family III at the family level
and Thermoanaerobacterium at the genus level, and the per-
centages were all above 99.5 %. While their percentages of
sample pH-L8 and glu-L 11 reduced to 35.2 and 69.4 % at the
genus levels. Other main bacteria such as Bacillaceae (37.5
and 26.7 %) and Veillonellaceae (16.0 and 3.6 %) were
enriched at the family level and Bacillus (37.5 and 26.7 %)
and Propionispora (16.0 and 3.6 %) were enriched at the
genus level in samples of L8 and L11. The percentages of
other minor bacteria such as Leclercia were rather low and
below 0.02 %, except for L8 (4.0 %).

16 s rRNA clone library sequencing of chemostat
microorganisms

To offset the disadvantage of low sequencing lengths for the
[llumina high-throughput sequencing, the typical samples of
pH-L2 and pH-L8 were further analyzed in the species level
by 16 s rRNA clone library sequencing and the results are
shown in Fig. 4, and clone percentages in Tables 3 and 4.

Table 2 The general indices of

chemostat samples by Illumina Sample Sequence  Mean OouT Coverage ACE  Chaol  Shannon  Simpson

high-throughput sequencing name number Length (bp) ~ number

technology
Po-L1 43829 422.1 11 0.9999 11 11 0.27 0.8788
pH-L2 42575 422.0 0.9999 9 8 0.37 0.7910
pH-LS 33129 422.1 1.0000 8 8 0.4 0.7793
pH-L8 32844 438.8 13 1.0000 13 13 1.66 0.2418
glu-L11 38685 430.1 12 1.0000 12 12 0.80 0.5402
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Fig. 2 The Shannon index (a) and Rarefaction curves (b) based on the
[llumina high-throughput sequencing of chemostat microorganisms

Similar to the genus level results (above 99.5 % of
Thermoanaerobacterium) of pH-L2 in Fig. 3e, the percentage
of clones at the species level related to
Thermoanaerobacterium thermosaccharolyticum with simi-
larity of 99 % was up to 100 % and other bacteria were not
detected in a total of 30 clones as shown in Table 3.

At a neutral pH, microbial communities changed notably
and several sub-groups of microorganisms including Bacillus
sp., Thermoanaerobacter sp., Propionispora sp., and
Leclercia sp. were enriched in pH-L8 as shown in Fig. 4b
and Table 4. The percentage of clones related to Bacillus
coagulans with similarity above 99 % was 50.0 % in total
30 clones. The second main bacterium was
T. thermosaccharolyticum and the percentage was 20.0 %.
Other bacteria were Propionispora hippie, Leclercia
adecarboxylata, Acinetobacter bereziniae and Clostridium
saccharobutylicum, and their percentages were 13.3, 10.0,
3.3 and 3.3 %, respectively.

These results were also consistent with those of the
[lumina high-throughput sequencing in Fig. 3. For example,
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Bacillus coagulans, T. thermosaccharolyticum, P. hippie and
C. saccharobutylicum belonged to Firmicutes at the phylum
level and the percentage was 86.7 %, while L. adecarboxylata
and A. bereziniae belonged to Proteobacteria at the phylum
level and the percentage was 13.3 %. At the class level,
B. coagulans belonged to Bacilli, 7. thermosaccharolyticum,
and C. saccharobutylicum both belonged to Clostridia,
P. hippie belonged to Negativicutes, L. adecarboxylata and
A. bereziniae belonged to Gammaproteobacteria.

Discussion

The relationship between the functional bacteria
and metabolites

Specific bacterial composition in MCF should be one of im-
portant factors to determine the hydrogen yield and other me-
tabolite distribution. According to the results of Illumina high-
throughput sequencing and 16s rRNA clone library sequenc-
ing, bacteria close to 7. thermosaccharolyticum were the main
functional bacteria. 7. thermosaccharolyticum is a functional
thermophilic (45-70 °C) bacterium, and can produce hydro-
gen within a wide range of pH (4—8). The main metabolites of
T thermosaccharolyticum were acetate, butyrate, hydrogen,
and/or ethanol from organic wastes and its maximum hydro-
gen yield was 2.53 mol/mol-hexose (O-Thong et al. 2008;
Ren etal. 2008). Those results were consistent with our former
work that the metabolites of samples pH-L2 and pH-L5 were a
mixture of acetate (0.55 and 0.58 mol/mol-glucose), butyrate
(0.60 and 0.55 mol/mol-glucose), and hydrogen (1.94 and
1.92 mol/mol-glucose) at a pH of 4.0 and 5.5, respectively
(Zhang et al. 2015). And the metabolite yields changed as
Py» reduced from 0.62 (pH-L5) to 0.05 (Py»-L1) atm, were
0.40 mol/mol-glucose of acetate, 0.54 mol/mol-glucose of bu-
tyrate and 2.18 mol/mol-glucose of hydrogen at a pH of 5.5
(Zhang et al. 2015).

At a neutral pH, more functional bacteria were enriched.
For example, B. coagulans is a functional thermophilic bacte-
rium (50-55 °C) and can ferment various biomass-derived
sugars to mainly produce lactate, acetate and ethanol (Patel
et al. 2006; Su and Xu 2014). P. hippie is a gram-negative,
spore-forming anaerobe and can ferment sugars to propionic
and acetic acids (Abou-Zeid et al. 2004). L. adecarboxylata,
as a humic pathogen, produces both hydrogen and acids from
both sugars and polycyclic aromatic hydrocarbons (Sarma
et al. 2004; Tamura et al. 1986). Thereby, it is reasonable that
the metabolites of the sample pH-L8 at pH 7.0 is a mixture of
acetate (0.94 mol/mol-glucose), propionate (0.26 mol/mol-
glucose), and ethanol (0.68 mol/mol-glucose) (Zhang et al.
2015).

Meanwhile, after combining the sequencing results in
Figs. 3e and 4, it was revealed that a mixture of Bacillius
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and Thermoanaerobacter dominated bacteria-glu-L11 at high
influent glucose concentration (108.5 mmol-glucose/L),
which consequently resulted in a lactate accumulation
(0.81 mol/mol-glucose) and the low hydrogen yield
(1.25 mol/mol-glucose).

The metabolic pathway in thermophilic bacteria

Normally, Clostridium and Ethanoligenens species, typical
bacteria in mesophilic MCF, only have hydrogen yields lower
than 2 mol/mol-glucose (Lee et al. 2009). While some ther-
mophilic bacterium Caldicellulosiruptor saccharolyticus and
Thermotoga neapolitana produce a higher hydrogen yield of
above 3.2 mol/mol-glucose (de Vrije et al. 2007; Nguyen et al.
2010). Karakashev et al. (2009) reported that the genera of
Bacillus and Clostridium dominated the thermophilic

(70 °C) MCF enriched from household solid wastes and the
hydrogen yield was just 1.9 mol/mol-glucose. In the present
work, since a mixed culture of Thermoanaerobacter and/or
Bacillus was isolated, the maximum hydrogen yield was
around 2.0 mol/mol-glucose, which was also similar to former
works of Ueno and Ishii (2001).

Likely the yield discrepancy is due to the specific hydrogen
production pathways used by different bacteria. NAD"/
NADH (E°, =320 mV) and Fdox/Fdred (E°, 420 mV) are
two electron carriers to produce hydrogen (E° of H'/H,,
—420 mV) and conserve the intracellular redox balance (Bar-
Even et al. 2012; de Kok et al. 2013; Zhang et al. 2013b). For
example, under a rather low hydrogen pressure such as 60 Pa
in mesophilic conditions, the production of H, from NADH is
thermodynamically favorable (Angenent et al. 2004;
Kleerebezem and van Loosdrecht 2007; Zhang et al. 2013Db).
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Fig.4 Bacterial neighbor-joining a HY L2-3 (KT185028)
trees of microorganisms (A, pH- Ei I}j? Eigzggig
L2 and B, pH-L8) in a HY L2-1 (KT185026)
thermophilic chemostat for HY L2-4 (KT185029)
hydrogen production. The scale HY L2-12 (KT185037)
bars in a ar}d b indicate a 5 % HY L2-11 (KT185036)
sequence divergence. GenBank FHY L2-8 (KT185033)
accession numbers were given in HY L2-5 (KT185030)
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KT185052) were the nucleotide I .
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Escherichia coli (NR_102804.1)
I —
0.05
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0.05

Consequently, Fdred is considered to be the sole electron do-
nor for hydrogen production at normal hydrogen-producing
reactors, and the produced NADH is consumed to produce
other metabolites such as lactate, ethanol, propionate, etc.
(Angenent et al. 2004; Kleerebezem and van Loosdrecht
2007; Zhang et al. 2015; Zhang et al. 2013b). Recently,
Schut and Adams (2009) found a bifurcating [FeFe] hydrog-
enase in Thermotoga maritima which could synergistically
utilize Fdred and NADH in an approximately 1:1 ratio to
produce hydrogen, resulting in higher hydrogen yields close
to 4 mol/mol-glucose.

On the other hand, hydrogenotrophic methanogensis and
homoacetogenesis are the two main pathways to consume
hydrogen in MCF. Though using the 16S rRNA based
[lumina Miseq high-throughput sequencing technology, in
this work, neither archaea (such as Methanothermobacter
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thermautotrophicus (Martin et al. 2013)) nor homoacetogens
(such as Clostridium thermoaceticum (Pierce et al. 2008))
were detected. However, Siriwongrungson et al. (2007) re-
ported homoacetogenesis in a thermophilic CSTR with HRT
of 6 days. Therefore, keeping a low HRT shall be a benefit for
hydrogen production.

Finally, constructing a mathematic model of MCF is a
common but valuable way to simulate and optimize the
fermentation systems, in which the microbial communities
shift under different operational conditions is generally
ignored (Rodriguez et al. 2006; Zhang et al. 2013b).
However, as shown in our work, the functional bacteria
communities are indeed changed with the operational con-
ditions including pH and substrate concentration, and con-
sequently affect the metabolite distributions. Thereby, an
improved model considering both the operational
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Table 3 Phylogenetic affiliation

and clone numbers of pH-L2 Clone Closest relative 16S Similarity Clone Percent

bacteria 16S rRNA genes name rRNA phylotypes (%) number (%)
L2-1 T.thermosaccharolyticum 99 4 133
L2-2 T thermosaccharolyticum 99 5 16.7
L2-3 T thermosaccharolyticum 99 3 10.0
L2-4 T thermosaccharolyticum 99 4 133
L2-5 T thermosaccharolyticum 99 2 6.7
L2-6 T thermosaccharolyticum 99 2 6.7
L2-7 T thermosaccharolyticum 99 2 6.7
L2-8 T thermosaccharolyticum 99 1 33
L2-9 T thermosaccharolyticum 99 1 33
L2-10 T.thermosaccharolyticum 99 2 6.7
L2-11 T thermosaccharolyticum 99 1 33
L2-12 T.thermosaccharolyticum 99 1 33
L2-13 T.thermosaccharolyticum 99 2 6.7
Total 30 100

conditions and the microbial communities is crucial for
the operation and control of MCF in the future.

In summary, by integrating DGGE, Illumina Miseq high-
throughput sequencing, and 16S rRNA clone library sequenc-
ing, the microbial compositions of MCF in a thermophilic
chemostat were demonstrated in this work. It was found that
relatively simple microbial communities were enriched.
Clones close to the genera of Thermoanaerobacter and/or
Bacillus dominated the bacteria; however, homoacetogens

and archaea were washed out and not detected. The results
also revealed that the metabolic shift was clearly associated
with the change of dominated bacterial groups. The effects of
Py and pH from 4.0 to 5.5 on the microbial compositions
were not notable and Thermoanaerobacter was dominant.
While Bacillus, Thermoanaerobacter, and P. hippei dominat-
ed the bacteria communities at neutral pH, Bacillus and
Thermoanaerobacter dominated at high influent glucose
concentrations.

Table 4 Phylogenetic affiliation

and clone numbers of pH-L8 Clone Closest relative 16S Similarity Clone Percent

bacteria 16S rRNA genes name tRNA phylotypes (%) number (%)
L8-2 B. coagulans 99 4 133
L8-3 B. coagulans 99 3 10.0
L8-8 B. coagulans 99 5 16.7
L8-11 B. coagulans 99 3 10.0
Subtotal 15 50.0
L8-5 Tthermosaccharolyticum 99 3 10.0
L8-9 T.thermosaccharolyticum 98 2 6.7
L8-14 Tthermosaccharolyticum 96 1 33
Subtotal 6 20.0
L8-6 P, hippei 91 2 6.7
L8-7 P, hippei 91 1 33
L8-10 P, hippei 91 1 33
Subtotal 4 13.3
L8-1 L. adecarboxylata 99 1 33
L8-4 L. adecarboxylata 99 2 6.7
Subtotal 3 10.0
L8-12 A. bereziniae 99 1 33
L8-13 C. saccharobutylicum 99 1 33
Total 30 100
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