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ABSTRACT

A system for biohydrogen production was developed based on long-term continuous cultures grown on sugar beet molasses in packed bed reactors. In two separate cultures, consortia of fermentative bacteria developed as biofilms on granitic stones. In one of the cultures, a granular sludge was also formed. Metagenomic analysis of the microbial communities by 454-pyrosequencing of amplified 16S rDNA fragments revealed that the overall biodiversity of the hydrogen-producing cultures was quite small. The stone biofilm from the culture without granular sludge was dominated by Clostridiaceae and heterolactic fermentation bacteria, mainly Leuconostocaeae. Representatives of the Leuconostocaeae and Enterobacteriaceae were dominant in both the granules and the stone biofilm formed in the granular sludge culture. The culture containing granular sludge produced hydrogen significantly more effectively than that containing only the stone biofilm: 5.43 vs. 2.8 mol H2/mol sucrose from molasses, respectively. The speculations that lactic acid bacteria may favor hydrogen production are discussed. 
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1. Introduction

Hydrogen is both a valuable energy carrier and a feedstock for various branches of the chemical industry. Conventional methods of hydrogen production based on fossil fuels are energy-expensive and cause environmental pollution. Therefore, there is great interest in bacterial dark fermentation as an alternative method of hydrogen production. However, the low hydrogen yield and the generation of large quantities of non-gaseous organic products remain key problems of dark fermentation. The theoretical maximum hydrogen yield during dark fermentation is 4 mol H2/mol glucose (~33% substrate conversion), but the actual yield is only 2 mol H2/mol glucose (~17% conversion). Currently, many investigations are focused on both improvement of the hydrogen yield during fermentation and the combination of dark fermentation with other processes like methanogenesis, photofermentation or microbial electrolysis cells to achieve more effective substrate utilization (Li and Fang, 2007; Hallenbeck and Ghosh, 2009; Lee et al., 2010). In addition, there is increasing interest in the production of short-chain fatty acids like butyric acid in microbial fermentation processes, as bio-based natural ingredients for the food, cosmetics and pharmaceutical industries (Jiang et al., 2009).

Biohydrogen fermentations may be carried out in different types of batch, continuous or semi-continuous bioreactors, where mixed microbial consortia develop. In the most effective systems, consortia are selected for growth and dominance under non-sterile conditions and usually show high stability and resistance to transient unfavorable changes in the bioreactor environment. Depending on the bioreactor type and growth conditions, the consortia form various structures ensuring the retention and accumulation of the active biomass. These include microbial-based biofilms and macroscopic aggregates of microbial cells such as flocs and granules (Skiadas et al., 2003; Hallenbeck and Ghosh, 2009). A biofilm is a complex coherent structure of cells and cellular products, like extracellular polymers, immobilized on a substratum that can be a static solid surface (static biofilms) or suspended carriers (particle-supported biofilms). Granules are conglomerates of microbial cells adhering to each other and forming dense, usually spherical, structures of ~0.14 to 5 mm in diameter. The extracellular polymeric matrix is an abundant granular component that is responsible for the structure and function of granules. Granules are thought of as a special type of biofilm formed under conditions where solid surfaces are absent. Shear stress, caused by the operational hydrodynamic conditions in bioreactors, is thought to be one of the most important factors promoting granule formation (Skiadas et al., 2003; Campos et al., 2009). 

Many studies on hydrogen-producing biofilms, sludge, flocs or granules have focused on the performance and efficiency of the entire process, but they have lacked deep analysis of the microbial communities (Ren et al., 2006; Li et al., 2007; Baghchehsaraee et al., 2009). 
A good understanding of the structure of hydrogen-producing microbial communities is vital for attempts to optimize H2 production. The techniques most commonly used for analyzing the diversity of hydrogen-producing microbial communities are polymerase chain reaction-denaturing gradient gel electrophoresis (PCR-DGGE) and direct sequencing of DGGE bands (Fang et al., 2002; Kim et al., 2006; Hung et al., 2007; Ren et al., 2007), or cloning and sequencing of the DNA from these bands (Li et al., 2006; Wu et al., 2006). However, these strategies often lead to an underestimation of the true bacterial diversity as a result of co-migration of different sequences during electrophoresis and concentrating only on the most prominent DGGE bands. Examinations of the biodiversity within hydrogen-producing consortia are mainly based on 16S rDNA gene sequence analysis. 
Recently developed high-throughput ultrafast sequencing technologies are being increasingly used to generate the raw data for such analyses (Jaenicke et al., 2011).

This report describes a comparative analysis of the biodiversity in biofilms and granules formed by hydrogen-producing bacteria in two continuous flow cultures grown on sugar beet molasses in packed bed reactors. 454-Pyrosequencing was used to generate sequence data for the phylogenetic characterization of the hydrogen-producing microbial communities. The relationship between bacterial consortium structure and the efficiency of hydrogen production was also examined.

2. Materials and methods

2.1. Seed sludge and feed composition

The seed sludge inoculum was obtained from a eutrophic, meromictic lake, as described previously (Sikora et al., 2011). The cultivation medium was M9 medium supplemented with trace elements (Sikora et al., 2011) and molasses from Dobrzelin Sugar Factory (Poland). The organic loading rate (OLR) was 54 g molasses COD (chemical oxygen demand)/L. The medium was sterilized by boiling and saturated with a stream of pure N2 or a mixture of N2:CO2 (80:20) (Air Products, Poland). 

2.2. Enrichment technique and history of cultures 

A 3 liter-packed bed reactor (PBR) made of plexiglass was filled with cultivation medium containing molasses and inoculated anaerobically with a 30-ml sample of lake bottom sediment. Granitic stones (Ø 2 – 3 cm) were put into the bioreactor to act as a solid phase to permit bacterial biofilm development on their surface. The culture was incubated at room temperature for 17 days. The medium flow was then switched on and the bacterial culture was maintained for 125 weeks at room temperature. The hydraulic retention time (HRT) was 10 – 18 h. The working volume of the bioreactor was 1.5 L. Bacterial biofilm on granitic stones and granular sludge were formed in the bioreactor, the latter was observed from the 4th week of cultivation. After the 12th week of cultivation the granules were no longer observed. Subsequently, the bacterial biofilm was the only structure formed by bacteria in the bioreactor. The culture was renewed regularly by removing the excess biomass every 10 days when granular sludge was present and every 4 – 6 weeks after the granules had disappeared. The presented results describing the culture containing the biofilm come from the period after the disappearance of the granular sludge. 

Two samples of the culture described above, taken in the 9th and 110th weeks of cultivation, were mixed with an equal volume of 30% glycerol and stored frozen at

-80°C. These samples served as the inoculum for the next culture. They were added to the PBR filled with cultivation medium and granitic stones. The medium flow was switched on after 13 days of incubation at room temperature. This second culture was maintained for 52 weeks. The HRT was 10 – 18 h. After 2 weeks of cultivation, granular sludge was formed in the bioreactor and this remained until the 52nd week. The presented results describing the culture containing the biofilm and granules come from the period after the 3rd week of cultivation.
2.3. Analytical methods

To enumerate bacteria in the bioreactor, a three-tube most probable number (MPN) assay was used. Samples of culture taken from the bioreactor were diluted in LB medium (1% tryptone, 0.5% yeast extract and 0.5% NaCl) containing 0.5% glucose. A 10-fold dilution series was prepared in an anaerobic chamber (Coy Laboratory Products, USA) and incubated at 37°C for 1 day. MPN values were calculated using McCrady’s table as described before (Sikora et al., 2011). The pH of the effluent was measured using a standard pH meter (WTW, inoLab). The COD of the medium and the effluent was determined using the dichromate method according to ISO 6060:1989, Water quality - Determination of the chemical oxygen demand. Before COD determination, the effluent was centrifuged to remove bacterial cells. 

At selected time points during each cultivation experiment, the fermentation gas was collected in a gas pipette. A 250-cm3 gas pipette was filled with saturated KCl solution and connected to the bioreactor via a gas-tight junction. The total rate of gas production was determined and levels of H2, CO2, and CH4 were subsequently quantified by gas chromatography (Shimadzu GC-14B, Carboxen 1010 PLOT column, TCD detection). In selected gas samples, levels of H2S, short-chain carboxylic acids, and NH3 were also determined (Hewlett Packard 6890, pre-esterification of acids, polar 0.3-micrometer capillary column, and FID or AED detection).

At the same selected time points, samples of the cultivation medium and effluent were collected, centrifuged twice and the concentrations of carbohydrates (sucrose, glucose and fructose), short-chain fatty acids and ethanol in these supernatants were determined using, respectively, high performance liquid chromatography (HPLC) and refractometric detection (Waters HPLC system: Waters 2695 - Separations Module, Waters 2414 - Refractive Index Detector, and Sugar Pak column 300×6.5 mm with guard column); HPLC and photometric detection (Waters HPLC system as above, Waters 2996 – Photodiode Array Detector, and Aminex HPX-87 H column 300×7.8 mm with guard column); and gas chromatography and flame-ionization detection (Hewlett Packard 6890, autosampler headspace - Hewlett Packard 7694E, polar 1.0-μm capillary column and FID). HPLC conditions for determination of carbohydrates were: column temperature of 90°C; flow rate, 0.5 ml/min; injected volume, 10 µl; mobile phase, water. HPLC conditions for determination of organic acids were: column temperature of 35°C; flow rate, 0.6 ml/min; injected volume, 10 µl; mobile phase, 4 mM sulfuric acid.

2.4. Total DNA isolation

Total DNA was extracted from bacterial communities in the bioreactors by a combination of a standard procedure for soil, using mechanical matrix disruption, and repetitive freeze-thawing, as described previously (Tomczyk-Żak et al., 2011), with slight modifications as described below. Fifteen stones were taken aseptically from the bioreactor and samples of biofilm were collected from them with a sterile toothbrush and by rinsing with 0.9% NaCl. The obtained particulate suspension was centrifuged and the supernatant discarded. Granules (1g) were collected from the bioreactor using a sterile spoon and washed multiple times with 0.9% NaCl. Fluid phase – bacterial cell suspension (100 ml) was centrifuged and the supernatant discarded. The biofilms, granule and fluid phase samples were separately resuspended in extraction buffer (1.5 M NaCl, 100 mM Tris-HCl, 100 mM sodium EDTA, 100 mM sodium phosphate; pH 8.0) and homogenized using glass beads (Ø 0.40 – 0.60 mm, Sartorius) by shaking for 1 min in a Mini Bead-Beater (Bio-Spec Products, Bartesville, U.S.A). The samples were incubated with proteinase K (20 mg/ml) at 37°C for 30 min. Then 20% SDS was added and the samples were incubated at 65°C for 2 h, mixing by inversion every 15 min. The samples were frozen in liquid nitrogen and thawed in boiling water three times. The extracted total DNA was then purified using a NucleoSpin Tissue kit (Machery-Nagel). Total DNA was isolated from separate samples from the culture containing the biofilm only and the granular sludge culture, taken during the periods of optimal hydrogen production, in the 117th and 17th weeks of cultivation, respectively. The 91.9 μg, 118.9 μg, 69.6 μg and 246.7 μg of DNA was obtained from stone biofilm from the culture without granular sludge, the stone biofilm, fluid phase and granules from the granular sludge culture, respectively. 
2.5. Amplicon preparation and pyrosequencing

Fragments of the 16S rRNA gene amplified from total bacterial consortia DNA were sequenced using 454-pyrosequencing technology (Roche). The PCR was performed using appropriate primers designed based on universal primers encompassing the variable V2–V3 region of the 16S rRNA gene (according to E. coli 16S rDNA numbering) and a suitable MID10 oligonucleotide from Roche: 

F 5(–AACAGGATTAGATACCCTGGTAGTCCACGC, 

R 5(Ti MID10 –CCATTGTAGCACGTGTGTAGCCC. Amplicons were generated using MARATHON polymerase (A&A Biotechnology) and the following thermocycle: 95°C/5 min, 30 cycles of 95°C/30 s, 53°C/30 s and 72°C/ 90 s.

PCR products obtained from a given sample were pooled, separated by agarose gel electrophoresis (NuSieve GTG, FMC BioProducts with GelRed from Biotium) and purified using the NucleoExtract II kit (Macherey-Nagel). The concentration and quality of the PCR products were assessed with Picogreen staining and a ChipDNA Bioanalyzer, and equal amounts were sequenced using a Roche GS FLX Titanium sequencer with a standard protocol.

2.6. Sequence analysis

Sequences obtained by pyrosequencing were processed using Mothur software, version 1.7.2 (Schloss et al., 2009) and Mothur implementations of the algorithms cited below were used. In the first step reads were trimmed to regions with average score of at least 35 over 50 bases window. In addition, reads shorter than 150 bases containing ambiguities (“Ns”), with homopolymeric tracts longer than 8 bases were removed. All unique reads were then aligned to a SILVA-compatible alignment database, and based upon this alignment, potential chimeric sequences were removed using the ChimeraSlayer algorithm (Haas et al., 2011). Finally, the remaining sequences were clustered into OTUs (Operational Taxonomic Units) and assigned to respective taxonomic branches. The structures of communities of all samples were compared using weighted and unweighted Unifrac algorithms (Lozupone et al., 2007) and the Yue & Clayton measure (Yue and Clayton, 2005).

2.7. Microscopic observations

Fresh granules and stones covered in bacterial biofilm were examined with a scanning electron microscope (FEI Quanta 200 ESEM) using the following conditions: vacuum 0.98 – 1.00 Tr, temperature 1°C, and relative humidity of about 20%. Granules were also Gram-stained and examined under a light microscope (Nikon Eclipse E200) with a 100× objective lens.

3. Results and Discussion

3.1. Macroscopic characteristics of the hydrogen-producing cultures

Fig. 1 shows typical images of the cultures in the periods of optimal hydrogen production. The optimal conditions for hydrogen production were: a bioreactor enabling biomass retention; M9 medium supplemented with microelements and containing molasses; OLR, 54 g molasses COD/L; HTR, 18 h and periods after renewal by removal of excess biomass. The optimal conditions were established experimentally in a series of preliminary studies. For the culture containing only bacterial biofilm (Fig. 1a) this was 4 – 20 days after renewal. For the culture containing the bacterial biofilm and granules (Fig. 1b and 1c) it was 2 –8 days after renewal. The granules were formed among the stones and gradually filled the whole bioreactor. Besides the bacterial biofilm and granules, both cultures contained a fluid phase (bacterial cell suspension). The granite stones in the bioreactors served to promote the development of bacterial biofilms. Hydrodynamic shear promoting granule formation was probably caused by medium flow and the motion of fermentation gas bubbles in the bioreactor filled with stones. In parallel experiments using bioreactors that were free of stones, no microbial structures such as biofilms and granules were observed and the production of fermentation gas was very limited (~1 cm3/min/working volume of the bioreactor, the working volume in this case being 3L). It has been well established that the formation of biofilms, granules, flocs and bacterial sludges are conducive to hydrogen production (Li et al., 2006; Li and Fang, 2007; Hallenbeck and Ghosh, 2009). Diverse techniques have been used to increase the bacterial biomass concentration and reduce sludge washout. These include bioreactors that favor sludge agglutination into granules (Mu and Yu, 2006; Zhang et al., 2008) and the use of various packing materials in the reactors to enhance granule formation and/or the biofilm attachment process (Lee et al., 2004; Wu et al., 2006; Hung et al., 2007). The results of the present study indicate that a high concentration of bacterial biomass favors hydrogen production, but only to a certain extent. An excess of biomass inhibited fermentation gas production, possibly due to more effective utilization of the hydrogen to synthesize non-gaseous fermentation products (see section 3.4.). This is why the removal of excess bacterial biomass was necessary to achieve the desired fermentation gas production.

3.2. Microscopic characteristics of the hydrogen-producing cultures

Fig. 2a, b and c show scanning electron micrographs of the bacterial biofilm formed by the selected consortium of hydrogen-producing bacteria in the culture containing both biofilm and granular sludge. Analysis of the surface topography of the biofilm revealed that it was porous and had an irregular structure with many cavities and channels. Bacteria appeared to be suspended in and surrounded by a matrix substance. The structure of the bacterial biofilm formed by the culture without granular sludge was similar (data not shown).

The granules were white and light cream in color with a diameter of between 0.2 – 2 mm. They were hard structures that were resistant to squashing or crumbling. The granules were clustered in structures resembling bunches of grapes with a noticeable net of channels (Fig. 2d, e, f). Similar to the bacterial biofilm, the granules consisted of bacterial cells surrounded by matrix. Gram staining revealed that the granules contained a mixture of Gram-positive and Gram-negative bacteria. Granular sludge is often described among structures appearing in hydrogen-producing bioreactors (Fang et al., 2002; Lee et al., 2004; Li et al., 2006; Wu et al., 2006; Hung et al., 2007; Zhang et al., 2008). 

3.3. Biodiversity of hydrogen-producing microbial communities 
The 16S rRNA gene fragments amplified from DNA isolated from five different samples of bacterial communities formed in bioreactors were sequenced. Four of the samples were the stone biofilms from the two cultures, and the fluid phase and granules from the granular sludge culture. The fifth sample was a repeat of the stone biofilm from the granular sludge culture and this was sequenced to assess the reproducibility of the method.

The pyrosequencing reads were cleaned, clustered and assigned to classify the 16S rRNA gene sequences into respective taxonomic branches (see section 2.6.). Statistical analysis of the coverage suggested that the bacterial diversity in each sample was close to the maximum that could be expected with the experimental methods employed. The total number of OTUs ranged between 13 and 162, although the lower value was probably due to errors in the sequencing procedure (the majority of reads from sequencing of fluid phase amplicons were below the quality threshold). For all samples, Good’s coverage estimator was above 97%, while the Simpson biodiversity index was on the low side (ranging between 0.18 and 0.42). High coverage and low overall biodiversity for each sample indicated that resequencing using more DNA material would not provide additional information. It is important to note that the analysis of the results for the fluid phase sample (which produced significantly less data than the other samples for the reasons stated above) showed the same characteristics. 

For a summary of the taxonomic assignments, see Table 1 (detailed assignments are attached as supplementary Table S1). The data revealed that in both cultures, the fermentation of molasses leading to hydrogen production was carried out by bacteria belonging to the Firmicutes and Proteobacteria (mainly Gammaproteobacteria). Comparison of the individual samples showed a relatively high similarity between their memberships and structures (Fig. 3). As expected, the highest similarity was observed between the two replicate stone biofilm samples from the granular sludge culture, which confirmed the reproducibility of the experimental method. The lowest similarity was between the two different stone biofilm samples. The stone biofilm from the culture without granular sludge was dominated by Clostridiaceae and bacteria of heterolactic fermentation – mainly Leuconostocaeae. Another significantly less numerous group of bacteria was comprised of representatives of the Enterobacteriaceae. The stone biofilm formed in the granular sludge culture was dominated by representatives of the Enterobacteriaceae and Leuconostoc species. Clostridia were the third numerous group, and Enterococci and Lactobacilli were subdominant species.
The inoculum for the granular sludge culture was a mixture of two samples from a biofilm-containing culture taken in the 9th and 110th weeks of cultivation. It is noteworthy that this culture also contained granular sludge in the early stages of cultivation (see section 2.2.). The differences between the bacterial species composition of the two different stone biofilm samples may indicate that significant changes had occurred in the evolution process of the culture that relate to loss of granules due to its renewal, the removal of excess biomass or some influence of the external environment, since this culture was conducted under non-sterile conditions.
The granular sludge contained bacteria of heterolactic fermentation dominated by Leuconostoc species and unclassified Streptococcaceae, as well as unclassified Enterobacteriaceae. Surprisingly, sequences representing the Clostridiaceae were a relatively minor group. Interestingly, a comparative analysis of the stone biofilm, fluid and granular sludge samples from the granular sludge culture revealed that the bacterial composition of the stone biofilm and fluid samples are more similar to each other than to that of the granules. This indicated that the granular sludge constitutes a separate structure.

The best recognized examples of granule formation come from methanogenic sludge and this phenomenon usually indicates a synthrophic association between two different species of microorganisms, one of which is always a methanogen (Fang et al., 1994). However, the available knowledge about microbial communities of hydrogen-producing granules is much more limited. Phylogenetic analyses based on PCR-DGGE have revealed that the dominant components of these granules are Clostridium species accompanied by Sporolactobacillus racemicus and Bacillus species (Fang et al., 2002), Klebsiella oxytoca and Streptococcus spp. (Hung et al., 2007), Escherichia, Klebsiella and Streptococcus species (Wu et al., 2006), Clostridium cellulosi, Leuconostoc pseudomesenteroides, Klebsiella ornithinolytica and Prevotella spp. (Li et al., 2006). According to many authors (Lee et al., 2004; Wu et al., 2006; Zhang et al., 2008), granules develop from detached fragments of biofilm that cover the surface of carriers within the bioreactor. The results presented in this study suggest that detached fragments of biofilm may act as a seed for granular sludge, although later, both structures develop separately.

The liquid phase contained only the sequences found in the stone biofilm and granules.
Members of the Clostridiales and Enterobacteriaceae are well-recognized hydrogen-producers (Li and Fang, 2007; Hallenbeck and Ghosh, 2009; Lee et al., 2010). Furthermore, the Enterobacteriaceae are thought to be oxygen-consumers that contribute to ensuring an anaerobic environment in bioreactors (Hung et al., 2007), which may be important in the present study, following the renewal of the cultures. Lactic acid bacteria were a significant group of bacteria in both cultures. These bacteria are thought to be conducive to hydrogen production by acidification of the environment (Li and Fang, 2007).

Both cultures also contained numerous other groups of bacteria. Among these were Bacillaceae that are also prominent in hydrogen fermentations. Acinetobacter species were also common in both communities, although they were not identified in granules. Some sequences were culture-specific and detected only in one of the structures formed by bacteria: Sphingomonas and the Actinomycetales species in the stone biofilm from the granular sludge culture, and Delftia and Sulfurospirillum in the granules. Sphingomonas, Sulfurospirillum, Delftia or Actinomycetales species probably do not play any significant role in hydrogen production. It is assumed that all the identified sequences belong to bacteria from the initial inoculum – a bottom sludge of a post-glacial eutrophic lake representing a rich microbial community, that underwent long-lasting selection under specific conditions. Interestingly, Acinetobacter spp. and representatives of the Comamonadaceae and Campylobacteraceae were also found among bacteria isolated from a culture selecting Fe(III)-reducing bacteria inoculated with the same sludge (Sikora et al., 2011). 

The diversity of bacteria in the bioreactor samples was confirmed by OTU-based analysis. The total number of OTUs identified across all five samples was 313. However, when sorted by the number of reads belonging to each, the first 15 OTUs contained almost 98% of the total reads (38,519 of 39,505, for details see supplementary Table S2). This is consistent with the results presented in Table 1. It should be noted, however, that only 4 out of the 15 most populated OTUs could be assigned at genus level (two were assigned to Leuconostoc genus, one to Clostridium and one to Lactobacillus), while the rest represent unknown bacterial taxonomic branches. All samples contained a relatively high number of unique OTUs (see Fig. 4), but these are likely to be 'auxillary' species representing random biodiversity appearing in long-term reactor cultures. Their abundance in the samples did not exceed 0.2% of total reads. This is especially clear in the case of repeated samples Bg1 and Bg2, where additional reads in the latter sample revealed more rare OTUs, in branches such as Kluyvera, Citrobacter, Rhodococcus or Sphingomonas. None of them seemed to substantially contribute to microbial cultures formed in the bioreactor.
The number of overlapping OTUs between samples is small, confirming that the overall biodiversity of hydrogen-producing cultures is quite low. Seven OTUs were found in all samples (see supplementary Table S3). Out of these seven, three OTUs belong to Clostridiales and there are single ones from Leuconostoc genus, Lactobacillus genus, unclassified Bacillales and unclassified Enterobacteriaceae. All of these OTUs belong to the 15 most populated ones. Interestingly, some unclassified Firmicutes from the most populated OTUs were missing only from the fluid phase (they were present in all other samples). Given that the missing fraction of bacteria accounts for ca. 10% of total reads, this does not seem to be an effect of low coverage. Most likely these OTUs represent species incapable of free living. 

This is the first study where pyrosequencing has been used in the phylogenetic analysis of a hydrogen-producing bacterial community. Jaenicke and co-workers (2011) performed metagenomic analysis of a methanogenic community based on pyrosequencing. Their analysis also identified bacteria responsible for polysaccharide degradation and the acetogenesis phase. Interestingly, their data failed to confirm the presence of lactic acid bacteria in this community.

3.4. Performance of hydrogen producing cultures grown on molasses

Molasses is an attractive substrate for hydrogen fermentation in the laboratory and even pilot-scale bioreactor trials (Tanisho and Ishiwata, 1995; Logan et al., 2002; Wu and Lin, 2004; Chittibabu et al., 2006; Ren et al., 2006; 2007; Li et al, 2007; Aceves-Lara et al., 2008; Li et al., 2009; Wang and Jin, 2009). It is a low-cost sucrose-rich by-product of the sugar beet refining industry and an excellent source of organic nitrogen, vitamins and salts. 

Table 2 presents a list of parameters describing and comparing the two bacterial cultures that were the subject of this study, under optimal conditions for hydrogen production. Significantly higher total gas production was observed for the culture containing granular sludge than for the biofilm-only culture (9.5 vs. 6.6 cm3/min/working volume of the bioreactor). Furthermore, the percentage contribution of hydrogen was almost 49 and 36 %, whereas of carbon dioxide 60 and 47%, in the former and latter cultures, respectively. The granular sludge culture produced hydrogen at the rate of 6649 cm3/day/working volume of the bioreactor, whereas the biofilm-only culture at the rate of 3393 cm3/day/working volume of the bioreactor. Fermentation gas produced by both cultures contained 0.0004% methane, meaning that it was practically methane-free. The concentrations of formic, acetic, propionic and butyric acids, hydrogen sulfide and ammonia in the fermentation gas produced by both cultures were very similar, and their proportions (in %) were approximately <0.008, 0.0045, <0.0056, 0.23, <0.001 and <0.8, respectively. Consequently, under optimal conditions the culture containing granular sludge was two-fold more effective in producing hydrogen than that containing biofilm only: 5.43 mol H2 vs. 2.8 mol H2/mol sucrose from molasses, respectively. The hydrogen yields in the bioreactors were estimated based on the balance of carbon involving the products of sucrose fermentation. The concentrations of glucose and fructose in the samples of culture medium and the effluent were very low. In the case of the culture containing only biofilm, glucose and fructose concentrations in the medium were ~10 mg/L (10 mg/L was a detection level of the method), whereas sucrose concentration was ~24 g/L; glucose, fructose and sucrose concentrations in the effluent were ~0.08, ~0.56 and ~8 g/L, respectively. In the case of the granular sludge culture, glucose and fructose concentrations in the culture medium were ~0.115 and 0.2 g/L, respectively, whereas sucrose concentration was ~21.5 g/L; glucose, fructose and sucrose concentrations in the effluent were ~0.01, ~0.3 and ~0.6 g/L, respectively. These values were determined by calculation of the carbon balance.
The rate of total gas production decreased to ~ 2 – 3 cm3/min/working volume of the bioreactor in both cultures before renewal, supporting the observation that an excess of bacterial biomass inhibited hydrogen production. Hydrogen yields were not estimated in these periods. The number of bacteria in the suspension measured by MPN was nearly the same for both cultures and was approximately 3×108/ml during the periods of optimal hydrogen production. The bacterial number increased to 1 – 2 ×109/ml in both bioreactors before renewal.  

Data on the efficiency of hydrogen production from molasses in this study and those in previous studies are presented in Table 3. In comparison with other laboratory-scale bioreactors with similar working volumes, those in the present study achieved a high efficiency of hydrogen production, particularly the culture containing granular sludge (Ren et al., 2007; Aceves-Lara et al., 2008; Wang and Lin, 2009). In previous studies on the fermentation of pure sucrose by mixed cultures, hydrogen production yields in the range of ~2 – 4.9 mol H2/mol sucrose were achieved (Li and Fang, 2007; Perera and Nirmalakhandan, 2010). 

The high-level hydrogen production obtained in this study was a result of the optimal conditions that were established in the bioreactors. The pH was always established intrinsically within 24 – 48 h after the renewal of the cultures and was maintained at a value of around pH 5.0 in both bioreactors. This was the optimal pH for hydrogen production. The results of the parallel experiments indicated that any change in pH (a decrease to 4.0 – 4.3 or an increase to 5.5 – 6.0) caused a significant decline in fermentation gas production (2 – 3 cm3/min/working volume of the bioreactor). 

It is known that butyrate is the predominant metabolite at pH 5.0 – 5.5 (Li and Fang, 2007). The analysis of the non-gaseous fermentation products in both cultures in this study revealed that butyric acid was the main metabolite with partial contribution of ethanol. In the culture containing the biofilm, propionate was also detected. Concentration of butyric acid was almost 1.8-fold higher in the culture containing granular sludge than in the biofilm-only culture. No net production of lactic and propionic acids was observed in the granular sludge culture, whereas these were the second and third most abundant fermentation products in the cultures containing only biofilm. The formic and acetic acids present in the medium were utilized by both cultures.

It is extremely important, particularly for potential future applications, that optimal acidic conditions are established and maintained intrinsically in the bioreactors and that no additional pH adjustment is required. Low pH is a crucial factor in eliminating hydrogen-consuming methanogens in bioreactors. It also directly affects the hydrogenase activity favoring hydrogen production (Li and Fang, 2007). 

The CODs of the effluents of both cultures were very high, confirming the presence of a high concentration of non-gaseous fermentation products typical for this process (Table 2). In the biofilm-only culture, partial utilization (67%) of the substrate was observed, whereas the culture containing granular sludge fermented all the available sucrose from the molasses.

It is noteworthy that in the granular sludge culture showing very good performance in hydrogen production and a high content of butyric acid, the number of Clostridiales sequences was significantly lower than in the biofilm-only culture. Baghchehsaraee et al. (2009) showed that the addition of lactic acid to a mixed culture grown on a starch-containing medium increased both hydrogen production and butyric acid formation. Furthermore, complete consumption of lactic acid produced by the culture was observed. When lactic acid was the only carbon source, the level of hydrogen production was very low (0.5% substrate conversion efficiency). These authors claimed that the addition of lactic acid to the medium probably altered the metabolic pathways in the bacterial cells; however, the exact mechanism of this phenomenon remains unknown. It is also known that if the pH during molasses fermentation does not fall below approximately pH 4.2, saccharolytic clostridia increase in number in the fermentation device. These organisms convert lactic acid into butyric acid (Fuller, 2004). In the present study, no net production of lactic acid was observed, indicating the complete consumption of this metabolite in the culture containing granular sludge, whereas its concentration in the biofilm-only culture was quite high. Furthermore, a significantly higher concentration of butyric acid was detected in the culture containing granular sludge than in that with just the biofilm. 
Lactate-producing bacteria (LAB) are often detected in mesophilic hydrogen-producing consortia as bacteria that accompany clostridial species (Fang et al., 2002; Kim et al., 2006; Li et al., 2006; Wu et al., 2006; Hung et al., 2007; Ren et al., 2007). Based on the results of the present study one could speculate that LAB may possibly play a significant but not fully understood and perhaps underestimated role in the hydrogen producing communities. The speculation is based on two observations: (i) the higher the number of LAB in the hydrogen-producing community, the more efficiently hydrogen is produced; (ii) complete consumption of lactic acid, significantly higher concentration of butyric acid and  larger hydrogen yield in the culture containing granular sludge than in that with just the biofilm. Further investigations to explain these phenomena are warranted. 
In this study, the formation of granular sludge significantly enhanced hydrogen production. Zhang and co-workers (2008) performed a comparative study on the effectiveness of biohydrogen production from glucose by granular sludge and a microbial biofilm in an anaerobic fluidized bed reactor (AFBR). In the same bioreactor under identical conditions, the biofilm was replaced by granules. However, the performance in hydrogen production was slightly better during the period when the culture contained biofilm only.

4. Conclusions
An efficient system for bacterial hydrogen production was developed based on long-term continuous flow cultures grown on sugar beet molasses in a packed bed reactor filled with granitic stones. Metagenomic analysis of the microbial consortia performed with 16S rRNA gene sequences generated using 454-pyrosequencing revealed that the dominant bacteria were representatives of the Firmicutes and Gammaproteobacteria. The overall biodiversity of the hydrogen-producing culture was quite small. Bacteria of heterolactic fermentation were one of the predominant microbes in the hydrogen-producing consortia. The presence of granular sludge significantly increased hydrogen production, generating a high hydrogen yield of 5.43 mol H2/mol sucrose from molasses.
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Figure Captions

Fig 1. Images of the two cultures of the selected consortia of fermentative bacteria when grown in a bioreactor on M9 medium containing molasses: (a) the culture with stone biofilm only; (b, c) the granular sludge culture.
Fig 2. Scanning electron micrographs of structures formed by the selected consortia of fermentative bacteria when grown on M9 medium containing molasses: (a – c) the bacterial biofilm formed on the granitic stones filling the bioreactor in the granular sludge culture; (d – f) the granules. 

Fig. 3. Heatmap of membership and structure similarity according to the Yue & Clayton measure, calculated on the basis of common OTUs. Brighter red indicates communities in which the relative abundances of specific OTUs are highly similar. For a description of the sample name abbreviations see Table 1.

Fig. 4. Shared richness between selected samples: (a) samples B, Bg1, Bg2; (b) samples G, Fg, Bg2. Numbers denote the number of OTUs. For a description of the sample name abbreviations see Table 1. A list of common OTUs for these three-way comparisons is presented in supplementary Table S3.

Table 1. Number of reads assigned to respective taxonomic branches in the analyzed samples of 16S rRNA gene fragments amplified from the DNA of the bacterial communities formed in bioreactors. 

Only known branches are shown (“uncategorized” branches were removed), and only those which had at least 10 reads assigned across all five samples (summarized in the last column). A color coded gradation scheme is used: white – 0th percentile, blue – 50th percentile, and red – 100th percentile (counts in the Bacteria branch are obviously all red) per sample, with intermediate colors indicating values in between two points. B – stone biofilm from the culture without granular sludge; Bg1 and Bg2 – repetitions of the stone biofilm from the granular sludge culture; Fg – fluid phase from the granular sludge culture; G – granules from the granular sludge culture.

	taxon
	B
	G
	Fg
	Bg1
	Bg2
	total

	Bacteria
	4596
	8578
	265
	8105
	17961
	39505

	  Firmicutes
	4410
	6473
	119
	3643
	6573
	21218

	   Bacilli
	1564
	5425
	13
	2726
	4860
	14588

	    Bacillales
	119
	17
	1
	15
	81
	233

	     Bacillaceae
	1
	0
	0
	1
	10
	12

	     Sporolactobacillaceae
	94
	6
	1
	5
	39
	145

	      Sporolactobacillus
	94
	6
	1
	5
	39
	145

	    Lactobacillales
	1343
	5302
	12
	2628
	4644
	13929

	     Enterococcaceae
	5
	16
	0
	92
	325
	438

	      Enterococcus
	2
	2
	0
	18
	105
	127

	     Lactobacillaceae
	96
	3
	0
	362
	428
	889

	      Lactobacillus
	92
	3
	0
	343
	382
	820

	     Leuconostocaceae
	826
	4661
	6
	1533
	3056
	10082

	      Leuconostoc
	826
	4634
	6
	1532
	3054
	10052

	     Streptococcaceae
	4
	37
	2
	16
	79
	138

	      Lactococcus
	4
	17
	0
	8
	66
	95

	   Clostridia
	2627
	579
	86
	707
	1533
	5532

	    Clostridiales
	2572
	443
	74
	587
	1436
	5112

	     Clostridiaceae
	2131
	134
	23
	217
	883
	3388

	      Clostridium
	1182
	66
	5
	121
	472
	1846

	  Proteobacteria
	168
	1974
	143
	4426
	11329
	18040

	   Gammaproteobacteria
	168
	1970
	143
	4425
	11319
	18025

	    Enterobacteriales
	156
	1769
	135
	4365
	11163
	17588

	     Enterobacteriaceae
	156
	1769
	135
	4365
	11163
	17588

	      Enterobacter
	61
	319
	40
	384
	1746
	2550

	      Raoultella
	6
	50
	0
	1
	22
	79

	    Pseudomonadales
	6
	8
	7
	47
	90
	158

	     Moraxellaceae
	5
	0
	6
	45
	83
	139

	      Acinetobacter
	2
	0
	3
	10
	58
	73

	     Pseudomonadaceae
	1
	8
	1
	2
	7
	19

	      Pseudomonas
	1
	7
	0
	2
	7
	17


Table 2. Parameters describing the two cultures of hydrogen-producing bacteria under optimal conditions for hydrogen production.
	Parameter
	Culture without granular sludge
	Culture containing granular sludge

	Total gas production (cm3/min/working volume of the bioreactor)
	6.6
	9.5

	Composition of fermentation gas (%):
	
	

	Hydrogen
	35.7 %
	48.6 %

	Carbon dioxide
	60%
	47.1 %

	Water vapour
	~4.3%
	~4.3 %

	Methane
	0.0004 %
	0.0004%

	Others (as described in section 3.4)
	~1%
	~1%

	Hydrogen production (cm3/day/working volume of the bioreactor)
	3393
	6649

	Yield of hydrogen (mol H2/mol sucrose)
	2.8
	5.43

	Net production of the non-gaseous end products (mg/L):
	
	

	Lactic acid
	2419 ± 42.6
	0

	Formic acid
	0
	0

	Acetic acid
	0
	0

	Propionic acid
	248 ± 0.7
	0

	Butyric acid
	4331 ± 60.0
	7641 ± 33.1

	Ethanol (%)
	0.06 ± 0.002
	0.1 ± 0.004

	pH
	4.93 ± 0.24
	5.01±0.32

	Sucrose utilization
	67 % ± 1.4 %
	97.3 % ± 0.85 %

	COD of the effluent (g O2/L)
	41.3 ± 3.5
	39.6 ± 4.0

	Average number of bacteria in the effluent (MPN)
	2.86×108 ± 1.4×108
	2.85×108 ± 0.46×108


Table 3. A set of different studies presenting microbial hydrogen production from molasses. 

	Culture conditions 
	Efficiency of hydrogen production
	References

	Enterobacter aerogenes E-82005 in a continuous flow 300-ml fermentor
	2.2 mol H2/mol sucrose
	Tanisho and Ishiwata, 1995

	Mixed microbial culture in a batch bioreactor
	134 ml H2 at 1.3 g of COD
	Logan et al., 2002

	Mixed microbial culture in serum vials with a working volume of 125 ml.
	47.1 mmol H2/g COD removed

97.5 mmol H2/L/d
	Wu and Lin, 2004

	Mixed microbial culture in a continuous flow anaerobic fermentation reactor with an available volume of 1.48m3
	5.57 m3 H2/m3 reactor/d at ORL 68.21 kg COD/m3 reactor /d; 

0.75 m3 H2/kg MLVSS/d
	Ren et al., 2006

	Escherichia coli BL21 in an immobilized whole cell tubular bioreactor of total working volume 480 ml
	97.4 mmol H2/h/L
	Chittibabu et al., 2006

	Mixed microbial culture in a 2.5-l continuous stirred-tank reactor
	450 ml H2/g COD removed
	Ren et al., 2007

	Mixed microbial culture in an anaerobic baffled reactor (ABR) with an effective volume of 27.48 l
	130 ml H2/g COD

0.13 L/gMLVSS d
	Li et al., 2007

	Mixed microbial culture in a continuous stirred-tank reactor with a working volume of 1.2 l 
	1.47 mol H2/mol glucose
	Aceves-Lara et al., 2008

	Clostridium butyricum W5 in a batch bioreactor BioFlo 110 with a working volume of 1.5 L
	1.85 mol H2/mol hexose; 

17.38 mmol H2/h/L
	Wang and Lin, 2009

	Mixed microbial culture in a continuous stirred-tank reactor with a working volume of 9.6 l
	2.96 mol H2/ kg MLVSS d
	Li et al., 2009

	Mixed microbial culture in a continuous packed bed reactor with a working volume of 1.5 L
	2.8 mol H2/ mol sucrose; 2262 cm3 H2/d/L (without granules)

5.43mol H2/ mol sucrose; 4432 cm3 H2/d/L (granular sludge)
	This work
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