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Abstract 

[FeFe]-hydrogenases are the enzymes responsible for high yield H2 production during dark 

fermentation in bio-hydrogen production plants. The culturable bacterial population present in 

a pilot-scale plant efficiently producing H2 from waste materials was isolated, classified and 

identified by means of 16S rDNA gene analysis. The culturable part of the mixed population 

consists of nine bacterial species that include non-hydrogen producers (Lactobacillus, 

Enterococcus and Staphylococcus) and several Clostridium that are directly responsible for H2 

production. 

An extensive analysis of the expression of [FeFe]-hydrogenases in the three best producer 

strains was achieved by RT-PCR, covering the complete set of known genes for each species. 

This revealed that during H2 production there are several different [FeFe]-hydrogenases 

simultaneously expressed, with genes belonging to the same phylogenetic and structural 

classification sharing similar transcriptional profiles. 
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1. Introduction 

The characterisation of bacterial consortia involved in H2 production in pilot-scale and 

operative plants with dark fermentation is of applicative and theoretical importance. In fact, 

dark fermentation is recognised as a feasible method for sustainable hydrogen production 

combined to treatment and valorisation of waste biomasses [1, 2].  

A crucial point for a biotechnological approach is that of devising methods to optimise and 

stabilise the microbial consortia that ensure high productivity [2, 3], as well as elucidating the 

biochemical pathways that can be tuned or controlled for the hydrogen production purpose. A 

particular interest concerning the precise mode and timing of hydrogen production is relevant 

for bio-hytane production, a very promising fuel that can be obtained in two-phase dark 

fermentation plants by suitably combining bio-hydrogen and bio-methane streams [4]. 

The characterisation of the bacterial populations, including both hydrogen producers and non 

producers, provides information that can support the improvement of hydrogen production. In 

fact, hydrogen producers can have very different metabolic strategies resulting in variable 

yields of hydrogen. The study of the consortia still lacks some crucial points, such as a 

complete listing and characterisation of the diversity of genes -and proteins- that in hydrogen 

producers are the first responsible for high hydrogen productivity, namely hydrogenases. In 

this respect, there are recent works on the non-hydrogen producers [2,5-8], while concerning 

hydrogenases diversity in strains found in dark fermentation plants the available papers focus  

only on few genes and proteins. In particular the diversity of [FeFe]-hydrogenases has not yet 

been fully investigated in the perspective of achieving optimised performances in dark 

fermentation plants. Thus, the study of new [FeFe]-hydrogenases, their time and mode of 

expression, leads to a better knowledge of the mechanisms of catalysis for improved 

biotechnological applications [9-15]. 
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[FeFe]-hydrogenases are the best performing hydrogen producing biocatalysts [16-21], with 

turnover frequency of up to 104 s-1. These enzymes have a modular structure: in addition to 

the catalytically active domain (named H-domain), several other accessory domains may be 

present [17, 22]. Moreover, the functional enzymes can be monomeric, dimeric, trimeric or 

tetrameric, having the various domains on the same polypeptide chain or separated over one 

or more subunits. The detailed analysis of the sequences of [FeFe]-hydrogenases allows the 

definition of different groups and subgroups on the basis of the phylogenesis and domains 

composition [23]. 

The main feature common to all known [FeFe]-hydrogenases is the highly conserved part of 

the H-domain surrounding the active site. This region is characterised by three signature 

sequences containing the four cysteines that coordinate the active site and are named motifs 

L1 (TSCCPxW), L2 (MPCxxKxxE) and L3 (ExMACxxGCxxG) [23]. 

The detailed analysis of the [FeFe]-hydrogenases observed into the genus Clostridium 

revealed a very large number of enzymes with an exceptional diversity [23, 24]. Even within 

the same strain up to 8 genes encoding for different [FeFe]-hydrogenases can be detected, all 

belonging to different groups, thus suggesting different roles, interactions with several 

physiological redox partners and a complex regulation of the biological function of each 

enzyme. 

So far, the high diversity of [FeFe]-hydrogenases has been studied both in natural 

environments [25-27] and several pilot scale plants for H2 production [28-30]. 

Here the [FeFe]-hydrogenases diversity is investigated in the bacteria isolated from a pilot 

scale plant for H2 production fed with waste materials that was previously described [31]. The 

high efficiency observed suggested the involvement of highly efficient H2 producing 

microorganisms and highly efficient hydrogenases.  
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With the aim of characterising the vital form of the bacterial species present in the plant, the 

culturable part of the population present at the time of highest percentage in hydrogen 

produced was isolated, giving specific, although partial, insights into the composition of the 

consortium responsible for the wastes degradation and H2 production. Extensive RT-PCR 

analysis of the [FeFe]-hydrogenases expressed by the isolated hydrogen-producing strains is 

presented. 

The novelty of this work is that RT-PCR was performed covering the complete set of known 

[FeFe]-hydrogenase genes as available in databases and classified in recently published 

literature [21, 23, 24], while several previous studies in various microorganisms have focused 

on a single [FeFe]-hydrogenase gene only [29, 32-38]. 
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2. Materials and Methods 

2.1. Pilot-scale plant set-up and operation 

Dark anaerobic fermentation was carried out in a continuous stirred tank reactor (CSTR) of 35 

litres, equipped with pH, oxidation/reduction potential and temperature control system. The 

temperature control was done through the inlet of hot water in the heating jacket; to avoid 

stratification, the pilot reactor was provided with an external recirculating system through a 

peristaltic pump.  

The substrate used for the fermentative process was a mixture composed of 80% of fruits and 

vegetables wastes and 20% of manure (20 mg/mL total suspended solids-2% total suspended 

solids), supplemented with a micronutrient medium previously described [31]. 

The inoculum used (10%v/v) was a digested sludge coming from the municipal wastewater 

treatment plant of Torino, chemically pretreated with HCl for 24 hours at pH 3 to inhibit the 

methane forming bacteria and enrich the H2 producing flora [39-41]. 

The operating volume was 25 litres, nitrogen gas was injected till no oxygen was detected to 

create adequate anaerobic conditions, pressure inside the reactor was set at values around 20-

30 mbar. The experiment was carried out at pH 5-6 and temperature between 25 and 30°C. 

The volume of gas produced was measured through a drum-type gasmeter (Dr.-Ing. Ritter 

Apparatebau GmbH & co.) whereas the gas composition (H2 and CO2 mainly) was 

determined by using a micro gas chromatograph (Varian, CP4900).  

2.2. Isolation of culturable bacteria 

Bacteria were isolated from a sample of the digestate present in the plant during its operation. 

Un-treated samples were diluted and directly plated on the rich non selective “Clostridial 

nutrient” medium (Sigma-Aldrich) agar plates. Alternatively, to select for spore-forming 

microorganisms, the sample was heat-treated at 80°C for 10 minutes prior to dilution. Plates 
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were incubated under anaerobic conditions into “Anaerogen” bags (Oxoid) at 37°C over 

night. 

Forty single and isolated colonies with different morphology were randomly selected and pure 

cultures were obtained by an additional passage on plate. 

Morphological characterisation was obtained using Gram staining. Discrimination between 

obligate and facultative anaerobes was obtained detecting the growth on plates incubated 

under anaerobic or aerobic conditions. 

2.3. 16S rDNA amplification, RFLP analysis and sequencing 

Genomic DNA was extracted from colonies of each isolate by rapid freeze-thawing in sterile 

water [42]. 16S rDNA gene was amplified from genomic DNA by PCR using the proof-

reading polymerase “KOD Hot Start DNA polymerase” (Merck Millipore) and the two 

universal primers 27F (5’-AGAGTTTGATYMTGGCTCAG) and 1492R (5’-

TACGGYTACCTTGTTACGACT) [42]. 

Restriction fragment length polymorphism (RFLP) analysis was performed using the four 

restriction endonucleases  AluI, HaeIII, HhaI and TaqI (Thermo Scientific) that were 

previously reported to have a high discriminatory power [43]. The amplified 16S rDNA 

fragment was digested following the manufacturer’s instructions. DNA fragments were 

separated by electrophoresis on 1.5% w/v agarose gels in 1x TAE stained with SYBR® Safe 

(Invitrogen) using “PerfectSize DNA Molecular Weight 100 bp XL Ladder” (5Prime) as a 

reference. 

After classification, two isolates per each group were identified by sequencing the entire PCR 

fragment from an external company (Eurofins MWG Operon, Germany). The sequences were 

compared with the NCBI database using BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi). 

Exact matches were found for each sequence with 100% identity. 

2.4. Quantification of H2 production yield of the strains 

http://blast.ncbi.nlm.nih.gov/Blast.cgi
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Pure cultures of each species were grown in sealed glass vials under an anaerobic argon 

atmosphere at 37°C with shaking. The vial contained a medium that was previously reported 

[42] containing 100 mM potassium phosphate, 17 g/L tryptone, 3 g/L peptone papaic digest of 

soybean, 10 g/L glucose, initial pH 7.0. 

The gas phase was sampled with a SampleLock Gastight syringe (Hamilton) and analysed by 

gas chromatography, at least in three replicates. The gas chromatographer (Agilent 

Technologies 7890A) was equipped with purged packed inlet, Molesieve 5A column (30 m, 

ID 0.53 mm, film 25 mm) and thermal conductivity detector; argon was used as carrier gas. 

2.5. RT-PCR 

Samples were taken from the pure cultures at the time points shown in Figure 4. Total RNA 

was extracted and purified using the kit “Total RNA isolation NucleoSpin® RNA II” 

(Macherey-Nagel). Since genomic DNA contamination was often observed, the total RNA 

was also subjected to an additional DNAse I treatment (Sigma-Aldrich). 

Reverse transcription of total RNA into cDNA was achieved with random hexamers using 

“Maxima H Minus First Strand cDNA Synthesis Kit” (Thermo Scientific) after normalisation 

of the concentration. 

Specific primers were designed for each target gene using the tool “eprimer3” 

(http://emboss.bioinformatics.nl/cgi-bin/emboss/eprimer3) and the genome sequences 

deposited in the NCBI database: Clostridium beijerinckii (NC_009617.1), Clostridium 

butyricum (PRJNA54843) and Clostridium perfringens (NC_008261.1). Specificity was 

tested by checking the sequence of each primer against the sequence of the other [FeFe]-

hydrogenase genes; moreover the PCR products have been sequenced showing the specific 

amplification of the target gene only. 

http://emboss.bioinformatics.nl/cgi-bin/emboss/eprimer3
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Detection of each transcript was obtained by PCR using “KOD Hot Start DNA polymerase” 

and the following conditions: 95°C for 2 minutes, 38 cycles of 95°C for 20 seconds, 53°C for 

10 seconds, 70°C for 14 seconds. 

During RT-PCR, opportune controls were always performed as follows: genomic DNA 

(positive control), no template (NTC) and no reverse transcriptase (RT-). The 16S rDNA gene 

was also included in the RT-PCR analysis to validate the quality of the cDNA and to be used 

as a reference for the semi-quantitative estimate of the other transcripts. 
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3. Results 

 

3.1. Hydrogen production via dark anaerobic fermentation in a CSTR reactor. 

The pilot scale plant for H2 production from waste materials, designed and built within the 

“BioEnergy Lab” of the “Environment Park” in Torino, Italy, has already been described [31]. 

This plant showed to be efficient in the production of H2 from a number of different wastes; 

the biogas recovered could be directly used to generate electricity [31]. 

For the present study the plant was fed with a mixture of vegetable wastes from food markets 

supplemented with 20% manure. The inoculum was composed of sludge from a wastewater 

treatment plant that was pre-treated with HCl to inhibit the methanogenic microorganisms. 

After a lag time of 30h and a batch phase of 60h, the plant was operated with a hydraulic 

retention time (HRT) of 30h. The production of hydrogen and CO2 was followed as a function 

of time. Hydrogen percentage ranged between 20 and 50%, with a maximum value of 54-55% 

(Figure 1). This value is interestingly higher in comparison to previously published 

percentages, typically in the range 20-40% [44, 45]. 

The average hydrogen production rate was 0.9 L/h with a maximum yield of 72.6 mLH2/g 

volatile suspended solids and a productivity of 0.72 (LH2) (L culture)-1 day-1. No methane 

production was observed, demonstrating that acid pre-treatment of inoculum is an effective 

method to avoid methanogenesis during fermentation. 

A sample of the digestate was taken (Figure 1) at the maximum hydrogen production 

percentage (54% of hydrogen, 46% of carbon dioxide) with a close-to-average hydrogen 

production rate (0.9 L/h) for the isolation of the culturable bacteria. 
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Figure 1 - Amount and rate of hydrogen production in the pilot plant. The left vertical axis is 

referred to the gas production rate; the right axis is referred to the percentage of hydrogen on 

total gas produced (the main other gas is represented by CO2). The dashed vertical line 

indicates the time when the sampling of the digestate was performed for studies of microbial 

flora isolation. (1 column fitting). 

 

3.2. Isolation and characterisation of the culturable bacterial population. 

All the isolates were classified on the basis of cell morphology after Gram staining and the 

ability to grow also in the presence of oxygen, thus discriminating the obligate from the 

facultative anaerobes (Table 1). 

Subsequently, the isolates were classified in more details on a molecular basis, by means of 

16S rDNA gene restriction fragment length polymorphism (RFLP) analysis which allowed 

the subdivision of all the isolated strains into 9 different groups (Figure 2). 

Each group was then identified by sequencing the entire 16S rDNA gene amplicon and 

searching against the NCBI database; exact matches were found per each sequence with 100% 

identity. The 9 groups were identified as 9 different bacteria (Table 1) and resulted to be four 

species of the genus Clostridium, three species of the genus Enterococcus, one species of the 

genus Lactobacillus and one species of the genus Staphylococcus. 

The ability to produce H2 was assayed to investigate the direct involvement in H2 production 

of each species (Table 1). This showed that only the four species of the genus Clostridium are 
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able to produce H2. Among them, the bacterium showing the highest hydrogen production 

yield is C. beijerinckii SM10, followed by C. butyricum SM32, C. perfringens SM09 and C. 

bifermentans SM11. 

 

ID Species Strain Cell morphology Spores Anaerobe mL H2 / g glucose 

1 Clostridium beijerinckii SM10 bacilli, Gram + - Obligate 247.2 ± 9.6 

2 Clostridium butyricum SM32 bacilli, Gram + + Obligate 136.3 ± 4.6 

3 Clostridium perfringens SM09 bacilli, Gram + - Obligate 130.6 ± 3.0 

4 Clostridium bifermentans SM11 bacilli, Gram + + Obligate 97.1 ± 9.2 

5 Lactobacillus plantarum SM21 bacilli, Gram + - Facultative 0 

6 Enterococcus sp. SM01 cocci, Gram + - Obligate 0 

7 Enterococcus devriesei SM03 cocci, Gram + - Obligate 0 

8 Enterococcus sp. SM08 cocci, Gram + - Facultative 0 

9 Staphylococcus hominis SM17 cocci, Gram + - Facultative 0 

 

Table 1 - Summary of the culturable strains identified in the pilot plant. Each species was 

identified by 16S rDNA gene sequencing. Cell morphology and the presence of spores were 

determined by Gram staining of the isolated strains. The ability to grow in the presence of 

oxygen allowed discrimination between obligate and facultative anaerobes. The ability of 

each species to produce H2 was determined. Strains 1 to 4 were isolated from heat-treated 

samples, while strains 5 to 9 were isolated from un-treated samples. 
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Figure 2 - 16S rDNA gene RFLP analysis summary of the nine strains isolated from the pilot 

plant. The 16S rDNA gene was amplified by PCR and digested with the following restriction 

endonucleases: AluI (cuts AGCT), HaeIII (cuts GGCC), HhaI (cuts GCGC) and TaqI (cuts 

TCGA). (1.5 column fitting). 

 

3.3. [FeFe]-hydrogenase genes expression during H2 production. 

Fermentative hydrogen production in the genus Clostridium requires the catalytic activity of 

hydrogenases, redox enzymes that use protons as the final electron acceptors in the cellular 

energy metabolism [23, 46]. Analysis of the known Clostridium species genomes revealed 

that each species does not posses a single gene encoding for this enzyme but many genes, 

usually between 2 and 8, encoding for different hydrogenases [23, 24]. Most of the genes are 

annotated to encode for [FeFe]-hydrogenases, usually involved in H2 evolution, and only few 

of them encode for [NiFe]-hydrogenases, usually involved in H2 uptake. Thus, the genome 

sequence analysis revealed a complex framework with many genes and enzymes potentially 

involved in H2 production that so far is supported by very few experimental data concerning 

the physiological role of the various hydrogenases. 

The genomes of the three species with the highest hydrogen production yield isolated here 

have been previously sequenced: C. beijerinckii NCIMB 8052, C. butyricum 5521 and C. 

perfringens ATCC 13124. Altogether, they have annotation of 14 genes encoding for different 

[FeFe]-hydrogenases (Figure 3) that belong to different modular structure and phylogenetic 

classification [23, 24]. Most genes encode for monomeric enzymes, while only three of them 

encode for heterotrimeric enzymes. All the gene products are predicted to be cytoplasmic, 

with the exception of that belonging to cluster A3 (structure TR(M2)). It has to be noted that 

only C. beijerinckii has also a gene annotated to encode for a [NiFe]-hydrogenase. 
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Interestingly, most of these genes or enzymes have never been studied into details before. C. 

butyricum and C. perfringens have a gene encoding for an [FeFe]-hydrogenase of the M3 

structure; enzymes from this group (CpI and CaHydA) are known to be directly involved in 

H2 production and they have been previously characterised in details in C. pasteurianum [47-

50] and C. acetobutylicum [20, 33, 51, 52] respectively. On the contrary, C. beijerinckii lacks 

enzymes of this well known type. 

In order to study the transcriptional levels of each of these genes in hydrogen production in 

the three strains isolated here, their expression at mRNA level was studied by RT-PCR during 

the growth of pure cultures. 

Interestingly, H2 evolution occurs mainly during the exponential growth phase in C. 

beijerinckii SM10 and C. butyricum SM32, while it is mainly observed during the late 

exponential and stationary phase in C. perfringens SM09 (Figure 4), thus suggesting 

important differences in the role of H2 production in the metabolism. On the basis of the 

relationship between growth and H2 production, time points were selected for the study of 

[FeFe]-hydrogenase expression. 

Specific primer couples targeting each gene were designed (Table 2) on the basis of the 

sequenced genomes and tested with the genomic DNA of C. beijerinckii SM10, C. butyricum 

SM32 and C. perfringens SM09. PCR fragments with the expected length could be amplified; 

DNA sequencing of the PCR product demonstrated the specificity and efficiency of the 

amplification and also the presence of each gene in the genome of the strains isolated from the 

plant (data not shown). 

RT-PCR (Figure 3) showed that transcripts of all the [FeFe]-hydrogenases analysed could be 

detected. Moreover, the transcriptional profiles were interesting: most genes were 

constitutively expressed and only few of them showed a modulation. 
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Figure 3 - [FeFe]-hydrogenase genes expression in C. beijerinckii SM10, C. butyricum SM32 

and C. perfringens SM09. The expression was studied by RT-PCR, using the 16S gene as a 
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reference. The modular structure classification and the domains composition refer to the 

enzyme in accordance with the classification proposed before [23]. (2 column fitting). 

 

 

 

Figure 4 - Hydrogen production by pure cultures of Clostridium beijerinckii SM10, C. 

butyricum SM32 and C. perfringens SM09. The growth was monitored by measuring the 

OD600 (black line). The cumulative H2 production (grey line) was monitored by gas 

chromatography. The time points selected for the study of [FeFe]-hydrogenase genes 

expression are marked by dotted lines. (2 column fitting). 

 

Gene Forward Reverse Length 

Cbei_1773 GTATTGGATGCGGAGCTTGT TCCTGGTTCAAAGCCAAAAG 260 bp 

Cbei_0327 TCATGTCCAACAGGTGCATT CCGCCTGAGATCTTTACTGG 770 bp 

Cbei_1901 CGGTTTCACCTATGGTTGCT TCGGCTGATTCCTTACCTTG 484 bp 

Cbei_4110 CAGCGGAACTATGTGCAATG CCGCACCAGCTATACATCCT 381 bp 

Cbei_3796 AGCCAGTGTTTGCAGCTTTT TGCAGCTTCCATTACACCAC 683 bp 

Cbei_4000 GGCAGCAGCTCTTTTTGGTA TTTATGCACCCTCCGTTACA 279 bp 

CBY_3049 TCACCAATGGTTGCTACAGG ACCTATTGCAAACCCCCTTC 246 bp 

CBY_2300 ATGGGTTAGGCAAGCAGAAA GCTGGATCTGCCTTCTCATC 312 bp 

CBY_2047 CCAGCAGTAAGGGTTGCACT CCAAACATTTCCATTGGTGA 401 bp 

CBY_2676 CCTATGTGGGTTGGCATGTT TAAGGGTTTTTGGACCACCA 514 bp 

CPF_2655 AAGGCAAGAGCTCACAAACC TAATGCATCAACTGGGCAAG 281 bp 

CPF_1076 GAGTCCAGCTTCAGCCTTTG CTCTCCTTCTGCCCCATGTA 331 bp 

CPF_0270 TCTTGCTGTTGCCCTATGTG CCTCCAACACATCCCATACC 500 bp 

CPF_2900 ATTCAATGTGGAGCCTGTGT CTTTGCAAGCCATTCCTTCT 769 bp 

 

Table 2 – List of the primers designed for RT-PCR with the size of the amplified fragment. 
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4. Discussion 

The culturable part of the bacterial population present in a bio-hydrogen pilot-scale plant at 

the maximum H2 production percentage was characterised, revealing the presence of 

microorganisms belonging to the genera Clostridium, Lactobacillus, Enterococcus and 

Staphylococcus. 

The involvement of Clostridium species in H2 production is well known and they are reported 

to be able to use several waste matrices [1, 53]. Various strains of C. beijerinckii were isolated 

from several sources but, interestingly, the hydrogen production yield of the strain isolated 

here is higher than those previously reported [54-56]. Moreover C. beijerinckii is one of the 

major producers of butanol, an important solvent that can be used as biofuel [57], thus 

suggesting another possibility to recover simultaneously different valuable products from 

wastes. 

In the culturable part of the bacterial population, the presence of several species that are not 

directly involved in H2 production reveals that a complex consortium of microorganisms with 

different roles was spontaneously selected in the pilot plant, giving place to efficient matrix 

degradation and H2 production. 

Lactobacillus plantarum has been found in a wide range of natural and artificial fermentation 

processes, in particular in plant-derived matrices [58]. It is a very versatile microorganism that 

produces large amount of lactic acid and causes acidification of the fermentation medium 

[59], thus favouring the hydrogen producing microorganisms versus the methanogenic ones. 

Also Enterococcus species are found in fermentation processes, including food products, and 

have a metabolism that results in lactic acid production and acidification [60]. Interestingly, a 

consortium for hydrogen production between C. butyricum and Enterococcus saccharolyticus 

was previously reported [61]. 
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It is also interesting to consider that Lactobacillus plantarum produces various bacteriocins 

that can inhibit the growth of several microorganisms, including Clostridium, Enterococcus 

and Staphylococcus species; importantly, many strain-to-strain differences have been reported 

[59, 62-64]. Also various Enterococcus species are reported to produce bacteriocins [60, 65]. 

In this case, the coexistence of Lactobacillus plantarum and Enterococcus species with 

various Clostridium species suggests that the strains isolated here interact favourably between 

them and, conversely, that the bacteriocins potentially produced by L. plantarum [59, 62] and 

Enterococcus sp. [60] might act to select the specific strains within the consortium. 

The involvement of [FeFe]-hydrogenase in hydrogen production in Clostridium is known 

[23], but the specific investigation of the role of different [FeFe]-hydrogenases has never been 

performed before. Here, the study of the expression at the mRNA level by RT-PCR was 

performed on pure cultures of the isolated C. beijerinckii SM10, C. butyricum SM32 and C. 

perfringens SM09 during the growth, showing that all the known genes (6, 4 and 4, 

respectively) are expressed. The constitutive expression of [FeFe]-hydrogenase genes at the 

mRNA level is not simple to interpret, especially for the time points were the amount of 

accumulated H2 does not change, suggesting a post-transcriptional down-regulation of the 

functionality or an equilibrium between H2 evolution and uptake. 

C. beijerinckii SM10 shows the most complex behaviour, with two genes constitutively 

expressed in all the four time points: Cbei_0327 (M3a’ structure) and Cbei_4110 (TR(M3) 

structure). 

Interestingly, the other four genes of C. beijerinckii are variants of the M2 modular structure 

(M2a, M2b, M2c and TR(M2)) and they share a common behaviour in terms of transcripts: 

they are all down-regulated during the stationary phase. 
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Cbei_4110 was previously reported to be expressed in C. beijerinckii RZF-1108 [38] but 

surprisingly, in a recent genome-wide transcriptional analysis of C. beijerinckii NCIMB 8052, 

there is no mention of any hydrogenase genes expression levels [66]. 

C. butyricum SM32 has three genes constitutively expressed: CBY_2300 (M3 structure), 

CBY_3049 (M3a’ structure) and CBY_2047 (TR(M3) structure), while CBY_2676 (M2a 

structure) is gradually down regulated. 

CBY_2300 belongs to the M3 structure (group A2) and the encoded protein has high 

sequence similarity with the well characterised CpI and CaHydA (67.5% and 66.2% identity, 

respectively); CBY_2300 expression was previously reported both in experiments with pure 

[36] and mixed [29, 34] cultures. Moreover, CBY_2300 has already been demonstrated to 

encode for a functional [FeFe]-hydrogenase enzyme that can be heterologously expressed 

both in E. coli and C. acetobutylicum [37]. 

Cbei_4110 and CBY_2047 share a common transcriptional regulation and a high sequence 

identity (63.8%). The enzymes encoded by these genes are considered to include also other 

two subunits found in the same operon [23], resulting to be similar to the so-called 

heterotrimeric bifurcating hydrogenases, recently identified in other anaerobic species [67-

69]. These enzymes can synergistically couple the oxidation of NADH with the oxidation of 

ferredoxin, yielding H2 as a final product, and allowing a fine tuning of the electron fluxes 

within the cell [67]; nevertheless, it must be noticed that bifurcating [FeFe]-hydrogenases 

were also reported to be able to catalyse the inverse reaction of H2 uptake coupled to 

ferredoxin and NADH reduction [68]. Thus the exact physiological role of Cbei_4110 and 

CBY_2047 remains to be experimentally demonstrated. 

Despite the different kinetics of H2 production, C. perfringens SM09 genes are similar to 

those of C. butyricum SM32 in terms of classification and they share a similar transcriptional 
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profile: CPF_2655 (M3 structure), CPF_2900 (M3a structure) and CPF_1076 (M2d structure) 

are constitutively expressed, while CPF_0270 (M2a structure) is gradually down regulated. 

Like CBY_2300, also CPF_2655 belongs to the M3 structure (group A2) and the encoded 

protein has high sequence similarity with the well characterised CpI and CaHydA (68.8% and 

68.7% identity, respectively). The enzyme was never studied, but the gene was characterised 

into details: it is always expressed during the growth on glucose, in accordance with the 

results presented here, and found into two different transcripts [32]. Moreover, the disruption 

of CPF_2655 abolishes H2 productivity in C. perfringens str. 13, demonstrating its direct 

involvement in H2 production [32]. 

It is to be noticed that genes belonging to the same modular structure and same phylogenetic 

group share similar transcriptional levels even in different microorganisms, such as 

Cbei_4110 and CBY_2047 (TR(M3) structure); CBY_2300 and CPF_2655 (M3 structure); 

Cbei_0327, CBY_3029 and CPF_2900 (M3a and M3a’ structures); Cbei_1901, CBY_2676 

and CPF_0270 (M2a structure). 

 

5. Conclusions 

The culturable part of the bacterial population present in a bio-hydrogen pilot-scale plant at 

the maximum H2 production percentage was isolated and characterised, revealing that a 

complex consortium of bacteria belonging to the genera Clostridium, Lactobacillus, 

Enterococcus and Staphylococcus was spontaneously selected within the plant, participating 

to efficient matrix degradation and H2 production. 

The characterisation of the isolated Clostridium strains and the simultaneous study of the 

expression of all the [FeFe]-hydrogenase genes for each strain, as presented here, brings a 

novel contribution to the field and gives the first insights on the complex metabolic network 

of the [FeFe]-hydrogenase function. 



 22 

 

 

 

 

Acknowledgements 

The study was funded by projects BIOH2 and HyStrEM (EU structural funds N.1083/2006 

P.O.R. “Competitività regionale e occupazione” F.E.S.R. 2007/2013 Asse 1 “Innovazione e 

transizione produttiva” Misura I.1.3 Innovazione e PMI) and by “Ricerca Locale 2012” 

(University of Torino). 



 23 

References 

1. Levin DB, Pitt L, Love M. Biohydrogen production: prospects and limitations to practical 

application. Int J Hydrogen Energy 2004;29:173-185. 

2. Hung CH, Chang YT, Chang YJ. Roles of microorganisms other than Clostridium and 

Enterobacter in anaerobic fermentative biohydrogen production systems - a review. 

Bioresour Technol 2011;102:8437-8444. 

3. Krupp M, Widmann R. Biohydrogen production by dark fermentation: Experiences of 

continuous operation in large lab scale. Int J Hydrogen Energy 2009;34:4509-4516. 

4. Liu Z, Zhang C, Lu Y, Wu X, Wang L, Wang L, Han B, Xing XH. States and challenges 

for high-value biohythane production from waste biomass by dark fermentation 

technology. Bioresour Technol 2013;135:292-303. 

5. Nelson MC, Morrison M, Yu Z. A meta-analysis of the microbial diversity observed in 

anaerobic digesters. Bioresour Technol 2011;102:3730-3739. 

6. Nelson MC, Morrison M, Schanbacher F, Yu Z. Shifts in microbial community structure 

of granular and liquid biomass in response to changes to infeed and digester design in 

anaerobic digesters receiving food-processing wastes. Bioresour Technol 2012;107:135-

143.  

7. Merlino G, Rizzi A, Schievano A, Tenca A, Scaglia B, Oberti R, Adani F, Daffonchio D. 

Microbial community structure and dynamics in two-stage vs single-stage thermophilic 

anaerobic digestion of mixed swine slurry and market bio-waste. Water Res 

2013;47:1983-1995. 

8. Rafrafi Y, Trably E, Hamelin J, Latrille E, Meynial-Salles I, Benomar S, Giudici-Orticoni 

MT, Steyer JP. Sub-dominant bacteria as keystone species in microbial communities 

producing bio-hydrogen. Int J Hydrogen Energy 2013;38:4975-4985. 



 24 

9. Vincent KA, Parkin A, Armstrong FA. Investigating and Exploiting the Electrocatalytic 

Properties of Hydrogenases. Chem Rev 2007;107:4366-4413. 

10. Brown KA, Dayal S, Ai X, Rumbles G, King PW. Controlled Assembly of Hydrogenase-

CdTe Nanocrystal Hybrids for Solar Hydrogen Production. J Am Chem Soc 

2010;132:9672-9680. 

11. Brown KA, Wilker MB, Boehm M, Dukovic G, King PW. Characterization of 

Photochemical Processes for H2 Production by CdS Nanorod−[FeFe] Hydrogenase 

Complexes. J Am Chem Soc 2012;134:5627-5636. 

12. Morra S, Valetti F, Sadeghi SJ, King PW, Meyer T, Gilardi G. Direct electrochemistry of 

an [FeFe]-hydrogenase on a TiO2 Electrode. Chem Commun 2011;47:10566-10568. 

13. Woolerton TW, Sheard S, Chaudhary YS, Armstrong FA. Enzymes and bio-inspired 

electrocatalysts in solar fuel devices. Energy Environ Sci 2012;5:7470-7490. 

14. Baffert C, Sybirna K, Ezanno P, Lautier T, Hajj V, Meynial-Salles I, Soucaille P, Bottin 

H, Lèger C. Covalent attachment of FeFe hydrogenases to carbon electrodes for direct 

electron transfer. Anal Chem 2012;84:7999-8005. 

15. King PW. Designing interfaces of hydrogenase-nanomaterial hybrids for efficient solar 

conversion. Biochim Biophys Acta 2013;1827:949-957. 

16. Frey M. Hydrogenases: Hydrogen-activating enzymes. ChemBioChem 2002;3:153-160. 

17. Vignais PM, Billoud B. Occurrence, classification, and biological function of 

hydrogenases: an overview. Chem Rev 2007;107:4206-4272. 

18. Yacoby I, Tegler LT, Pochekailov S, Zhang S, King PW. Optimised expression and 

purification for high-activity preparations of algal [FeFe]-hydrogenase. PloS ONE 

2012;7:e35886. 



 25 

19. Knörzer P, Silakov A, Foster CE, Armstrong FA, Lubitz W, Happe T. Importance of the 

Protein Framework for Catalytic Activity of [FeFe]-Hydrogenases. J Biol Chem 

2012;286:38341-38347. 

20. Morra S, Giraudo A, Di Nardo G, King PW, Gilardi G, Valetti F. Site saturation 

mutagenesis demonstrates a central role for cysteine 298 as proton donor to the catalytic 

site in CaHydA [FeFe]-hydrogenase. PLoS ONE 2012;7:e48400. 

21. Winkler M, Esselborn J, Happe T. Molecular basis of [FeFe]-hydrogenase function: An 

insight into the complex interplay between protein and catalytic cofactor. Biochim 

Biophys Acta 2013;1827:974-985. 

22. Meyer J. [FeFe] hydrogenases and their evolution: a genomic perspective. Cell Mol Life 

Sci 2007;64:1063-1084. 

23. Calusinska M, Happe T, Joris B, Wilmotte A. The surprising diversity of clostridial 

hydrogenases: a comparative genomic perspective. Microbiology 2010;156:1575-1588. 

24. Calusinska M, Joris B, Wilmotte A. Genetic diversity and amplification of different 

clostridial [FeFe] hydrogenases by group-specific degenerate primers. Lett Appl 

Microbiol 2011;53:473-480. 

25. Boyd ES, Spear JR, Peters JW. [FeFe] Hydrogenase Genetic Diversity Provides Insight 

into Molecular Adaptation in a Saline Microbial Mat Community. Appl Environ 

Microbiol 2009;75:4620-4623. 

26. Boyd ES, Hamilton TL, Spear JR, Lavin M, Peters JW. [FeFe]-hydrogenase in 

Yellowstone National Park: evidence for dispersal limitation and phylogenetic niche 

conservatism. ISME J 2010;4:1485-1495. 



 26 

27. Schmidt O, Drake HL, Horn MA. Hitherto unknown [Fe-Fe]-Hydrogenase Gene Diversity 

in Anaerobes and Anoxic Enrichments from a Moderately Acidic Fen. Appl Environ 

Microbiol 2010;76:2027-2031. 

28. Jui Jen C, Chou CH, Hsu PC, Yu SJ, Chen WE, Lay JJ, Huang CC, Wen FS. Flow-FISH 

analysis and isolation of clostridial strains in an anaerobic semi-solid bio-hydrogen 

producing system by hydrogenase gene target. Appl Microbiol Biotechnol 2007;74:1126-

1134. 

29. Tolvanen KES, Santala VP, Karp MT. [FeFe]-hydrogenase gene quantification and 

melting curve analysis from hydrogen-fermenting bioreactor samples. Int J Hydrogen 

Energy 2010;35:3433-3439. 

30. Mohan SV, Agarwal L, Mohanakrishna G, Srikanth S, Kapley A, Purohit HJ, Sarma PN. 

Firmicutes with iron dependent hydrogenase drive hydrogen production in anaerobic 

bioreactor using distillery wastewater. Int J Hydrogen Energy 2011;36:8234-8242. 

31. La Licata B, Sagnelli F, Boulanger A, Lanzini A, Leone P, Zitella P, Santarelli M. Bio-

hydrogen production from organic wastes in a pilot plant reactor and its use in a SOFC. 

Int J Hydrogen Energy 2011;36:7861-7865. 

32. Kaji M, Taniguchi Y, Matsushita O, Katayama S, Miyata S, Morita S, Okabe A. The hydA 

gene encoding the H2-evolving hydrogenase of Clostridium perfringens: molecular 

characterization and expression of the gene. FEMS Microbiol Lett 1999;181:329-336. 

33. Demuez M, Cournac L, Guerrini O, Soucaille P, Girbal L. Complete activity profile of 

Clostridium acetobutylicum [FeFe]-hydrogenase and kinetic parameters for endogenous 

redox partners. FEMS Microbiol Lett 2007;275:113-121. 

34. Tolvanen KES, Koskinen PEP, Raussi HM, Ylikoski AI, Hemmila IA, Santala VP, Karp 

MT. Profiling the hydA gene and hydA gene transcript levels of Clostridium butyricum 



 27 

during continuous, mixed-culture hydrogen fermentation. Int J Hydrogen Energy 

2008;33:5416-5421. 

35. Huang Y, Zong W, Yan X, Wang R, Hemme CL, Zhou J, Zhou Z. Succession of the 

Bacterial Community and Dynamics of Hydrogen Producers in a Hydrogen-Producing 

Bioreactor. Appl Environ Microbiol 2010;76:3387-3390. 

36. Wang X, Monis PT, Saint CP, Jin B. Biochemical kinetics of fermentative hydrogen 

production by Clostridium butyricum W5. Int J Hydrogen Energy 2009;34:791-798. 

37. Klein M, Ansorge-Schumacher MB, Fritsch M, Hartmeier W. Influence of hydrogenase 

overexpression on hydrogen production of Clostridium acetobutylicum DSM 792. 

Enzyme Microb Technol 2010;46:384-390. 

38. Zhao X, Xing D, Liu B, Lu L, Zhao J, Ren N. The effects of metal ions and L-cysteine on 

hydA gene expression and hydrogen production by Clostridium beijerinckii RZF-1108. Int 

J Hydrogen Energy 2012;37:13711-13717. 

39. Mu Y, Yu HQ, Wang G. Evaluation of three methods for enriching H2-producing cultures 

from anaerobic sludge. Enzyme Microb Technol 2007;40:947-53. 

40. Ting CH, Lee DJ. Production of hydrogen and methane from wastewater sludge using 

anaerobic fermentation. Int J Hydrogen Energy 2007;32:677-682. 

41. Mohan SV, Babu VL, Sarma PN. Effect of various pretreatment methods on anaerobic 

mixed microflora to enhance biohydrogen production utilizing dairy wastewater as 

substrate. Bioresour Technol 2008;99:59-67. 

42. Wang X, Hoefel D, Saint CP, Monis PT, Jin B. The isolation and microbial community 

analysis of hydrogen producing bacteria from activated sludge. J Appl Microbiol 

2007;103:1415-1423. 



 28 

43. Broda DM, Musgrave DR, Bell RG. Use of restriction fragment length polymorphism 

analysis to differentiate strains of psychrophilic and psychrotrophic clostridia associated 

with ‘blown pack’ spoilage of vacuum-packed meats. J Appl Microbiol 2000;88:107-116. 

44. Gómez X, Morán A, Cuestos MJ, Sánchez ME. The production of hydrogen by dark 

fermentation of municipal solid wastes and slaughterhouse waste: A two-phase process. J 

Power Sources 2006;157:727-732. 

45. Martínez VL, García RE, Curutchet G, Sanguinetti A, Fasoli HJ, Franco JI. 

Demonstration of the possibility to power a fuel cell with hydrogen derived from the 

fermentation of sugar. Int J Hydrogen Energy 2012;37:14920-14925. 

46. Li C, Fang HHP. Fermentative Hydrogen Production From Wastewater and Solid Wastes 

by Mixed Cultures. Crit Rev Environ Sci Technol 2007;37:1-39. 

47. Chen JS, Mortenson LE. Purification and Properties of Hydrogenase From Clostridium 

pasteurianum W5. Biochim Biophys Acta 1974;371:283-298. 

48. Peters JW, Lanzilotta WN, Lemon BJ, Seefeldt LC. X-ray crystal structure of the Fe-only 

hydrogenase (CpI) from Clostridium pasteurianum to 1.8 Angstrom resolution. Science 

1998;282:1853-1858. 

49. Pandey AS, Harris TV, Giles LJ, Peters JW, Szilagyi RK. Dithiomethylether as a ligand in 

the hydrogenase H-Cluster. J Am Chem Soc 2008;130:4533-4540. 

50. Cornish AJ, Gärtner K, Yang H, Peters JW, Hegg EL. Mechanism of Proton Transfer in 

[FeFe]-Hydrogenase from Clostridium pasteurianum. J Biol Chem 2011;286:38341-

38347. 

51. King PW, Posewitz MC, Ghirardi ML, Seibert M. Functional studies of [FeFe] 

hydrogenase maturation in an Escherichia coli biosynthetic system. J Bacteriol 

2006;188:2163-2172. 



 29 

52. Goldet G, Brandmayr C, Stripp ST, Happe T, Cavazza C, Fontecilla-Camps JC, 

Armstrong FA. Electrochemical Kinetic Investigations of the Reactions of [FeFe]-

Hydrogenases with Carbon Monoxide and Oxygen: Comparing the Importance of Gas 

Tunnels and Active-Site Electronic/Redox Effects. J Am Chem Soc 2009;131:14979-

14989. 

53. Rittmann S, Herwig C. A comprehensive and quantitative review of dark fermentative 

biohydrogen production. Microb Cell Fact 2012;11:115. 

54. Pan CM, Fan YT, Zhao P, Hou HW. Fermentative hydrogen production by the newly 

isolated Clostridium beijerinckii Fanp3. Int J Hydrogen Energy 2008;33:5383-5391. 

55. Zhao X, Xing D, Fu N, Liu B, Ren N. Hydrogen production by the newly isolated 

Clostridium beijerinckii RZF-1108. Bioresour Technol 2011;102:8432-8436. 

56. Noparat P, Prasertsan P, O-Thong S. Isolation and characterization of high hydrogen-

producing strain Clostridium beijerinckii PS-3 from fermented oil palm sap. Int J 

Hydrogen Energy 2011;36:14086-14092. 

57. Dürre P. Fermentative production of butanol - the academic perspective. Curr Opin 

Biotechnol 2011;22:331-336. 

58. Molenaar D, Bringel F, Schuren FH, de Vos WM, Siezen RJ, Kleerebezem M. Exploring 

Lactobacillus plantarum Genome Diversity by Using Microarrays. J Bacteriol 

2005;187:6119-6127. 

59. Tohno M, Kobayashi H, Tajima K, Uegaki R. Strain-dependent effects of inoculation of 

Lactobacillus plantarum subsp. plantarum on fermentation quality of paddy rice (Oryza 

sativa L. subsp. japonica) silage. FEMS Microbiol Lett 2012;337:112-119. 

60. Franz CMAP, Huch M, Abriouel H, Holzapfel W, Gálvez A. Enterococci as probiotics 

and their implications in food safety. Int J Food Microbiol 2011;151:125-140. 



 30 

61. Adav SS, Lee DJ, Wang A, Ren N. Functional consortium for hydrogen production from 

cellobiose: Concentration-to-extinction approach. Bioresour Technol 2009;100:2546-

2550. 

62. van Reenen CA, Dicks LMT, Chikindas ML. Isolation, purification and partial 

characterization of plantaricin 423, a bacteriocin produced by Lactobacillus plantarum. J 

Appl Microbiol 1998;84:1131-1137. 

63. Cleveland J, Montville TJ, Nes IF, Chikindas ML. Bacteriocins: safe, natural 

antimicrobials for food preservation. Int J Food Microbiol 2001;71:1-20. 

64. Balciunas EM, Martinez FAC, Todorov SD, Franco BDGDM, Converti A, Oliveira RPD. 

Novel biotechnological applications of bacteriocins: A review. Food Control 

2013;32:134-142. 

65. Ogier JC, Serror P. Safety assessment of dairy microorganisms: The Enterococcus genus. 

Int J Food Microbiol 2008;126:291-301. 

66. Wang Y, Xiangzhen L, Mao Y, Blanschek HP. Genome-wide dynamic transcriptional 

profiling in clostridium beijerinckii NCIMB 8052 using single-nucleotide resolution 

RNA-Seq. BMC Genomics 2012;13:102. 

67. Schut GJ, Adams MWW. The Iron-Hydrogenase of Thermotoga maritima Utilizes 

Ferredoxin and NADH Synergistically: a New Perspective on Anaerobic Hydrogen 

Production. J Bacteriol 2009;191:4451-4457. 

68. Schuchmann K, Müller V. A Bacterial Electron-bifurcating Hydrogenase. J Biol Chem 

2012;287:31165-31171. 

69. Schut GJ, Boyd ES, Peters JW, Adams MWW. The modular respiratory complexes 

involved in hydrogen and sulfur metabolism by heterotrophic hyperthermophilic archaea 

and their evolutionary implications. FEMS Microbiol Rev 2013;37:182-203. 


