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Abstract

The fermentative hydrogen production during the anaerobic digestion of organic matter is a
promising technology for the renewable energy search. However, the mixed culture
fermentation performances vary considerably depending on environmental conditions such as
pH. We investigated the ability of a molecular CE-SSCP (capillary electrophoresis-single
strand conformation polymorphism) fingerprinting method based on the hydA functional
genes to describe better the bacterial community dynamics, as compared to the standard 16S
rDNA-based method. A series of batch experiments was performed from sucrose at different
initial pH from 4 to 6. As expected, higher H. production potentials (Hmax) and rates (Rmax)
were obtained at the highest pH. Changes in batch performances were associated with shifts
in the hydA diversity and structure. In contrast, 16S rDNA-based fingerprints were less
sensitive to changes in H> production performances. The Hmax was related to lower hydA
diversity, with Clostridium sporogenes as the major H> producer. Communities harboring
larger hydA diversities were found in experiments with the higher Rmax, suggesting that

species coexistence may have positive effects on H productivity.

Keywords

Biohydrogen; 16S rDNA fingerprint; hydA functional genes; anaerobic digestion; mixed

cultures; microbial diversity.
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1. Introduction

Dark fermentation using mixed anaerobic microbial communities is an attractive way to
produce hydrogen (H2), one of the most promising clean and sustainable energy carriers [1,
2]. In recent years, the mixed microbial cultures have been investigated for producing H; at
low cost from renewable organic wastes [2, 3, 4]. With regard to pure cultures, mixed cultures
are more suitable for degrading a wide range of substrates, due to their better adaptation to
diverse media and their high resistance and resilience against environmental changes or
organic matter loads.

H> is a key metabolic intermediate used for electron carrier for interspecies energy transfer
exchanges in anoxic systems. Therefore, when environmental conditions change, the H:
production performances observed in mixed cultures are not only affected by the metabolic
shifts, but also by the changes in population structures [5-7]. Indeed, the presence and activity
of efficient Ho-producing bacteria (HPB), in mixed cultures, can be strongly affected by the
metabolic and phylogenetic interactions between the different community members.
Consequently, a better understanding of the bacterial population dynamics is needed for
improving the stability and the performances of H. dark fermentation bioprocesses. These
bacterial population dynamics can be analyzed using different levels of resolution:
phylogenetic and/or functional. To this end, accurate molecular tools and descriptors have to
be used to gain insights into the links between diversity/structure of the bacterial community
and Hz evolution.

For the past decade, the fingerprinting techniques based on 16S rDNA sequences have been
widely used to characterize the bacterial communities in H2 dark fermentation processes [3, 5,
8-12]. These fingerprinting techniques, including denaturing gradient gel electrophoresis

(DGGE) [13], terminal restriction fragment length polymorphism analysis (T-RFLP) [14] or
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capillary electrophoresis-single strand conformation polymorphism analysis (CE-SSCP) [15]
provide simultaneously: (i) a rapid analysis of the relative abundance of the different
community members; and (ii) a comparative analysis of the microbial population structures in
relation to the changes in environmental conditions. These fingerprinting techniques were
previously applied to identify the prominent species in HPB mixed cultures and to correlate
their presence to the Hz production performances and the environmental conditions. In this
way, the highest H> production yields were usually observed when mixed cultures were
predominantly composed of Clostridium species [2, 4, 7]. The fingerprinting techniques are
well adapted for analyzing the microbial communities and investigating the inter-species
interactions in dark fermentation bioreactors, because Hx production often relies on a
relatively small number of highly specialized microbial species. However, relatively little is
known about the relationship existing between the microbial community structure and the H»
production performances. Methods based on 16S rDNA provide information about the
phylogeny of bacterial species present in the community, but not direct physiological
information and fail occasionally to distinguish closely related Hz-producing Clostridium
species [6, 16].

Regarding the overall 16S rDNA fingerprint methods, very few studies have specifically
characterized the HPB populations using functional fingerprinting methods [6, 11]. In
particular, the fingerprinting methods based on hydA genes, encoding the [Fe-Fe]-
hydrogenases (Hzases) are very meaningful, as they specifically target the bacterial
populations directly involved in Hy evolution, and provide valuable information about their
structure and diversity. Several methods are now available for evaluating and comparing the
fingerprint patterns [17-19]. Moreover, the diversity and dynamics of bacterial communities
can be quantified from CE-SSCP profiles, using molecular descriptors such as Simpson’s

diversity index or Euclidean distances [20]. At last, if combined with multivariate analyses,
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they can be used to find statistical correlations between the microbial community structures
and the environmental parameters [20, 21]. Many environmental parameters can change the
performance of fermentative H> production by modifying the bacterial metabolic pathways
and community structure [2, 4, 7]. Among them, the pH appears to be one of the most
important factor influencing H. performances [4, 22, 23]. The pH also influences the
microbial community structure because it is a key parameter affecting carbon metabolism and
growth rates of microorganisms [12].

In this paper, both hydA- and 16S rRNA gene-based fingerprinting methods were compared
for monitoring bacterial population dynamics in response to pH changes. A series of batch
tests were operated at different initial pH to induce a wide range of H: production
performances and different bacterial composition. The fingerprint characterization followed
by identification of H. producers were also used to assess link between H, production

performances and bacterial community structures and diversities.

2. Materials and methods

2.1. Hydrogen production in batch tests

The H: production experiments were carried out in 500 mL glass bottles under batch
conditions. The inoculum corresponded to an anaerobically digested sludge pretreated by
heat/shock treatment (90°C, 10 min). Two milliliters of the pretreated inoculum (final
concentration of 225 mg-COD/L) were inoculated in the following culture medium: 40 mM
MES, 10 g sucrose, 1L deionized water. The total working volume was 200 mL. The initial
pH was adjusted to 4, 4.5, 5, 5.5 and 6. All batch tests were performed in triplicates. After

inoculation, each bottle was flushed with nitrogen for 5 min to maintain anaerobic conditions.
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The bottles were then capped with a rubber stopper and incubated at 37°C for 24 days. Four
milliliters of the mixed cultures were collected daily during the first 10 days of the
experiments, and every 2"-3" day during the last 14 days of the experiments. The samples
were centrifuged (20,000 g, 10 min) and the supernatants and the pellets were stored at -20°C

for further chemical analyses and DNA extraction, respectively.

2.2. Chemical analysis (biogas, metabolic byproducts)

The volume of biogas was daily measured using an acidified water displacement method. The
biogas composition (CH4, CO2, H2 and N2) was determined by gas chromatography (GC-14A,
Shimadzu) as previously described by Aceves-Lara et al. [23].

The volatile fatty acids (VFA) composition in the liquid phase, i.e. acetic acid (C2), propionic
acid (C3), butyric and iso-butyric acids (C4 and iC4) and valeric and iso-valeric acids (C5 and
iC5), were determined by gas chromatography coupled to catharometric detection (GC 8000,
Fisons Instruments). The concentrations of sugars and non-VFAs metabolic byproducts, such
as organic acids (lactate), ethanol or acetone were assessed by High Performance Liquid
Chromatography analysis coupled to a refractometer (Waters Assoc.). The substrate
degradation efficiency was estimated by dividing the amount of sucrose consumed by the
amount of initial sucrose. The H. production performances were characterized with the
following parameters, as described by Queméneur et al. [6]: H2 production potential (mL/L or
mmol-Hz/L), H> production rates (mmol-H./L/d) and H. production yield (mol-Hz/mol-
hexose-consumed). The H> production potential (H) was the cumulative H. production. The
H> production rate (R) represented the daily H» production increase. The Hx yield was

calculated by dividing the maximum H> production potential by the sucrose consumed.
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2.3. DNA extraction and PCR amplification

For each experiment, molecular analyses of the bacterial communities were performed on the
triplicate samples at the start of the experiments (initial time), at the maximum H> production
rate (Rmax), at the maximum H; production potential (Hmax) and at the end of the experiments
(after 24-day incubation).

Genomic DNA was extracted and purified from cell pellets using the Wizard Genomic DNA
Purification kit (Promega). The purity and amount of DNA in the extracts were measured by
spectrophotometry (Infinite NanoQuant M200, Tecan).

The hydA genes were amplified using two non-degenerated primers, hydAClosF (5° —
ACCGGTGGAGTTATGGAAGC - 3°, C. pasteurianum position F1258) and 5’-fluorescein
phosphoramidite-labeled hydAClosR (5> — CATCCACCTGGACATGCCAT - 3°, C.
pasteurianum position R1508), designed from two consensus regions of an alignment of 31
hydA Clostridium reference sequences [6]. Each PCR mixture (50 pL) contained 1X Pfu
Turbo DNA polymerase buffer, 200 uM of each dNTP, 0.5 uM of each primer, 0.5 U of Pfu
Turbo DNA polymerase (Stratagene) and 10 ng of genomic DNA. Reactions were performed
in a Mastercycler thermal cycler (Eppendorf). The hydA genes were amplified as follows:
94 °C for 2 min, followed by 35 cycles of 94 °C for 30 s, 57 °C for 30 s, and 72 °C for 30 s,
with a final extension at 72 °C for 10 min. The presence and size of about 200 bp PCR
products were determined by ethidium bromide-stained (2%) gel electrophoresis.

Meanwhile, the 16S rRNA genes were amplified using Pfu Turbo DNA polymerase
(Stratagene) and universal primers W49 (5-ACGGTCCAGACTCCTACGGG-3', Escherichia
coli position F331) [24] and 5'-fluorescein phosphoramidite-labeled W104 (5'-
TTACCGCGGCTGCTGGCAC-3', E. coli position R533) [24], targeting about 200 bp of the

V3 region of the 16S rRNA gene. The PCR reactions were performed as described above,
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except that 25 cycles and primer hybridization at 61 °C were applied and 130 ng of each
primer were used. The Clostridium genus was specifically analyzed by nested PCR. First, the
16S rRNA genes of the Clostridium genus were amplified using AccuPrime Tag DNA
polymerase  (Invitrogen), a  bacterial domain forward primer WI8 (5'-
GAGTTTGATCMTGGCTCAG -3', E. coli position F9) [15] and a Clostridium-specific
reverse primer W109 (5'- CCCTTTACACCCAGTAA -3', E. coli position R561) [25], as
described by Peu et al. [26]. Then, the diluted PCR products was used as a template for a

universal 16S rDNA PCR, carried out using the primer set W49/W104.

2.4. CE-SSCP electrophoresis and statistical analyses

One microliter of 5- to 2000-fold diluted PCR product was mixed with 18.8 uL of formamide
and 0.2 pL of internal standard GeneScan ROX (Applied Biosystems). Samples were heat-
denatured at 95°C for 5 min and immediately cooled in ice. CE-SSCP electrophoresis was
performed in an ABI Prism 3130 genetic analyser (Applied Biosystems) with 50 cm-long
capillary tubes filled with a non-denaturing 5.6% conformation analysis polymer (Applied
Biosystems). Samples were eluted at 12 kV and 32°C for 30 min (for 16S rRNA gene) or 64
min (for hydA gene). Raw CE-SSCP data were analyzed using GeneScan software (Applied
Biosystems).

The CE-SSCP profiles were aligned with the internal standard ROX to correct any change in
the electrophoretic motility between runs. The sum of the peak areas were normalized to unit
before statistical analysis. The StatFingerprints library from R was used (R Development
Core Team 2009) [27]. Euclidean Distances (ED) between each pair of CE-SSCP profiles
were calculated for matrix generation and used as measurements of dissimilarity between

bacterial communities.
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An analysis of similarity (ANOSIM) was also used to investigate the effects of the initial pH,
considered as a qualitative variable, on the structure of bacterial communities [28]. ANOSIM
gives a statistic, ANOSIM R, which indicates the magnitude of dissimilarities among groups
of samples. An ANOSIM R =1 indicates that the groups of communities with different initial
pH are dissimilar, and at the opposite, ANOSIM R = 0 indicates that the groups cannot be
distinguished statistically. The statistical significance of ANOSIM R was tested by Monte
Carlo randomization.

ED were also used to compare, over time, the effect of the initial pH on the divergence of the
bacterial communities at functional (hydA genes) and phylogenetic levels (16S rRNA genes).
For each batch tests, the ED was normalized by dividing the values obtained at each time by
the largest distance calculated for the time course, giving values between 0 and 1 during the
24-day incubations. A normalized ED = 1 means that the community is the most dissimilar to
that on day 0 and a normalized ED = 0 means that the community is identical to that on day 0.
The complexity of the bacterial community was estimated using Simpson’s diversity index
(D) from a CE-SSCP profile, by considering the number of species (number of peaks) as well

as their relative abundance (area under each peak) [29].

2.5. Assignation of the partial hydA sequences in mixed cultures

The PCR products obtained from the H>-producing mixed cultures were purified using a PCR
Purification Kit (Qiagen). The hydA clone libraries were constructed using the TA Cloning kit
(Invitrogen). The PCR-CE-SSCP profile of each PCR product, amplified using plasmid-
targeted primers T7 and P13, was compared with the HPB culture profiles for peak
assignation. The cloned inserts were sent for sequencing (MilleGen company, Toulouse,

France). The protein sequences, deduced from the nucleotide hydA sequences, were aligned
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with reference sequences retrieved from the Genbank database using the CLUSTALW
program [30], and further refined manually using the BioEdit program [31]. Distances were
estimated by the Kimura method [32], and the neighbor-joining method was used for inferring
the tree topologies [33]. Tree topology confidence was determined by bootstrap analysis on
1000 replicates [34]. All phylogenetic programs were implemented with SeaView software
[35]. The hydA gene sequences were deposited in the Genbank database under the accession

numbers HQ241275 to HQ241278.

3. Results and discussion

3.1. Hydrogen production in batch tests

The biogas produced by mixed cultures contained only Hz and CO>, without detectable CHa,
suggesting that the heat shock pretreatment was effective for inhibiting the methanogenic
bacteria issued from the anaerobic sludge.

Figure 1 shows the accumulated H> production in mixed cultures at different initial pH over
the 24 days of incubation. Table 1 summarizes the results of pH experiments. In comparison
with other reports [12, 36, 38], time to reach the higher cumulated H is large (ranging
between 9.7 and 24 days) because the nutrients (except carbon source) were just provided by
the inoculum. The maximal Hz production rates (Rmax) increased gradually from 16.4 to 38.3
mmol-Hy/L/d with the increase in pH from pH 4 to 6 (p < 0.05). Initial pH also affected H-
production with the highest maximum H> production (Hmax) of 102.7 mmol-H./L attained at
pH 5 (p < 0.05). Indeed, the Hmax increased with the rise in pH from 4 to 5, but reached a level
of equilibrium in the pH range from 5 to 6 (Table 1). It is noteworthy that the Hmax obtained at

pH 5.5 and pH 6 were reached earlier than pH 5, indicating that higher pH improves H»

10
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production reaction. Interestingly, at pH 5.5 and pH 6, the H> production phase was followed
by H> consumption phase (Figure 1). The Hx content in the gas phase increased until the Hmax
was reached (44.5% and 43.3%, for pH 5.5 and pH 6 respectively), and then declined at the
end of experiments (28.5% and 27.4%, respectively) (Table 1). Similar Hz consumption
phases have previously been reported during fermentative H, production batch tests [36, 37].
The present results showed that the optimal pH for H, production was in the range of 5 to 6.
They were in agreement with comparable studies (i.e. batch cultures, without pH control,
using 10 g-sucrose/L and heat-shocked mixed microflora) [38, 39]. For instance, Van Ginkel
et al. [39] studied H2 production in a pH range 4.5-6.5, using compost, potato soil or soybean
soil as seed microflora, and found that pH 5-6 were the most suitable for H> production.
Khanal et al. [38] studied Hz production in a pH range 4.5-6.5 using compost, and showed
that higher Rmax were obtained at higher pH. Shorter duration of the H2 production was also
found at higher pH and final pH increased with the increase in initial pH (Table 1). However,
our results were different from this latter study [38], because these authors found the highest
Hmax at pH 4.5. A low pH 4.5 was also found optimal for H2 production in a pH range 4-7
using anaerobic digester sludge [12]. In our study, no significant difference was observed
between the H: yields ranging between 1.7 and 2 mol-Hz/mol-hexose (Table 1). This finding
can be explained by the variation of the substrate degradation efficiency increasing from
53.4% to 100% with the increase in pH (Table 1). Hy yield of 2 mol-Hz/mol-hexose
associated with optimal pH 5.5-6 were previously obtained using mixed cultures [40] or pure
cultures [41].

As expected, the cumulated H> production was strongly correlated to intermediate metabolite
productions (Table 1). The gradual increase of Rmax in the pH range from 4 to 6 matched with
the increase in intermediate metabolites. The productions of total VFAs and overall soluble

microbial products (SMPs) also increased with the increase of Hmax in the pH range from 4 to

11
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5, but achieved a level of equilibrium within pH range 5 to 6 (Table 1). When Hmax was
reached, butyrate (Bu) and acetate (Ac) contents in the SMPs ranged from 63.0% to 72.3%
and 25.3% to 27.7%, respectively, while ethanol constituted only 5.6 to 11.5%. The
production of Bu and Ac, as the major fermentation products, suggested that Clostridium
species were the dominant bacteria in the mixed cultures. No significant difference of Bu/Ac
ratios, ranging between 2.5 and 2.7, were detected according to pH (Table 1), suggesting that
no metabolic switches occurred when Hmax Was reached. At the end of the experiment, after
the H> consumption phase, at pH 5.5 and pH 6, caproate accumulated and represented 4.0%
and 6.1% of the SMPs, respectively. Moreover, at pH 5.5 and pH 6, Bu/Ac ratios decreased
significantly from 2.7 and 2.5 to 1.8 and 2.1, respectively. The H> consumption phase can
result from two metabolic pathways, either homoacetogenesis, producing only acetate from
H2 and COg, and caproate formation, produced from H; and equimolar acetate and butyrate.
Such changes in Bu/Ac ratios can be explained by metabolic alterations or switches due to
environmental changes such as pH [38], but also can result from microbial community

structure shifts during the fermentative Hz production.

3.2. Functional and phylogenetic dynamics of the bacterial community

CE-SSCP fingerprinting was used to compare the bacterial community structures at various
pHs. Whatever the initial pH, highly similar bacterial- and Clostridium-specific 16S rDNA
CE-SSCP fingerprinting patterns were obtained from all the Hz-producing cultures (data not
shown). This result indicated that the Clostridium genus was largely dominant and played a
key role in these Hz-producing experiments. This finding suggested that the use of a heat-
shock pretreated sludge as inoculum led to select a large majority of Clostridium species as

already mentioned in previous studies [4-7].
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Figure 2 represents the relative divergence of the bacterial communities over time in response
to the pH changes. Whatever the gene tested, the highest changes in CE-SSCP profiles were
observed during the first days of the experiments when Rmax Was reached. The divergence
gradually increased with decreasing pH.. Moreover, the highest increase of the community
divergence was obtained at pH 4 between day 3 and 6 and the lowest was at pH 6. It is
noteworthy to say that Rmax was the lowest at pH 4 and the highest at pH 6 (Table 1). For all
pH, the maximal relative divergences were observed after 10 days of experiment. At pH 4-5,
the relative divergence was stable until the end of the experiments. In contrast, at pH 5.5 and
6, a decrease in the relative divergence was shown at day 24, when Hz consumption was
observed (Figure 1). Thus, the shift of the CE-SSCP profiles over time was correlated to the
pH changes. Fang et al. [12] also showed that total bacterial community structure changed
with respect to pH changes. However, our study showed that the hydA structure was globally
more affected by the pH than the total bacteria population structure (hydA ANOSIM R =0.29,
p < 0.001; 16S rDNA ANOSIM R = 0.16, p < 0.05). In addition, high initial relative
divergences were observed for the hydA profiles, indicating a more sensitive response of the
HPB population to the pH changes. Moreover, contrary to 16S rDNA structure, significant
negative correlation was also observed between Rmax and the rate of hydA structure change.
Consequently, our results indicated that the changes in the hydA community structure
provided better information to monitor Hx production change than the total bacteria
population structure.

Figure 3 shows, for each pH, the dynamics of the CE-SSCP fingerprints based on the hydA
(Figure 3A) and 16S rRNA genes (Figure 3B) over the 24-day incubations. Both the hydA and
16S rDNA CE-SSCP profiles showed pattern succession consisting of a simplification phase
followed by stabilization and/or instability phase. This simplification was slower at high pH,

and thus, at high Rmax. At the Rmax time, after 3 days (6 days in the case of pH 4), the gradual

13
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disappearance of CE-SSCP peaks in relation to pH led to highest dissimilarities within the
CE-SSCP profiles. At the Hmax time (day 10 for pH 5.5-6 and day 24 for pH 4-5), the CE-
SSCP fingerprints were both composed of only one major peak and several minor peaks.
Interestingly, additional peaks appeared in CE-SSCP profiles at pH 5.5 and 6, at 24 days,
when Hz consumption occurred. As previously observed [5, 6], the appearance and
disappearance of CE-SSCP peaks, reflecting changes in the bacterial community composition,
was correlated to H» production performances. A simplification followed by a stabilization of
the total bacterial communities have also been reported in similar batch tests of fermentative
H> production [12] or photo-H. production [42]. These authors made the assumption that after
a process of competition or cooperation, during the first days, the bacterial community
structure tended to be stable for forming an optimal HPB population before Hmax [10]. Our
results were in agreement with the occurrence of such competition/cooperation processes. In
addition, our findings were also consistent with previous studies showing that hydA
population structure shifted over time [11, 43]. As hydA structure was correlated to H, content
shift, Tolvanen et al. [43] have reported that hydA gPCR melting curve analysis could be used
as an indicator of H, performance. Nevertheless, these authors have also indicated that
fingerprinting techniques, such as DGGE or CE-SSCP, provide better resolution than qPCR
melting curves for distinguishing different genes [43]. In this study, the hydA structure
obtained by CE-SSCP analysis was thus a more reliable and functional tool for monitoring
bioreactor performances. Moreover, this hydA functional fingerprint analysis was also more
suitable than 16S rDNA fingerprint analysis for monitoring HPB populations in dark

fermentation cultures.

3.3. Bacterial population diversities

14
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Simpson’s diversity indices (D) were calculated to assess the complexity of the CE-SSCP
profiles and to compare the diversity of the Hz-producing and total bacterial communities
cultivated at different initial pH. Simpson's diversity index (D) corresponds to the probability
that two individuals randomly selected from a community belong to the same species [29].
Figure 4 presents the D values obtained from the hydA and 16S rDNA CE-SSCP profiles
when the Rmax (Figure 4A) and the Hmax (Figure 4B) were reached. The D values obtained
from the 16S rDNA CE-SSCP profiles were higher than those obtained from the hydA CE-
SSCP profiles (Figures 4A and 4B). Whatever the gene tested the lowest D values were
observed when the Hmax occurred (Figure 4B), while the highest values were obtained at the
Rmax (Figure 4A). These results were in agreement with previous studies showing that the
Hmax Was associated with low bacterial diversity.

When Hmax was reached, no significant difference was observed between the D values
obtained at different pH (Figures 4B). However, Fang et al. has reported that diversity
obtained at the Hmax time increased with the rise of pH from 4.5 to 6.5 in an earlier study
carried out using anaerobic digested sludge as the inoculum and rice slurry as the substrate
(5.5 g-carbohydrate/L) [12]. This apparent difference is not contradictory with our results,
because similar results could be obtained if these authors had used twice as much sugar as in
our experience. Indeed, our results showed that the simplification of bacterial population was
slower at higher pH (Figures 2 and 3).

When Rmax was reached, the hydA D values of the HPB communities ranged between 1.55
and 2.67 and increased significantly with the increase in pH (p < 0.05) (Figure 4A). The
lowest D value was observed at pH 4, and was related to the lowest Rmax. In contrast, the
highest D value observed at pH 6 was related to the highest Rmax. Correlation analysis
highlighted strong positive correlation between the Rmax and the hydA D values. Thus, the

present results indicated that greater hydA diversity (i.e. a slower simplification of the HPB
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population) leads to higher Rmax, suggesting the establishment of positive bacterial
interactions, such as co-metabolism or synergy. However, on a longer term, high hydA
diversity, as observed at pH 5.5 and 6, affected the stability of the highest cumulated H>
production value (Hmax), through the increase in the Hz consumption activity. Similarly, the
lowest 16S rDNA D value was found at the lowest pH while the highest D value was detected
at the highest pH 6 (Figure 4A). Nevertheless, contrary to the hydA diversity, no significant
correlation was found between 16S rDNA D values and the Rmax. Since the ecosystem
functionality correlated with the hydA diversity, it can be concluded that the hydA functional
marker was more informative than 16 rDNA phylogenetic marker and can be used as an

indicator of the Hz production.

3.4. Affiliation of hydrogen producers

Five dominant hydA CE-SSCP peaks were detected during the 24 days incubation (Figure 3).
All peaks were assigned to hydA sequences affiliated with those of Clostridium cluster |
species (Figure 5), supporting the predominant role of this cluster in HPB mixed cultures [5,
16].

During the first days of the experiments and according to pH, from one to four different peaks
were detected within the hydA CE-SSCP profiles. Peaks 1-3 were detected in both pH 5.5 and
6 but were undetectable at lower pH. At pH 5.5 and 6, they were dominant after 3 days, when
Rmax Was reached, but undetectable after 10 days, when Hmax occurred. The three HydA
sequence of clone that matched with peaks 1-3 formed a group showing 86.2-87.5 % identity
with that of C. acetobutylicum (Figure 5). Consequently, the increase of Rmax at highest pH
(Table 1) may be associated with the growth of C. acetobutylicum hydA like gene-carrying

strains known to be efficient Hz producers at pH higher than 5.5 in pure cultures [41, 44].
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Peak 4 was observed whatever pH and time, showing a wider ecological niche compared to
the other species of the seed inoculum. It dominated the hydA CE-SSCP at pH 4-5 and
became the dominant H. producer after 10 days at pH 5.5 and 6. The HydA sequence of the
clone matching with the peak 4 was affiliated with that of Clostridium sporogenes (70%
identity) (Figure 5) whose optimum growth pH is around 6-7. HydA sequences affiliated to C.
sporogenes were previously retrieved from mesophilic fermentative Hz-producing batch
cultures [6, 8]. In mesophilic continuous flow reactors using sucrose and heat-pretreated
inocula, Duangmanee et al. [45] also found C. sporogenes among other strains as dominant
species during Hz production. This result confirms the key role of this species in Hz-producing
mixed cultures. Several studies with pure cultures of C. sporogenes, known as a non-toxigenic
variant of C. botulinum, have been previously conducted to inhibit growth of the toxigenic
species in food ecosystems [46]. However, to date no study has investigated biochemical
Kinetics of fermentative H. production by C. sporogenes, despite its repeated detection in Ho-
producing mixed cultures. Future studies should investigate this aspect in more detail.

Peak 5 was only detectable during the H> consumption phase at pH 5.5 and 6, suggesting that
it could represent an Hz consumer. Indeed, Hz consumers, such as homoacetogens (e.g. C.
carboxidivorans, C. magnum), can also contain hydA genes and their presence could explain
the increase in acetate level at 24 days at pH 5.5 and 6. However, the HydA sequence of the
clone matching with the peak 5 exhibited 88.2% identity with that of C. acetobutylicum
(Figure 5), which has not yet been reported as
homoacetogen. However, the clostridial hydA database needs to be improved for obtaining
more accurate affiliation of clostridial Hz-producers in dark fermentative bioreactors. It is
noteworthy that the estimation of the clostridial strain function can be biased because
clostridial fermenters and homoacetogens are phylogenetically closely related [47].

Furthermore, some members of Clostridium genus, such as C. acetobutylicum or C.
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sporogenes, detected during the Hz> consumption phase, are also known to harbor plasmid or
chromosomal genes encoding [NiFe]-H.ases [48, 49]. Contrary to [FeFe]-H.ases, [NiFe]-
Hoases from Proteobacteria are usually known to catalyze H> uptake in vivo, but [NiFe]-
Hases from Clostridia have not yet been studied and there is no information about their
physiological function [48, 49]. Because this study focused on HPB, only clostridial genes
encoding [FeFe]-Hzases have been targeted by specific functional primers [6]. Further
functional studies on both [Fe-Fe]- and [NiFe]-Hzases have to be performed to investigate the
potential metabolic flexibility of Clostridia and the H2 recycling in dark fermentation

processes.
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4. Conclusion

In this study, the changes in both the taxonomic and functional bacterial community dynamics
were compared during fermentative H> production. The main result of this work was that
changes in hydA functional CE-SSCP fingerprints were better related to the H2 production
performances than 16S rDNA patterns. This work also demonstrated the usefulness of
molecular descriptors, such as Simpson’s diversity index and Euclidean distance, to visualize
changes in bacterial community in relation to changes in environmental factors. Like the
analysis of hydA gene expressions, the use of hydA fingerprinting CE-SSCP method coupled
with the estimation of molecular descriptors offers valuable information for improving dark
fermentation system monitoring and thus, provides a valuable tool for further studies on

bacterial interactions in fermentative Hz-producing bioreactors.
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Captions to figures

Figure 1. Cumulative H. production of mixed cultures cultivated at different initial pHs.
Values correspond to the average of triplicate analysis and error bars represent the standard
deviations. The solid and dotted lines represent the H> production phase and the H:

consumption phase, respectively.

Figure 2. Relative community divergence of the CE-SSCP profiles expressed by the relative
Euclidean distance and based on the hydA genes (A) and the 16S rRNA genes (B) retrieved
from the mixed cultures cultivated at various initial pHs. Points correspond to mean values (n

= 3) and error bars to standard deviations.

Figure 3. Dynamics of the CE-SSCP profiles based on the hydA genes (A) and the 16S rRNA
genes (B). The CE-SSCP profiles were aligned on the basis of the common ROX internal
standard, and areas normalized. The X, y and z axis of each CE-SSCP profiles represent the
relative peak migration distance, the relative peak intensity and the timeline, respectively. A

representative CE-SSCP profile from the three replicates is presented for each pH.

Figure 4. Effect of the initial pH on the Simpson’s diversity index obtained from the CE-
SSCP profiles based on the hydA genes and the 16S rRNA genes at the maximum H>

production rates (A) and at the maximum Haz production potentials (B).

Figure 5. Neighbor-joining phylogenetic tree of the HydA sequences (134 amino acids). The

Genbank accession numbers (in brackets) were obtained from the protein sequence databases.

The sequences obtained in this study are in bold and highlighted. Circles at the branch nodes
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604  represent bootstrap confidence level percentages obtained from 1000 replicates: black circles
605 = 75-100%; white circles = 50-75%. The scale bar indicates 5% sequence divergence. The

606  Desulfovibrio vibrio HydA sequences were used as outgroups.
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Table 1

Table 1. Performance of fermentative H, production at different initial pH

Initial pH conditions 4 4.5 5 5.5 6 _Stqtl_stlcal 2
significance
Final pH 3.3 3.4 3.6 3.9 4.3 Fokk
Substrate utilization (%) 53.4 75.4 94.4 99.5 100.0 Fokk
Max. H, content (%) 30.9 41.6 442 445 43.3 Fokk
Final H, content (%) 30.9 41.6 435 285 27.4 Fokk
Max. H, production rate = R, (mmol-H,/L/d) 16.4 20.6 24.4 28.7 38.3 Fkk
Max. H, production potential = Hax (Mmol-H,/L) 55.2 87.7 102.7 98.6 99.9 Fkk
Max. H, production potential = Hpay (ML/L) 1237 1965 2300 2209 2238 falaled
Soluble microbial products = SMP (g/L)* 2.1 3.3 4.6 4.5 4.6 **
Volatile fatty acids = VFA (g/L)* 19 3.3 4.2 4.1 4.4 **
H, yield (mol-H,/mol hexose) 1.8 2.0 1.9 1.7 1.7 n.s.
Acetate yield (mol-Ac/mol hexose) 0.28 0.35 0.33 0.32 0.35 *
Butyrate yield (mol-Bu/mol hexose) 0.48 0.62 0.61 0.58 0.59 **
Ethanol yield (mol-Eth /mol hexose) 0.17 0.00 0.18 0.14 0.10 **
Bu/Ac 2.5 2.6 2.7 2.7 2.5 n.s.
Final Bu/Ac 25 2.6 2.7 1.8 2.1 *x
Time when R, Was reached (days) 6 3.7 3.7 3.7 3 n.s.
Time when Hp.x Was reached (days) 24 24 23.3 9.7 10.3 Hkk

! Values obtained when maximal H, production was achieved

2 Significance differences between pH conditions are indicated by asterisks: *, p < 0.05; **, p < 0.005; *** p < 5 x 10”; n.s., not significant (p > 0.05).



