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Abstract: Hydrogen-producing microorganisms are believed to play an important role in energy metabolism of micro-
organisms in anaerobic environments and hence are one of the crucial factors for influencing the activity and develop-
ment of these microorganisms. Consequently, they provide the biological foundation for the biotechnology such as 
MEOR (Microbial Enhanced Oil Recovery) and microbial fixation of CO2 and conversion of it into CH4 and etc. How-
ever, knowledge on the community of hydrogen-producing microorganisms and their potential in subsurface formations 
are still limited. In this study, hydrogen-producing microorganisms in the production water from an oilfield as well as 
enrichment cultures were analyzed with clone library analysis of [FeFe]-hydrogenase encoding genes. The results show 
that [FeFe]-hydrogenase genes in production water are diverse and related to Bacteroidetes, Firmicutes, Spirochaetes 
and uncultured. Anaerobic incubations established within the oil reservoir production water and generating 202 mmol 
H2/mol glucose during 7-day incubation at 55°C indicate a high frequency of members of the Firmicutes. This study 
implies that hydrogen-producing microorganisms in oil reservoir may play a positive role in promoting the in situ bio-
process via hydrogen production once common nutrients are available. These data are helpful for evaluating, developing, 
and utilizing hydrogen-producing microorganisms in oil reservoirs for biological fixation and conversion of CO2 into 
CH4 as well as MEOR. 
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1. Introduction

ydrogen plays a crucial role in affecting subsur-
face microbial community structure due to the 
fact that hydrogen occupies a central place in 

the energy metabolism of anaerobic microorganisms. 

Indeed, it is well accepted that hydrogen generated in su-
bsurface environments could be of diverse origins in-
cluding biogenic, thermogenic, and others. Biogenic 
formation of hydrogen in such deep environments is of 
paramount interest and a good knowledge of functional 
microorganisms responsible and/or involved in this for-
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mation process is appealing. Petroleum reservoirs are 
typical subsurface environments, in which, hydrogen may 
also be produced by physiological distinct microorganisms 
dominated by anaerobes (including bacteria and maybe 
also archaea). Hydrogen produced by microorganisms in 
situ is believed to be the trophic and energy links be-
tween H2-producers and consumers such as methanogens, 
sulfate- and nitrate-reducers as well as metals reducers, 
etc[1–4]. Study of these microorganisms of oil reservoirs 
may be useful in the development of practical technolo-
gies such as MEOR[5,6], microbially influenced corrosion 
control[7,8] as well as the most promising technology such 
as CO2 fixation and bioconversion into methane[9,10]. 

The production and consumption of hydrogen are be-
lieved to be catalyzed by hydrogenases. Till now, hydro-
genases are classified into three groups: [NiFe]-, [FeFe]- 
and [Fe]-hydrogenases[11]. [NiFe]-hydrogenases are con-
sidered to be mainly involved in H2 consumption, [FeFe]- 
hydrogenases mainly in H2 production and [Fe]-hyd-
rogenases in H2-forming. The latter are only found in 
some methanogens. For H2 production, only [FeFe]- 
hydrogenases are of scientific and technological int-
erest[12,13] and they have been used as specific biomarkers 
for investigation of H2-producing microbial communit-
ies[9,14–17]. Recently, three sets of primers, i.e., hydF1/ 
hydR1, 272F/FeFe-427R, and HydH1f/HydH3r, have be-
en developed and used to analyze H2-producing com-
munities inhabited in anaerobic environments[14,16–19]. 
The obtained results have provided novel knowledge on 
the structures of H2-producing communities in these 
various environments. However, till now, there are li-
mited reports on the microbial communities that may be 
responsible and/or involved in the hydrogen formation 
process in oil reservoirs.  

The present study was motivated by practical MEOR 
field applications, in which, carbohydrates (mainly glu-
cose and/or sucrose) are commonly used as specific nu-
trients to stimulate the microbial community in situ for 
enhancement of oil recovery purposes. Injected nutrients 
such as glucose and/or sucrose may undergo in situ fer-
mentation process with hydrogen, organic acids, CO2, 
and methane as intermediate metabolites and end pro-
ducts. Here, we used primer sets specific to [FeFe]- hy-
drogenase genes to elucidate the diversity of functional 
microorganisms that may be implicated in hydrogen 
production in oil reservoir fluids. Our research revealed 
the high diversities of [FeFe]-hydrogenases in the oil 
reservoir, and the possibility of hydrogen producing mi-
croorganisms to be activated by nutrient addition to pro-
duce hydrogen which may play a positive role in the bi-
otechnology such as MEOR as well as CO2 bio- fixation 
and its conversion into CH4 in oil reservoirs.  

2. Materials and Methods

2.1 Sampling 

Samples were collected from four producing wells in 
Huabei Oilfield (55°C). Each production water sample 
(about 5 L) was collected from the valve at the produ-
ction well head and completely filled into a sterilized bot-
tle. The bottles were tightly sealed and immediately 
transported to the laboratory. The physicochemical prop-
erties of these water samples are presented in Table 1. 

Table 1. The physicochemical properties of water samples 

Parameter Huabei oilfield 

Depth (m) 1450.0 
Temperature (°C) 57.0 
pH 7.2 
Salinity (mg L–1) 5745.0 
Water type NaHCO3 
Formate (mg L–1) ND 
Acetate (mg L–1) 58.8 
Propionate (mg L–1) ND 
Butyrate (mg L–1) 3.1 
Iso-butyrate (mg L–1) ND 

ND: Not Detectable 

2.2 DNA Extraction 

Microbial cells in the water samples or enrichment cul-
ture was collected by filtration with a 0.2 µm membrane 
filters as described by Wang et al.[20] Cells obtained from 
2.0 L of production water sample were used for the ex-
traction of total genomic DNA using AxyPrep™ Bac-
terial Genomic DNA Miniprep Kit according to the pro-
tocol provided by manufacturer. The afterward purifica-
tion of genomic DNAs were performed with a DNA pu-
rification kit following the manufacturer’s instructions. 
The purified DNAs were stored at −20°C before the PCR 
amplification of functional genes. 

2.3 PCR Amplification 

The amplification of a fragment of a [FeFe]-hydro-
genase-encoding gene was conducted with the primer set 
of 272F (5′ -GCHGAYMTBACHATWATGGARGA-3′) 
and 427R (5′ -GCNGCYTCCATDACDCCDCCNGT-3′) 
under the conditions described by Schmidt et al.[16]. Five 
parallel PCR reactions were performed for functional 
gene fragments in a Peltier thermal cycler (Bio-Rad, 
USA), and the obtained PCR products were subsequently 
pooled for cloning exercises and construction of the re-
spective gene libraries. 

2.4 Construction of Functional Gene Clone Libraries 

The PCR products were first purified with the Gel Ex- 
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traction Kit (U-gene, China), and then it was cloned into 
Escherichia coli using a pMD19®-T simple vector kit 
(Takara, Japan) according to the manufacturer’s instruc-
tions. For each gene clone library, white colonies were 
picked randomly and inoculated to Luria broth (LB) me-
dium supplemented with ampicillin (50 mg L–1) before 
incubation for overnight at 37°C. The inserted DNAs 
were verified by amplification with primers of M13-47 
and RV-M and following agarose gel electrophoresis 
with ethidium bromide staining[21]. 

2.5 Sequencing and Phylogenetic Analyses 

An ABI 377 automated sequencer was used for sequencing. 
After removing the vector, sequences were checked with 
Bellerophon for identification of putative chimera[22] be-
fore the assemblage of OTUs (operational taxonomic 
units) at similarity of 97% using FastGroupII[23]. From 
each OTU, one representative sequence was chosen to 
compare with sequences in the BLAST network serv-
ice[24]. Phylogenetic trees were generated using MEGA5 
software[25]. The phylogenetic tree was generated by neigh-
bor-joining and the Poisson correction method[26]. The nodes 
in the tree were estimated by 1000 bootstrap replicates. 

2.6 Incubation 

Enrichment cultures were conducted with 120 mL se-
rum bottles containing 60 mL of basal medium, 6 mL of 
the production water, 1.0 mL of trace element, and 1.0 mL 
of vitamin stock solution. The basal medium contained 

(g L–1): Glucose 10.0, KH2PO4 1.6, K2HPO4 1.0, NH4Cl 
0.5, MgCl2·6H2O 0.2, CaCl2·2H2O 0.02, NaHCO3 1.0, 
NaCl 0.5, Na2S 0.6, Yeast extract 2.0 and Peptone 1.0. 
Trace element and vitamin stocks solutions are the same 
as descripted by Wang et al[27]. The incubation was per-
formed in triplicate at 55°C. The produced gas was ana-
lyzed and the average of the test triplicates was obtained 
as the final results.  

Headspace gas in serum bottles was analyzed by a gas 
chromatograph equipped with a 1.5 m column filled with 
5 Å carbon molecular sieves. The temperature of the 
injector and detector were set at 200°C, and that of the 
column was program-controlled as: 60°C for 12 min, 
increment of temperature from 60 to 200°C at a rate of 
15°C/min and finally kept at 200°C for 24 min.  

2.7 Nucleotide Sequence Accession Numbers 

The data of gene sequences for [FeFe]-hydrogenase are 
available in GenBank sequence database with the acces-
sion numbers KT955908~KT955977 for production wa-
ter and KT964905~KT964998 for enrichment culture. 

3. Results

3.1 The Diversity of Hydrogenase Encoding Genes 

The [FeFe]-hydrogenase encoding genes were analyzed 
for the original production water samples. The phyloge-
netic affiliation based on the protein sequences derived 
from these genes is presented in Table 2 and the corresponding 

Table 2. Phylogenic affiliation of hydrogen producing bacteria based on the protein sequence derived from [FeFe]-hydrogenase 
encoding gene 

OTU Accession No Most closely related sequence (NCBI Blast) Accession no (NCBI Blast) Similarity (%) 

HB-56 KT955963 Yellowstone geothermal spring clone ADC53605 100 
HB-47 KT955954 Bacteroidales_bacterium_enrichment AHX56817 77 
HB-48 KT955955 Bacteroidales_bacterium WP_025310303 81 
HB-70 KT955977 Bacteroidales_bacterium WP_025310303 76 
HB-49 KT955956 Subsurface aquifer sediment EKD30691 87 
HB-43 KT955950 Bacteroidales_bacterium GAP42690 90 
HB-41 KT955948 Saline pond clone ACM67619 91 
HB-27 KT955934 Bacteroidales_bacterium GAP70735 96 
HB-40 KT955947 Phreatic limestone sinkholes clone ACQ94954 90 
HB-12 KT955919 Proteiniphilum_acetatigenes WP_019541397 98 
HB-1 KT955908 Proteiniphilum_acetatigenes WP_019541397 91 
HB-16 KT955923 Alistipes_sp. CCY35044 83 
HB-68 KT955975 Oil reservoir clone AHL26948 94 
HB-22 KT955929 Desulfotomaculum_gibsoniae AGL03894 74 
HB-23 KT955930 Proteiniclasticum ruminis WP_031576066 86 
HB-51 KT955958 Oil reservoir clone AHL26938 98 
HB-54 KT955961 Oil reservoir clone AHL26938 97 
HB-55 KT955962 Holdemania_filiformis EEF67834 70 

NCBI blast was accessed on Oct. 2015 
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phylogenetic tree constructed at the protein level is 
shown in Figure 1. 

From the sequence of 70 clones retrieved from the 
production water sample, 18 OTUs were identified using 
FastGroupII. The OTU HB-56 shares similarities with 
sequence from Treponema caldarium within Spiro-
chaetes. OTU HB-47, HB-48, HB-70, HB-49, HB-43, 
and HB-27 were similar to sequence from members of 
the order of Bacteroidetes. The OTU HB-12 and HB-1 
share high similarity with Proteiniphilum acetatigenes, 
and HB-16 with high similarity to Alistipes sp, all of 
which are affiliated to the Bacteroidales. The OTU 
HB-22, HB-23, and HB-55 share high similarity with 
Desulfotomaculum gibsoniae, Proteiniclasticum ruminis, 
and Clostridium spiroforme, respectively, are all affili-

ated to the Firmicutes. The dominant OTUs, HB-1 (20%) 
and HB-12 (10%), are affiliated to Proteiniphilum aceta-
tigenes (with similarity values of 91% and 98%, respec-
tively) within the Bacteroidetes. The latter was originally 
isolated from waste water of beer production with a cha-
racteristical production of acetate from protein, amino 
acids, and pyruvate[28]. The OTU HB-27 (20%) shares 
high similarity with genes extracted from microor-
ganisms in rice soil[19]. Obviously, these sequences are 
affiliated mainly to three different phyla of Spirochaetes, 
Bacteroidetes, and Firmicutes, which showed great di-
versity of hydrogen-producing microorganisms. Our re-
sults are in agreement with those obtained by Grabowski, 
who found that the main hydrogen-producing microor-
ganisms in the enrichment cultures of samples 

Figure 1. Neighbor-joining tree of [FeFe]-Hydrogenase gene amplified from DNA extracted from oil reservoir samples (red) and 
related gene sequences from GenBank. Bootstraps below 50% are not shown. 5% amino acid substitution is shown on the scale bar. 
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from low temperature oil reservoirs are affiliated with 
Spirochaetes, Bacteroidetes, and Firmicutes[29].  

3.2 Biohydrogen Production 

The microorganisms inhabiting in the production water 
from Huabei oil reservoir were incubated anaerobically 
with basal medium at 55°C and hydrogen production at 
different incubation periods was monitored. The results 
are shown in Figure 2. The yield of hydrogen reached its 
maximum value (about 11 mmol H2/L medium or 202 
mmol H2/mol glucose) at the 7th incubation day and then 
decreased. On the other hand, methane was produced 
from the 7th day and increased with incubation time. 

3.3 Hydrogen-producing Bacterial Community 
from Enrichment Culture 

The [FeFe]-hydrogenase encoding genes were analyzed 

Figure 2. The hydrogen and methane production by enrichment 
culture with production water sample at 55°C. 

for the enrichment sample incubated at 55°C and the ph-
ylogenetic affiliation of the hydrogen-producing bacteria 
is listed in Table 3. The corresponding phylogenetic tree 
was constructed at the protein level and is shown in Figure 3. 

Table 3. Phylogenic affiliation of hydrogen producing bacteria based on the protein sequence derived from [FeFe]-hydrogenase 
encoding gene 

OTU Accession no Most closely related sequence (NCBI Blast) Accession no (NCBI Blast) Similarity (%) 

Enrichment-94 KT964998 Proteiniphilum_acetatigenes WP_019541397 87 

Enrichment-01 KT964905 Clostridium_sp. AIC77297 97 

Enrichment-48 KT964952 Clostridium_sticklandii WP_013361125 99 

Enrichment-59 KT964963 Proteiniclasticum_ruminis WP_031576066 88 

Enrichment-76 KT964980 Clostridium_aceticum WP_044826304 76 

Enrichment-91 KT964995 Dielma_fastidiosa WP_022938996 77 

NCBI blast was accessed on Oct. 2015 

Figure 3. Neighbor-joining tree of [FeFe]-Hydrogenase gene amplified from DNA extracted from the enrichment culture at 55°C 
(red) and related gene sequences from GenBank. Bootstraps below 50% are not shown. 10% amino acid substitution is shown on the 
scale bar. 
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We randomly selected 94 clones and grouped into 6 
OTUs after sequencing. Clones represented by enrichme-
nt-01 (46 clones), enrichment-48 (7 clones), enrichme-
nt-59 (22 clones), enrichment-76 (15 clones) and enric-
hment-91 (3 clones) share high similarity with Clostrid-
ium sp., Clostridium sticklandii, Proteiniphilum acetati-
genes, Alkaliphilus_metalliredigensi and Dielma_fastid-
iosa, respectively, which are all within phylum Firmicu-
tes. Only one OTU, enrichment-94 (1 clone), was classif-
ied as Proteiniphilum acetatigenes within the Bacteroidetes. 

4. Discussion

4.1 The Diversity of Hydrogen-producing Bacteria 
in Oil Reservoir 

The hydrogen-producing microorganisms in original pro-
duction water samples were diverse and included Bacte-
roidetes, Firmicutes, Spirochaetes, and uncultured mi-
croorganisms. The enrichment culture was less diverse 
and composed only by microorganisms affiliated with 
the Firmicutes and Bacteroidetes. Members of the Bac-
teroidetes are frequently found among hydrogen produc-
ing microorganisms[30,31]. A novel member of the family 
Porphyromonadaceae, designated as strain ING2-E5B, 
was found by complete genome sequencing to possess a 
[FeFe]-hydrogenase encoding gene. This indicates that 
this strain may be involved in hydrogen production[32]. In 
our study, Clostridium was the most encountered micro-
organism in the enrichment culture and thus, might play 
a considerable role in H2 production even though it was 
negligible in the original production water sample. A 
recent study showed that Clostridium inhabited in pro-
duction water of Daqing oilfield subjected to CO2- and 
water-flooding with a frequency of 38% and 6% respec-
tively[9]. Also, members of Clostridia showed the highest 
abundant microorganisms in microbial mat, H2-produc-
ing sludge, and marine geothermal environment[14,15,33,34]. 
Our results are in good agreement with those of previous 
studies conducted in oil reservoirs or similar subsurface 
environments.  

The present study shows that the diversity of [FeFe]- 
hydrogenase encoding genes extracted from the enrich-
ment cultures is quite different from those of the original 
production water samples. Members of the Firmicutes, 
mainly Clostridia, were predominant in the enrichment 
cultures with a relative proportion of 72% whereas Pro-
teiniphilum majored in original production waters with 
relative proportion of 30%. The same phenomenon was 
also found under both thermophilic and mesophilic cul-
ture conditions[30,35,36]. The significant shift in the micro-
bial community structure from Bacteroidetes dominant in 
original production water samples to Firmicutes dominant 
in enrichment culture may be caused by the difference in 

carbon source available as it is hydrocarbon or its inter-
mediary metabolites in oil reservoir rather than glucose 
or its intermediary metabolites in the enrichment culture. 

Petroleum reservoirs, with unique physico-chemical 
conditions, are inhabited by taxonomically, physiologically, 
and phylogenetically unusual microorganisms[9,21,27,37,38]. 
As for hydrogen production, different members within 
mainly four phyla have been intensively investigated, 
such as Oceanotoga[39], Petrotoga[40–43], Thermotoga[44–46] 
within Thermotogae; Thermoanaerobacter[47–49] within 
Firmicute; Spirochaeta[50] within Spirochaeta; and Anae-
robaculum[51] within Synergistetes. Till now, the most fr-
equently encountered hydrogen-producing bacteria in oil 
reservoirs are members within Thermotoga and Fir-
micute. The present study shows that sequences obtained 
in clone libraries constructed for [FeFe]–hydrogenase 
encoding gene are of high similarities with those from 
Firmicutes and Bacteroidetes. Our results are consistent 
with those mentioned above.  

4.2 Investigation of Hydrogen-producing Bacterial 
Community 

Among the three major groups of hydrogenases: [NiFe]-, 
[FeFe]-, and [Fe]-[52], [FeFe]-hydrogenase are often fo-
und to be involved in hydrogen production[11] and the ge-
nes encoding [FeFe]-hydrogenase have been used as sp-
ecific biomarkers for hydrogen-producing bacteria[9,14–17,33]. 
In addition, only [FeFe]-hydrogenase is believed to be 
scientifically and technologically important for H2 pro-
duction[12,13]. This is the first time to use specific primer 
sets to investigate hydrogen-producing microbial com-
munity in production water sample from oil reservoir. 
Our results imply that this primer is suitable and effec-
tive for investigating hydrogen-producing microorgan-
isms in oil reservoirs. 

It is important to point out that the relative proportion 
of hydrogen-producing microorganisms obtained from 
the clone libraries of hydrogenase genes is only of refe-
rential value, because multiple hydrogenases may be 
present in given microbial genomes[11].  

4.3 The Potential Role of Hydrogen-producing Mi-
croorganisms in Oil Reservoirs 

As for the hydrogen energy production, the present re-
search shows that hydrogen-producing microorganisms 
occur in oil reservoirs with great diversity. Also, in our 
enrichment cultures, Clostridia were identified to be the 
dominating H2-producing bacteria. The Clostridia are the 
most widely studied microorganisms for hydrogen pro-
duction because of their high H2 yield[53,54] and high rate 
of H2 production[55]. The potential of Clostridia for hy-
drogen production have been widely and systematically 
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studied[56]. Members of the Firmicutes and the Bacteroi-
detes are of high potential once they are activated with 
proper nutrients to produce hydrogen in oil reservoirs. 

Moreover, our results indicate that methane was pro-
duced in case the hydrogen content reached a certain 
concentration. This implies that methanogens inhabiting 
the production water samples were activated. Microbial 
conversion of CO2 into methane in oil reservoirs is be-
lieved to be one of the most promising solutions for a 
mitigation of CO2 emissions. Positive results have been 
obtained demonstrating that hydrogen-producing bacteria 
and hydrogenotrophic methanogenic archaea were of 
great significance with respect to microbial conversion of 
CO2 into methane in oil reservoirs[57]. Also, this biopro-
cess using enrichment cultures has been studied[58]. The 
present data implies that the hydrogen producing micro-
organisms may play a positive role in promoting metha-
nogenesis process such as microbial conversion of CO2 
into methane. 

In case of MEOR, hydrogen-producing microorgan-
isms may play a significant role in stimulating the func-
tional microorganisms. Successful field pilot tests hav-
e been conducted by injection of nutrients containing gl-
ucose[59], molasses[60,61] and sucrose[62] which can be me-
tabolized by fermentative bacteria for hydrogen produc-
tion. 

5. Conclusion

Hydrogen-producing bacterial community in the produc-
tion water from an oil reservoir as well as its enrichment 
cultures were analyzed by means of functional gene ap-
proach. The results showed that [FeFe]-hydrogenase 
genes were of great diversity which mainly related to 
members of the Bacteroidetes, the Firmicutes, and the 
Spirochaetes in production water but was dominated 
only by the Firmicute in anaerobic enrichment culture. 
Our results revealed the members of hydrogen- produc-
ing bacteria and its positive role in promoting bioprocess 
in the oil reservoir such as MEOR and biogenic methane 
production which are helpful in evaluating, developing, 
and utilizing hydrogen-producing microorganisms in oil 
reservoirs.  

Author Contributions 

Liu J-F, Gu J-D, and Mu B-Z designed the full experi-
ments. Ke W-J and Mbadinga S M conducted the micro-
bial and chemical analysis. Liu J-F prepared the manu-
script with the help of all co-authors. 

Conflict of Interest and Funding 

No conflict of interest was reported by the authors. This 
work was supported by the National Natural Science 

Foundation of China (Grant No. 41273084, 41530318), 
the NSFC/RGC Joint Research Fund (No. 41161160560) 
and the Research Foundation of Shanghai (No. 
15JC1401400).  

References 

1. McInerney M J, Sieber J R and Gunsalus R P, 2009, Syn-
trophy in anaerobic global carbon cycles. Current Opi-
nion in Biotechnology, vol.20(6): 623–632.
http://dx.doi.org/10.1016/j.copbio.2009.10.001.

2. Schink B, 1997, Energetics of syntrophic cooperation in
methanogenic degradation. Microbiology and Molecular
Biology Reviews, vol.61(2): 262–280.

3. Boyd E S, Hamilton T L, Swanson K D, et al., 2014,
[FeFe]-hydrogenase abundance and diversity along a ver-
tical redox gradient in Great Salt Lake, USA. Interna-
tional Journal of Molecular Sciences, vol.15(12): 21947–
21966. http://dx.doi.org/10.3390/ijms151221947.

4. Thauer R K, Klein A R and Hartmann G C, 1996, Reac-
tions with molecular hydrogen in microorganisms: evi-
dence for a purely organic hydrogenation catalyst. Chem-
ical Reviews, vol.96(7): 3031–3042.
http://dx.doi.org/10.1021/cr9500601.

5. Rudyk S N and Søgaard E G, 2010, How specific micro-
bial communities benefit the oil industry: microbi-
al-enhanced oil recovery (MEOR), in Whitby C and Sk-
ovhus T L (eds), Applied Microbiology and Molecular
Biology in Oilfield Systems. Springer Netherlands, Milton
Keynes UK, 179–187.
http://dx.doi.org/10.1007/978-90-481-9252-6_21.

6. Sen R, 2008, Biotechnology in petroleum recovery: the
microbial EOR. Progress in Energy and Combustion
Science, vol.34(6): 714–724.
http://dx.doi.org/10.1016/j.pecs.2008.05.001.

7. Grigoryan A A, Cornish S L, Buziak B, et al., 2008,
Competitive oxidation of volatile fatty acids by sulfate-
and nitrate-reducing bacteria from an oil field in Argenti-
na. Applied and Environmental Microbiology, vol.74(14):
4324–4335. http://dx.doi.org/10.1128/AEM.00419-08.

8. Hubert C and Voordouw G, 2007, Oil field souring con-
trol by nitrate-reducing Sulfurospirillum spp. that out-
compete sulfate-reducing bacteria for organic electron
donors. Applied and Environmental Microbiology, vol.73(8):
2644–2652. http://dx.doi.org/10.1128/AEM.02332-06.

9. Liu J-F, Sun X-B, Yang G-C, et al., 2015, Analysis of
microbial communities in the oil reservoir subjected to
CO2-flooding by using functional genes as molecu-
lar biomarkers for microbial CO2 sequestration. Frontiers
in Microbiology, vol.6: 236.
http://dx.doi.org/10.3389/fmicb.2015.00236.

10. Mayumi D, Dolfing J, Sakata S, et al., 2013, Carbon dio-

http://dx.doi.org/10.1016/j.copbio.2009.10.001.�
http://dx.doi.org/10.3390/ijms151221947.�
http://dx.doi.org/10.1021/cr9500601.�
http://dx.doi.org/10.1007/978-90-481-9252-6_21.�
http://dx.doi.org/10.1016/j.pecs.2008.05.001.�
http://dx.doi.org/10.1128/AEM.00419-08.�
http://dx.doi.org/10.1128/AEM.02332-06.�
http://dx.doi.org/10.3389/fmicb.2015.00236.�


The diversity of hydrogen-producing micro-organisms in a high temperature oil reservoir and its potential role in promoting… 

32 Applied Environmental Biotechnology (2016)–Volume 1, Issue 2 

xide concentration dictates alternative methanogenic pat-
hways in oil reservoirs. Nature Communications, vol.4: 
1998. http://dx.doi.org/10.1038/ncomms2998. 

11. Vignais P M and Billoud B, 2007, Occurrence, classifica-
tion, and biological function of hydrogenases: an over-
view. Chemical Reviews, vol.107(10): 4206–4272.
http://dx.doi.org/10.1021/cr050196r.

12. Kim J Y H and Cha H J, 2013, Recent progress in hydro-
genase and its biotechnological application for viable hy-
drogen technology. Korean Journal of Chemical Engi-
neering, vol.30(1): 1–10.
http://dx.doi.org/10.1007/s11814-012-0208-8.

13. Corr M J and Murphy J A, 2011, Evolution in the under-
standing of [Fe]-hydrogenase. Chemical Society Reviews,
vol.40(5): 2279–2292.
http://dx.doi.org/10.1039/c0cs00150c.

14. Boyd E S, Spear J R and Peters J W, 2009, [FeFe] hydro-
genase genetic diversity provides insight into molecular
adaptation in a saline microbial mat community. Applied
and Environmental Microbiology, vol.75(13): 4620–4623.
http://dx.doi.org/10.1128/AEM.00582-09.

15. Fang H, Zhang T and Liu H, 2002, Microbial diversity of
a mesophilic hydrogen-producing sludge. Applied Micro-
biology and Biotechnology, vol.58(1): 112–118.
http://dx.doi.org/10.1007/s00253-001-0865-8.

16. Schmidt O, Drake H L and Horn M A, 2010, Hitherto
unknown [Fe-Fe]-hydrogenase gene diversity in anae-
robes and anoxic enrichments from a moderately acidic
fen. Applied and Environmental Microbiology, vol.76(6):
2027–2031. http://dx.doi.org/10.1128/AEM.02895-09.

17. Xing D, Ren N and Rittmann B E, 2008, Genetic diversi-
ty of hydrogen-producing bacteria in an acidophilic
ethanol-H-2-coproducing system, analyzed using the
[Fe]-hydrogenase gene. Applied and Environmental Mi-
crobiology, vol.74(4): 1232–1239.
http://dx.doi.org/10.1128/AEM.01946-07.

18. Boyd E S, Hamilton T L, Spear J R, et al., 2010, [FeFe]-
hydrogenase in Yellowstone National Park: Evidence for
dispersal limitation and phylogenetic niche conservatism.
The ISME Journal, vol.4(12): 1485–1495.
http://dx.doi.org/10.1038/ismej.2010.76.

19. Baba R, Kimura M, Asakawa S, et al., 2014, Analysis of
[FeFe]-hydrogenase genes for the elucidation of a hydro-
gen-producing bacterial community in paddy field soil.
FEMS Microbiology Letters, vol.350(2): 249–256.
http://dx.doi.org/10.1111/1574-6968.12335.

20. Wang L-Y, Duan R-Y, Liu J-F, et al., 2012, Molecular
analysis of the microbial community structures in wa-
ter-flooding petroleum reservoirs with different tempera-
tures. Biogeosciences, vol.9(11): 4645–4659.
http://dx.doi.org/10.5194/bg-9-4645-2012.

21. Guan J, Xia L-P, Wang L-Y, et al., 2013, Diversity and

distribution of sulfate-reducing bacteria in four petroleum 
reservoirs detected by using 16S rRNA and dsrAB genes. 
International Biodeterioration and Biodegradation, 
vol.76: 58–66. 
http://dx.doi.org/10.1016/j.ibiod.2012.06.021. 

22. Huber T, Faulkner G and Hugenholtz P, 2004, Bellero-
phon: a program to detect chimeric sequences in multiple
sequence alignments. Bioinformatics, vol.20(14): 2317–
2319. http://dx.doi.org/10.1093/bioinformatics/bth226.

23. Yu Y, Breitbart M, McNairnie P, et al., 2006, FastGroupII:
a web-based bioinformatics platform for analyses of large
16S rDNA libraries. BMC Bioinformatics, vol.7: 57.
http://dx.doi.org/10.1186/1471-2105-7-57.

24. Altschul S F, Madden T L, Schäffer A A, et al., 1997,
Gapped BLAST and PSI-BLAST: a new generation of
protein database search programs. Nucleic Acids Research,
vol.25(17): 3389–3402.
http://dx.doi.org/10.1093/nar/25.17.3389.

25. Tamura K, Peterson D, Peterson N, et al., 2011, MEGA5:
Molecular Evolutionary Genetics Analysis using maxi-
mum likelihood, evolutionary distance, and maximum
parsimony methods. Molecular Biology and Evolution,
vol.28(10): 2731–2739.
http://dx.doi.org/10.1093/molbev/msr121.

26. Saitou N and Nei M, 1987, The neighbor-joining method:
a new method for reconstructing phylogenetic trees. Mo-
lecular Biology and Evolution, vol.4(4): 406–425.

27. Wang L-Y, Gao C-X, Mbadinga S M, et al., 2011, Cha-
racterization of an alkane-degrading methanogenic enri-
chment culture from production water of an oil reservoir
after 274 days of incubation. International Biodeteriora-
tion and Biodegradation, vol.65(3): 444–450.
http://dx.doi.org/10.1016/j.ibiod.2010.12.010.

28. Chen S and Dong X, 2005, Proteiniphilum acetatigenes
gen. nov., sp. nov., from a UASB reactor treating brewery
wastewater. International Journal of Systematic and
Evoutionary Microbiology, vol.55(Pt 6): 2257–2261.
http://dx.doi.org/10.1099/ijs.0.63807-0.

29. Grabowski A, Nercessian O, Fayolle F, et al., 2005, Mi-
crobial diversity in production waters of a low-tem-
perature biodegraded oil reservoir. FEMS Microbiology
Ecology, vol.54(3): 427–443.
http://dx.doi.org/10.1016/j.femsec.2005.05.007.

30. Mohd Yasin N H, Rahman N A A, Man H C, et al., 2011,
Microbial characterization of hydrogen-producing bacte-
ria in fermented food waste at different pH values. Inter-
national Journal of Hydrogen Energy, vol.36(16): 9571–
9580. http://dx.doi.org/10.1016/j.ijhydene.2011.05.048.

31. Lee J-H, Lee D-G, Park J-I, et al., 2010, Bio-hydrogen
production from a marine brown algae and its bacterial
diversity. Korean Journal of Chemical Engineering, vol.
27(1): 187–192.

http://dx.doi.org/10.1038/ncomms2998.�
http://dx.doi.org/10.1021/cr050196r.�
http://dx.doi.org/10.1007/s11814-012-0208-8.�
http://dx.doi.org/10.1039/c0cs00150c.�
http://dx.doi.org/10.1128/AEM.00582-09.�
http://dx.doi.org/10.1007/s00253-001-0865-8.�
http://dx.doi.org/10.1128/AEM.02895-09.�
http://dx.doi.org/10.1128/AEM.01946-07.�
http://dx.doi.org/10.1038/ismej.2010.76.�
http://dx.doi.org/10.1111/1574-6968.12335.�
http://dx.doi.org/10.5194/bg-9-4645-2012.�
http://dx.doi.org/10.1016/j.ibiod.2012.06.021.�
http://dx.doi.org/10.1093/bioinformatics/bth226.�
http://dx.doi.org/10.1186/1471-2105-7-57.�
http://dx.doi.org/10.1093/nar/25.17.3389.�
http://dx.doi.org/10.1093/molbev/msr121.�
http://dx.doi.org/10.1016/j.ibiod.2010.12.010.�
http://dx.doi.org/10.1099/ijs.0.63807-0.�
http://dx.doi.org/10.1016/j.femsec.2005.05.007.�
http://dx.doi.org/10.1016/j.ijhydene.2011.05.048.�


Jin-Feng Liu, Serge Maurice Mbadinga, Wen-Ji Ke, et al. 

Applied Environmental Biotechnology (2016)–Volume 1, Issue 2 33 

http://dx.doi.org/10.1007/s11814-009-0300-x. 
32. Hahnke S, Maus I, Wibberg D, et al., 2015, Complete

genome sequence of the novel Porphyromonadaceae bac-
terium strain ING2-E5B isolated from a mesophilic lab-
scale biogas reactor. Journal of Biotechnology, vol.193:
34–36.
http://dx.doi.org/10.1016/j.jbiotec.2014.11.010.

33. Xu S-Y, He P-Q, Dewi S-Z, et al., 2013, Hydrogen-pro-
ducing microflora and Fe-Fe hydrogenase diversities in
seaweed bed associated with marine hot springs of Ka-
lianda, Indonesia. Current Microbiology, vol.66(5): 499–
506. http://dx.doi.org/10.1007/s00284-013-0302-0.

34. Ley R E, Harris J K, Wilcox J, et al., 2006, Unexpected
diversity and complexity of the Guerrero Negro hypersa-
line microbial mat. Applied and Environmental Microbi-
ology, vol.72(5): 3685–3695.
http://dx.doi.org/10.1128/aem.72.5.3685-3695.2006.

35. Ratti R P, Delforno T P, Sakamoto I K, et al., 2015,
Thermophilic hydrogen production from sugarcane ba-
gasse pretreated by steam explosion and alkaline deligni-
fication. International Journal of Hydrogen Energy,
vol.40(19): 6296–6306.
http://dx.doi.org/10.1016/j.ijhydene.2015.03.067.

36. Im W-T, Kim D-H, Kim K-H, et al., 2012, Bacterial
community analyses by pyrosequencing in dark fermen-
tative H2-producing reactor using organic wastes as a
feedstock. International Journal of Hydrogen Energy,
vol.37(10): 8330–8337.
http://dx.doi.org/10.1016/j.ijhydene.2012.02.167.

37. Feng W-W, Liu J-F, Gu J-D, et al., 2011, Nitrate-reducing
community in production water of three oil reservoirs and
their responses to different carbon sources revealed by
nitrate-reductase encoding gene (napA). International
Biodeterioration and Biodegradation, vol.65(7): 1081–
1086. http://dx.doi.org/10.1016/j.ibiod.2011.05.009.

38. Wang L-Y, Ke W-J, Sun X-B, et al., 2014, Comparison
of bacterial community in aqueous and oil phases of wa-
ter-flooded petroleum reservoirs using pyrosequencing
and clone library approaches. Applied Microbiology and
Biotechnology, vol.98(9): 4209–4221.
http://dx.doi.org/10.1007/s00253-013-5472-y.

39. Jayasinghearachchi H S and Lal B, 2011, Oceanotoga
teriensis gen. nov., sp. nov., a thermophilic bacterium
isolated from offshore oil-producing wells. International
Journal of Systematic and Evolutionary Microbiology,
vol.61(Pt 3): 554–560.
http://dx.doi.org/10.1099/ijs.0.018036-0.

40. Miranda-Tello E, Fardeau M L, Thomas P, et al., 2004,
Petrotoga mexicana sp. nov., a novel thermophilic, anae-
robic and xylanolytic bacterium isolated from an oil-
producing well in the Gulf of Mexico. International Jou-
rnal of Systematic and Evolutionary Microbiology, vol.

54(Pt 1): 169–174.  
http://dx.doi.org/10.1099/ijs.0.02702-0. 

41. Miranda-Tello E, Fardeai M-L, Joullan C, et al., 2007,
Petrotoga halophila sp. nov., a thermophilic, moderately
halophilic, fermentative bacterium isolated from an off-
shore oil well in Congo. International Journal of Syste-
matic and Evolutionary Microbiology, vol.57(Pt 1): 40–
44. http://dx.doi.org/10.1099/ijs.0.64516-0.

42. L'Haridon S, Miroshnichenko M L, Hippe H, et al., 2002,
Petrotoga olearia sp. nov. and Petrotoga sibirica sp. nov.,
two thermophilic bacteria isolated from a continental pe-
troleum reservoir in Western Siberia. International Jour-
nal of Systematic and Evolutionary Microbiology, vol.
52(Pt 5): 1715–1722.
http://dx.doi.org/10.1099/ijs.0.02153-0.

43. Lien T, Madsen M, Rainey F A, et al., 1998, Petrotoga
mobilis sp. nov., from a North Sea oil-production well.
International Journal of Systematic and Evolutionary
Microbiology, vol.48(Pt 3): 1007–1013.
http://dx.doi.org/10.1099/00207713-48-3-1007.

44. Takahata Y, Nishijima M, Hoaki T, et al., 2001, Thermo-
toga petrophila sp. nov. and Thermotoga naphthophila sp.
nov., two hyperthermophilic bacteria from the Kubiki oil
reservoir in Niigata, Japan. International Journal of Sys-
tematic and Evolutionary Microbiology, vol.51(Pt 5):
1901–1909. http://dx.doi.org/10.1099/00207713-51-5-1901.

45. Ravot G, Magot M, Fardeau M-L, et al., 1995, Thermo-
toga elfii sp. nov., a novel thermophilic bacterium from
an African oil-producing well. International Journal of
Systematic and Evolutionary Microbiology, vol.45(2):
308–314. http://dx.doi.org/10.1099/00207713-45-2-308.

46. Fardeau M-L, Ollivier B, Patel B K C, et al., 1997, The-
rmotoga hypogea sp. nov., a xylanolytic, thermophilic b-
acterium from an oil-producing well. International Jo-
urnal of Systematic and Evolutionary Microbiology, vol.
47(4): 1013–1019.
http://dx.doi.org/10.1099/00207713-47-4-1013.

47. Jayasinghearachchi H S, Sarma P M and Lal B, 2012,
Biological hydrogen production by extremely thermo-
philic novel bacterium Thermoanaerobacter mathranii
A3N isolated from oil producing well. International Jou-
rnal of Hydrogen Energy, vol. 37(7): 5569–5578.
http://dx.doi.org/10.1016/j.ijhydene.2011.12.145.

48. 48. Fardeau M L, Magot M, Patel B K C, et al., 2000,
Thermoanaerobacter subterraneus sp. nov., a novel the-
rmophile isolated from oilfield water. International Jou-
rnal of Systematic and Evolutionary Microbiology, vol.
50(Pt 6): 2141–2149.
http://dx.doi.org/10.1099/00207713-50-6-2141.

49. Cayol J L, Ollivier B, Patel B K C, et al., 1995, Descrip-
tion of Thermoanaerobacter brockii subsp. lactiethylicus
subsp. nov., isolated from a deep subsurface French oil
well, a proposal to reclassify Thermoanaerobacter finnii

http://dx.doi.org/10.1007/s11814-009-0300-x.�
http://dx.doi.org/10.1016/j.jbiotec.2014.11.010.�
http://dx.doi.org/10.1007/s00284-013-0302-0.�
http://dx.doi.org/10.1128/aem.72.5.3685-3695.2006.�
http://dx.doi.org/10.1016/j.ijhydene.2015.03.067.�
http://dx.doi.org/10.1016/j.ijhydene.2012.02.167.�
http://dx.doi.org/10.1016/j.ibiod.2011.05.009.�
http://dx.doi.org/10.1007/s00253-013-5472-y.�
http://dx.doi.org/10.1099/ijs.0.018036-0.�
http://dx.doi.org/10.1099/ijs.0.02702-0.�
http://dx.doi.org/10.1099/ijs.0.64516-0.�
http://dx.doi.org/10.1099/ijs.0.02153-0.�
http://dx.doi.org/10.1099/00207713-48-3-1007.�
http://dx.doi.org/10.1099/00207713-51-5-1901.�
http://dx.doi.org/10.1099/00207713-45-2-308.�
http://dx.doi.org/10.1099/00207713-47-4-1013.�
http://dx.doi.org/10.1016/j.ijhydene.2011.12.145.�
http://dx.doi.org/10.1099/00207713-50-6-2141.�


The diversity of hydrogen-producing micro-organisms in a high temperature oil reservoir and its potential role in promoting… 

34 Applied Environmental Biotechnology (2016)–Volume 1, Issue 2 

as Thermoanaerobacter brockii subsp. finnii comb. nov., 
and an emended description of Thermoanaerobacter b-
rockii. International Journal of Systematic and Evolutio-
nary Microbiology, vol.45(4): 783–789.  
http://dx.doi.org/10.1099/00207713-45-4-783. 

50. Magot M, Fardeau M-L, Arnauld O, et al., 1997, Spiro-
chaeta smaragdinae sp. nov., a new mesophilic strictly
anaerobic spirochete from an oil field. FEMS Microbiol-
ogy Letters, vol.155(2): 185–191.
http://dx.doi.org/10.1016/S0378-1097(97)80008-0.

51. Maune M W and Tanner R S, 2012, Description of Anae-
robaculum hydrogeniformans sp. nov., an anaerobe that
produces hydrogen from glucose, and emended descrip-
tion of the genus Anaerobaculum. International Journal
of Systematic and Evolutionary Microbiology, vol.62(Pt 4):
832–838. http://dx.doi.org/10.1099/ijs.0.024349-0.

52. Greening C, Biswas A, Carere C R, et al., 2016, Genomic
and metagenomic surveys of hydrogenase distribution in-
dicate H2 is a widely utilised energy source for microbial
growth and survival. The ISME Journal, vol.10(3): 761–777.
http://dx.doi.org/10.1038/ismej.2015.153.

53. Hawkes F R, Dinsdale R, Hawkes D L, et al., 2002, Sus-
tainable fermentative hydrogen production: challenges
for process optimisation. International Journal of Hy-
drogen Energy, vol.27(11–12): 1339–1347.
http://dx.doi.org/10.1016/S0360-3199(02)00090-3.

54. Levin D B, Pitt L and Love M, 2004, Biohydrogen pro-
duction: Prospects and limitations to practical application.
International Journal of Hydrogen Energy, vol.29(2):
173–185. http://dx.doi.org/10.1016/S0360-3199(03)00094-6.

55. Taguchi F, Mizukami N, Saito-Taki T, et al., 1995, Hy-
drogen production from continuous fermentation of xy-
lose during growth of Clostridium sp. strain No. 2. Cana-
dian Journal of Microbiology, vol.41(6): 536–540.
http://dx.doi.org/10.1139/m95-071.

56. Lin P-Y, Whang L-M, Wu Y-R, et al., 2007, Biological
hydrogen production of the genus Clostridium: metabolic

study and mathematical model simulation. International 
Journal of Hydrogen Energy, vol.32(12): 1728–1735.  
http://dx.doi.org/10.1016/j.ijhydene.2006.12.009. 

57. Niimi T, Sugai Y, Sasaki K, et al., 2009, Canadian Inter-
national Petroleum Conference 2009 and 60th Annual
Technical Meeting of the Petroleum Society, Volume 1 of 2, 
June 16–18, 2009: Basic study on the microbial conver-
sion of CO2 into CH4 in depleted oil reservoir by using
hydrogen-producing bacteria and hydrogenotrophic me-
thanogens. Society of Petroleum Engineers, Richardson,
Texas, 997–998.

58. Sugai Y, Purwasena I A, Sasaki K, et al., 2012, Experi-
mental studies on indigenous hydrocarbon-degrading and
hydrogen-producing bacteria in an oilfield for microbial
restoration of natural gas deposits with CO2 sequestration.
Journal of Natural Gas Science and Engineering, vol.5:
31–41. http://dx.doi.org/10.1016/j.jngse.2012.01.011.

59. Huang L, Yu L, Luo Z, et al., 2014, A microbial-enhanced
oil recovery trial in Huabei Oilfield in China. Petroleum
Science and Technology, vol.32(5): 584–592.
http://dx.doi.org/10.1080/10916466.2010.497788.

60. Bhupathiraju V K, McInerney M J and Knapp R M, 1993,
Pretest studies for a microbially enhanced oil recovery
field pilot in a hypersaline oil reservoir. Geomicrobiology
Journal, vol.11(1): 19–34.
http://dx.doi.org/10.1080/01490459309377929.

61. Zhang F, She Y-H, Li H-M, et al., 2012, Impact of an
indigenous microbial enhanced oil recovery field trial on
microbial community structure in a high pour-point oil
reservoir. Applied Microbiology and Biotechnology, vol.
95(3): 811–821.
http://dx.doi.org/10.1007/s00253-011-3717-1.

62. Arora P, Ranade D R and Dhakephalkar P K, 2014, De-
velopment of a microbial process for the recovery of pe-
troleum oil from depleted reservoirs at 91–96 °C. Biore-
source Technology, vol.165: 274–278.
http://dx.doi.org/10.1016/j.biortech.2014.03.109.

http://dx.doi.org/10.1099/00207713-45-4-783.�
http://dx.doi.org/10.1016/S0378-1097(97)80008-0.�
http://dx.doi.org/10.1099/ijs.0.024349-0.�
http://dx.doi.org/10.1038/ismej.2015.153.�
http://dx.doi.org/10.1016/S0360-3199(02)00090-3.�
http://dx.doi.org/10.1016/S0360-3199(03)00094-6.�
http://dx.doi.org/10.1139/m95-071.�
http://dx.doi.org/10.1016/j.ijhydene.2006.12.009.�
http://dx.doi.org/10.1016/j.jngse.2012.01.011.�
http://dx.doi.org/10.1080/10916466.2010.497788.�
http://dx.doi.org/10.1080/01490459309377929.�
http://dx.doi.org/10.1007/s00253-011-3717-1.�
http://dx.doi.org/10.1016/j.biortech.2014.03.109.�

	RESEARCH ARTICLE
	The diversity of hydrogen-producing microorganisms in a high temperature oil reservoir and its potential role in promoting the in situ bioprocess
	Jin-Feng Liu1, Serge Maurice Mbadinga1, Wen-Ji Ke1, Ji-Dong Gu2 and Bo-Zhong Mu1*
	1 State Key Laboratory of Bioreactor Engineering and Institute of Applied Chemistry, East China University of Science and Technology, Shanghai, People’s Republic of China
	2 School of Biological Sciences, The University of Hong Kong, Pokfulam Road, Hong Kong SAR, People’s Republic of China
	1. Introduction
	2. Materials and Methods
	2.1 Sampling
	2.2 DNA Extraction
	2.3 PCR Amplification
	2.4 Construction of Functional Gene Clone Libraries
	2.5 Sequencing and Phylogenetic Analyses
	2.6 Incubation
	2.7 Nucleotide Sequence Accession Numbers

	3. Results
	3.1 The Diversity of Hydrogenase Encoding Genes
	3.2 Biohydrogen Production
	3.3 Hydrogen-producing Bacterial Community from Enrichment Culture

	4. Discussion
	4.1 The Diversity of Hydrogen-producing Bacteria in Oil Reservoir
	4.2 Investigation of Hydrogen-producing Bacterial Community
	4.3 The Potential Role of Hydrogen-producing Microorganisms in Oil Reservoirs

	5. Conclusion
	Author Contributions
	Conflict of Interest and Funding
	References





