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Fermentative hydrogen production by Clostridium
butyricum CWBI1009 and Citrobacter freundii CWBI952
in pure and mixed cultures

Laurent Beckers, Serge Hiligsmann, Christopher Hamilton, Julien Masset, Philippe Thonart

Univ. Liege (ULg). Walloon Centre of Industrial Biology (WCIB). Boulevard du Rectorat, 29/40-P.70. B-4000 Liege
(Belgium). E-mail: Ibeckers@ulg.ac.be

This paper investigates the biohydrogen production by two mesophilic strains, a strict anaerobe (Clostridium butyricum
CWBI1009) and a facultative anaerobe (Citrobacter freundii CWBI952). They were cultured in pure and mixed cultures in
serum bottles with five different carbon sources. The hydrogen yields of pure C. freundii cultures ranged from 0.09 mol, -
mol, ' (with sucrose) to 0.24 mol ,-mol, ' (with glucose). Higher yields were obtained by the pure cultures of
Cl. butyricum ranging from 0.44 mol -mol - (with sucrose) to 0.69 mol,,-mol ' (with lactose). This strain also
fermented starch whereas C. freundii did not. However, it consumed the other substrates faster and produced hydrogen
earlier than CI. butyricum. This ability has been used to promote the growth conditions of CI. butyricum in co-culture with
C. freundii, since Cl. butyricum is extremely sensitive to the presence of oxygen which strongly inhibits H, production. This
approach could avoid the addition of any expensive reducing agents in the culture media such as L-cysteine since C. freundii
consumes the residual oxygen. Thereafter, co-cultures with glucose and starch were investigated: hydrogen yields decreased
from 0.53 mol,,-mol, ' for pure CI. butyricum cultures to 0.38 mol,,-mol, ' for mixed culture with glucose but slightly
increased with starch (respectively 0.69 and 0.73 mol ,,-mol, ). After 48 h of fermentation, metabolites analysis confirmed
with microbial observation, revealed that the cell concentration of C. freundii dramatically decreased or was strongly inhibited
by the development of CI. butyricum.

Keywords. Biohydrogen, Clostridium butyricum, Citrobacter freundii, mixed culture, biochemical hydrogen potential, batch,
substrate.

Production d’hydrogeéne par Clostridium butyricun CWBI1009 et Citrobacter freundii CWBI952 en cultures pures et
mixtes. Cet article étudie la production de biohydrogéne par deux souches mésophiles, une anaérobie stricte (Clostridium
butyricumm CWBI1009) et une anaérobie facultative (Citrobacter freundii CWBI952). Ces souches ont été testées en cultures
batch pures et mixtes sur cinq substrats différents. Les rendements de conversion des cultures pures de C. freundii s’étalent
de 0,09 mol,,-mol, ' (sur saccharose) a 0,24 mol,,-mol, "' (sur glucose). Des rendements plus €levés sont atteints par
CL. butyricum, de 0,44 mol ,,-mol, ' (sur saccharose) a 0,69 mol ,-mol, ' (sur lactose). Cette dernicre souche dégrade
I’amidon, tandis que C. freundii ne le consomme pas. Cependant, cette derniere assimile les autres substrats plus rapidement
et produit de I’hydrogene plus tot. Cet avantage a été utilisé pour promouvoir les conditions de croissance de CI. butyricum
en co-culture avec C. freundii, étant donné que Cl. butyricum est extrémement sensible aux traces d’oxygene dans le milieu.
Ceci permettrait d’éviter I’ajout d’agents réducteurs couteux dans le milieu de culture (tels que la L-cystéine) dans la mesure
ou C. freundii consomme 1’oxygene résiduel. Ce type de co-culture a été testé sur glucose et sur amidon. Elles ont eu pour
conséquence de diminuer les rendements de conversion sur glucose (de 0,53 mol,,-mol, "' pour les cultures pures de
CL. butyricum a 0,38 mol,,,-mol, ' pour les cultures mixtes), tandis qu’ils ont légerement augmenté sur amidon (passant
respectivement de 0,69 and 0,73 mol,,-mol, ___'). Aprés 48 h de fermentation, les analyses métaboliques, confirmées par des
observations microbiologiques, ont montré que le nombre de cellules de C. freundii ont drastiquement diminué ou que cette
derniere souche a été tres fortement inhibée par le développement de CI. butyricum.

Mots-clés. Biohydrogene, Clostridium butyricum, Citrobacter freundii, culture mixte, potentiel biochimique d’hydrogene,
batch, substrat.
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1. INTRODUCTION

Hydrogen (H,), whether burned or used directly in a
fuel cell, is a very promising clean energy vector for
the decrease of our environmental impact since its
utilization generates only water vapor. Nevertheless, H,
is still mainly produced by steam reforming of methane,
a process releasing large amount of fossil CO, in the
atmosphere. In the last few years, there has been an
increasing interest to find new H, production processes
with almost no carbon emission (Balat, 2009; Holladay
et al., 2009; Moriarty et al., 2009). One of the most
promising and investigated prospects is the biological
production of hydrogen through the degradation of a
large spectrum of carbon sources by anaerobic bacteria
in a process called “dark fermentation” (Das et al.,
2001; Levin et al., 2004; Nath et al., 2004a; Das, 2009;
Hallenbeck, 2009).

The best described mesophilic strains are, on the
one hand, strict anaerobic bacteria from the genus
Clostridium that have the potential to reach high
experimental hydrogen yields (about two moles
of hydrogen per mole of hexose consumed). And
on the other hand, facultative anaerobes such as
Enterobacteriaceae that present lower experimental
yields (~ 1 mol  -mol ) but can achieve higher
production rates (Hallenbeck et al.,2002; Hawkes et al.,
2002; Kotay et al., 2008). The main purpose to enhance
fermentative hydrogen production is to improve
hydrogen yields for an efficient energy recovery from
the substrate. The two species investigated in this work,
Clostridium butyricum CWBI1009 (Masset et al.,2010)
and Citrobacter freundii CWBI952 (Hamilton et al.,
2010), have a maximum theoretical hydrogen yield
of 4 and 2 mol,-mol, ' respectively depending on
the metabolic pathway followed for the fermentation
of the carbon source (Nandi et al., 1998; Nath et al.,
2004b; Kraemer et al., 2007; Oh et al., 2008a).

Clostridia are however extremely sensitive to the
presence of oxygen which strongly inhibits H, evolving
enzymes (Heinekey, 2009). This can be avoided with
the addition of an expensive reducing agent such as
L-cysteine. However, the use of such an agent is not
suitable for a large-scale cost effective biohydrogen
production process (Das et al., 2008; Yuan et al., 2008).

Hydrogen may evolve through the fermentation
processes of simple carbohydrates such as glucose,
sucrose, lactose and maltose or more complex ones such
as starch or even cellulose (Ueno et al., 1995; Davila-
Vazquez et al., 2008; Magnusson et al., 2008). Only a
few studies have investigated the hydrogen production
with these different substrates on pure cultures in
comparison with co-cultures (Yokoi et al., 1995; Nath
et al., 2006; Chen et al., 2008; Pan et al., 2008). This
is why this work compares the hydrogen and major
metabolites production (i.e. acetate, butyrate, formate,

Beckers L., Hiligsmann S., Hamilton Ch. et al.

lactate, ethanol and succinate) in pure C. freundii and
Cl. butyricum cultures with five different substrates.
These experiments were carried out in serum bottles
batch cultures based on the biochemical hydrogen
potential (BHP) test procedure described by Lin (Lin
et al., 2007).

Furthermore, a co-culture of C. freundii and
Cl. butyricum in the same BHP culture may enhance
hydrogen production. Such a culture would not require
the addition of any reducing agents since C. freundii
consumes oxygen and provides the anaerobic
conditions required for CI. butyricum growth. This has
already been shown in a mixed culture of Enterobacter
sp. and Cl. butyricum growing on starch (Yokoi et al.,
1998; 2002). However, little is known about this
consortium on other substrates. In this work, co-cultures
were monitored on glucose and also on starch for
comparison. They are discussed in comparison with
the results found in the literature.

2. MATERIALS AND METHODS

2.1. Microorganisms conservation and preculture
media

The two species cultured in this work, i.e. Citrobacter
freundii CWBI952 and Clostridium butyricum
CWBI1009 were previously isolated and characterized
in our laboratory (Hamilton et al., 2010; Masset
et al., 2010). For the conservation of the strains 1 ml
of a previous 25 ml culture, hermetically stoppered
and incubated at 30°C, was transferred weekly to a
fresh tube filled with sterile MD medium. The MD
medium contained per liter of deionized water: glucose
monohydrate (5 g), casein peptone (5 g), yeast extract
0.5 g), KH,PO, (2 g), MgSO,.7H,O (0.5 g) and
L-cysteine hydrochloride (0.5 g). All the chemicals
used were of analytical or extra pure quality and were
supplied by Merck, UCB and Sigma. Casein peptone
and yeast extract were supplied by Organotechnie (La
Courneuve, France).

2.2. Experimental procedures and culture media

The BHP (Biochemical Hydrogen Potential) tests
were carried out in 270 ml sterile glass serum bottles
filled with 200 ml of MD medium and different
carbon sources in order to determine the hydrogen
production potential of the strains. The sterile carbon
source (i.e. glucose monohydrate, maltose, sucrose,
lactose or starch in solution in deionized water) were
prepared and added separately at a final concentration
of 43 g 1" to prevent Maillard reactions between
carbohydrates and amino acids. The same approach
was followed with L-cysteine hydrochloride to a final
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concentration of 0.5 g.I''. The effective final substrate
concentration was measured by HPLC. Differences
between the initial concentrations of the carbon sources
ranged from 3.9 to 4.8 g -I"" due to hydration of the
compounds. After the preparation of the MD medium
and adjustment of the pH to 7.3 the bottles were
sterilized. The carbon source and L-cysteine solution
were then added before inoculation of the medium with
5 ml of a fresh preculture tube (incubated for 48 h) for
the pure strains cultures and with 3 ml of each strain for
the mixed cultures. The bottles were then capped with
a butyl stopper as described by Lin (Lin et al., 2007)
and flushed with nitrogen gas to remove the remaining
oxygen in the bottle gas phase. The bottles were then
incubated at 30°C + 0.5°C with an orbital stirring at
150 rpm. Each BHP test was conducted in triplicate for
the standard deviation estimations.

2.3. Analytical methods

The cell concentration of C. freundii was determined
by consecutive dilutions in peptoned water. A 100 ul
sample of the three final dilutions was spread on PCA
Petri dishes before incubation at 30°C for 18 to 24 h.
This method was also used to confirm the absence of
other microorganisms than C. freundii. The PCA (Plate
Count Agar) medium contained per liter of deionized
water: glucose monohydrate (1 g), casein peptone (5 g),
yeast extract (2.5 g), agar (15 g). The cell concentration
of Cl. butyricum or of the mixed culture were
determined by microscopic observations on a Biirker
counting chamber (mean of 10 counts) after dilution
and cell settlement in a 0.4% (final concentration)
fresh formaldehyde solution. The absence of aerobic
contaminants was verified by spreading 100 ul of the
culture on PCA medium plates and incubating for 48 h
at 30°C. The absence of bacterial growth confirmed the
absence of aerobic contaminants.

The volume of biogas produced was measured
with a sterile syringe and needle introduced through
the previously sterilized septum. The proportion of
hydrogen gas wasdetermined using a gaschromatograph
(GC) (Hewlett-Packard 5890 Series II) fitted with
a thermal conductivity detector (TCD) and a 30 m x
0.32 mm GAS PRO GSC capillary column (Altech) in
series with a 20 m x 0.25 mm CarboPLOT P7 column
(Chrompak). The temperatures of the injection, TCD
chambers and the oven were maintained at 90°, 110°
and 55°C respectively. Nitrogen was used as the carrier
gas in the column at a flow rate of 20 ml-min-'.

The liquid samples harvested during or at the end of
the fermentations (ca. from 48 to 96 h) were centrifuged
at 13,000 g for 10 min. The obtained supernatants
were then filtered through a 0.2 ym cellulose acetate
membrane (Midisart Sartorius) and analyzed by
HPLC. The HPLC analysis was carried out using an
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Agilent 1100 series (HP Chemstation software) with a
Supelcogel C-610H column preceded by a Supelguard
H pre-column (oven temperature 40°C), 0.1% H,PO,
(in milliQ water) as the isocratic mobile phase at a
flow rate of 0.5 ml-min' and a differential refraction
index detector (RID, heated at 35°C). The method
lasted for 35 min at a maximum pressure of 60 bars.
The concentrations of the compounds in the samples
are determined in comparison with standard samples
analyzed for the establishment of calibration curves.
The data for the glucose (or any other carbon source)
and metabolite concentrations were used to calculate
the mass balance (MB) of the glucose conversion using
the equation:

IN;-AC

MEENGAC W

where N_ is the number of carbon atoms in a molecule
of metabolite i; AC. is the concentration of metabolite
i effectively produced (i.e. the difference between the
final and initial concentrations); N is the number of
carbon atoms in the substrate molecule (i.e. 6) and AC,
is the concentration of the glucose consumed (Eq. (1)).

3. RESULTS AND DISCUSSION

3.1. Hydrogen production by Citrobacter freundii
CWBI952 and Clostridium butyricumm CWBI1009
using five different substrates

The investigation of hydrogen and metabolites
production with five different substrates (glucose,
maltose, sucrose, lactose and starch) was first carried
out with pure cultures of Citrobacter freundii CWBI1952
and Clostridium butyricum CWBI1009 in 270 ml batch
serum bottles. Cell concentrations in the serum bottles
at the beginning of the fermentation were of 4.3-10*
and 1.2-10*7 CFU-ml! respectively. The hydrogen
production performances were compared in terms of
hydrogen yields allowing a firm basis for a comparison
of the two strains. The cumulative volumes of hydrogen
produced and the hydrogen yields are reported in
table 1 along with the substrate conversion ratios and
the final cell concentrations (48 h after inoculation).
These results clearly show that better performances
were obtained with CIl. butyricum compared to
C. freundii which produced hydrogen less efficiently.
With starch C. freundii produced no hydrogen. This
had already been reported in the literature and is due
to its lack of functional amylases (Kotay et al., 2009).
Although no hydrogen was produced by C. freundii,
biomass increased to 3.3-10"® CFU-ml"' probably due
to the consumption of other less accessible carbon
sources in the media, i.e. casein peptone and yeast
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Table 1. Substrate conversion ratios, final hydrogen production, hydrogen yield and cell concentration in 270 ml batch culture
with five different substrates during 48 h — Taux de conversion du substrat, production d’hydrogene finale, rendement de
conversion en hydrogene et concentration cellulaire en culture batch de 270 ml avec cing substrats différents pendant 48 h.

Substrate conversion

Hydrogen production Hydrogen yield Final cell

ratio (ml) (mol ,-mol, ") concentration (CFU-ml")

Citrobacter Glucose 98.2% 46.1+£5.7 0.24 +£0.03 1.0-10%
Sfreundii Maltose  N.D. N.D. N.D. N.D.

CWBI952 Sucrose  92.5% 190+£28 0.10+£0.02 1.3-10*°

Lactose  99.4% 353+72 0.18 £0.04 5.4-10*8

Starch 0 0 N.D. (0) 3.3-10%8

Clostridium Glucose 89.3% 959+20 058 +0.01 2.6-10%%8

butyricum Maltose  97.2% 100.8 £2.0 0.51+0.01 2.6-10%%8

CWBII009  Sucrose 99.1% 983+0.5 0.52 +0.00 2.2-10*%8

Lactose 93.3% 1239+20 0.69 +0.00 1.4-10*8

Starch 85.6% 79.1+2.1 049 +0.02 2.1-10*%8

N.D.: Not determined — Indéterminé.

extract. By contrast Cl. butyricum is able to produce
hydrogen by degrading starch.

For every substrate investigated, higher hydrogen
yields were obtained with CI. butyricum. In addition,
hydrogen was more abundant in the biogas produced
by Cl. butyricum compared to C. freundii (on average
70% vs 62% respectively, data not reported here).

The differences in the performances of the two
strains are due to the different metabolic pathways
followed (Ying et al., 2004; Oh et al., 2008b).
Enterobacteriaceae produce hydrogen via the
decomposition of formate up to a maximum yield
of 2 mol ,-mol . Whereas Clostridia follow the
mixed acid fermentation and provide a maximum
yield that is twice as high when producing acetate
and butyrate. However, the yields obtained in this
investigation, ranging from 0.1 to 0.24 and 0.49 to
0.69 mol ,,-mol, ' for C.freundii and CI. butyricum
respectively, are lower than those published in
several studies [(0.88 mol,,-mol, ' for C. freundii
(Hamilton et al., 2010) and 1.69 mole-molheme'l for
Cl. butyricum (Masset et al., 2010)]. This difference
can be explained by the absence of pH regulation
in the serum bottle experiments. During the
fermentation of the carbon sources, acid metabolites
were produced leading to a rapid decrease in pH
(set at 7.3 at the beginning). Since no buffer such
as HPO,*/ H,PO,” was used in the media the pH of
the cultures rapidly dropped to levels lower than the
optimal pH for hydrogen production (5.9 and 5.2 for
C. freundii and CI. butyricum respectively) thereby
reducing the final yield reached. In addition the final
pH levels were much lower (ranging from 4.13 to
4.67) inducing a strong inhibitory effect, not only
on the hydrogen production but also on substrate
consumption.

3.2. Metabolites analysis for C. freundii and
Cl. butyricum with different substrates

The main soluble metabolites (ethanol, lactate,
acetate, succinate and formate for C. freundii and
butyrate, lactate, acetate, formate and ethanol for
Cl. butyricum) were analyzed by HPLC at the end of
the culture (48 h). The carbon mass balance for these
metabolites is indicated in the figure 1 in terms of the
percentage of substrate’s carbon content converted.
Due to the difference in the metabolic pathways
involved, butyrate is only produced by CI. butyricum
and succinate only by C. freundii. In addition more
of the carbon source is converted to ethanol by
C. freundii (ten times more than with CI. butyricum).

With the C. freundii cultures only small amounts
of formate were detected indicating that only a little
more hydrogen, enhancing the yields by about 20%,
could have been produced through the activity of the
Formate Hydrogen Lyase (FHL) enzymatic complex
decomposing formate in hydrogen (Kim et al.,
2008). Other metabolites, mainly ethanol and lactate
accounting for about 20% of the glucose converted,
are of less interest in this context since they do
not lead to the production of hydrogen. When the
cultures were maintained in optimal conditions, these
metabolites were still produced in similar amounts.
This indicates that very little or no adaptation in
C. freundii’s metabolic pathway occurs in response
to these conditions (Hamilton et al., 2010).

With Clostridia’s metabolic pathway, only acetate
and butyrate lead to the coproduction of hydrogen,
accounting for 15.9% and 24.5% respectively of the
glucose converted. In a previous work, regulated
batch cultures at the optimal pH for hydrogen
production were carried out with CIl. butyricum
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Figure 1. Carbon mass balance for Clostridium butyricum and Citrobacter freundii in 270 ml batch fermentation with different
carbon sources, expressed in percentage of carbon converted from the consumed carbon source (succinate, lactate, formate,
acetate, ethanol, butyrate, carbon dioxide) — Bilans carbone de fermentations avec Clostridium butyricum er Citrobacter
freundii en culture batch de 270 ml avec différentes sources de hydrocarbonées, exprimés en pourcentage de carbone converti
provenant du substrat consommé (succinate, lactate, formiate, acétate, éthanol, butyrate, dioxyde de carbone).

and these two metabolites accounted for 12.7%
and 40.3% respectively with a yield of 1.69 mol, -
mol, ' (Massetetal.,2010). The lower conversion
rate of carbohydrate into acetate and butyrate shown
here explains the low hydrogen yields obtained in the
serum bottles cultures. Therefore, it can be assumed
that Cl. butyricum adapts its metabolism to produce
more favorable metabolites and hydrogen when
growing under optimal pH conditions. The synthesis
of lactate is not accompanied by hydrogen production.
In this study, no lactate was produced from lactose by
Cl. butyricum. This observation may be linked to the
higher hydrogen yields reached compared to other
substrates (Table 1) and to the higher conversion rate
of the carbon source into butyrate (35.3% with lactose
and 24.5% with glucose). By contrast, a considerable
amount of lactate was produced from the other
carbohydrates (e.g. 37.3% of the initial glucose).
Cl. butyricum also synthesizes formate accounting
for 2 to 3% of the substrate. This metabolite could be
used in a co-culture of the two species to potentially
produce more hydrogen via C. freundii’s metabolism.
Yokoi et al. (1998) have already investigated this
topic, reporting that such a mixed culture produced
hydrogen efficiently and without the need to add an
expensive reducing agent.

3.3. Batch fermentation with co-culture of
C. freundii and Cl. butyricum on glucose and starch

Mixed cultures of Cl. butyricum and C. freundii were
cultured in 270 ml serum bottles with glucose or starch.
Pure cultures were carried out in the same conditions
for comparison. L-cysteine was added in each culture
according to the media description in materials and
methods. The results of these experiments are reported
in table 2 indicating the hydrogen production measured
after 24 h of culture and at the end of the fermentation
(96 h on glucose and 48 h on starch) and hydrogen
yields.

The results of these experiments with starch are in
accordance with the results obtained by Yokoi et al.
(2002): a sustainable hydrogen production, in terms
of hydrogen production and yield, is possible with
starch. In our cultures C. freundii seemed to survive
and, as reported by Yokoi, was subsequently able to
re-establish viable growth condition for CI. butyricum
in case of oxygen contamination in the culture media.
The results presented in the table 2 suggest that
C. freundii establishes anaerobic conditions and allows
production of hydrogen to begin earlier than in a pure
Cl. butyricum culture (54 ml were already produced
24 h after inoculation).
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Table 2. Hydrogen production and yields from glucose and starch fermentation in pure or mixed culture with Clostridium
butyricum and Citrobacter freundii — Production d’hydrogéne et rendements de conversion en hydrogéne de cultures pures
ou mixtes avec Clostridium butyricum et Citrobacter freundii sur glucose et amidon.

Cumulative hydrogen production (ml) Hydrogen yield
24 h End of fermentation (mol,-mol, ")
Glucose Pure C. freundii 384+1.2 403+£54 0.25+0.03
Pure CI. butyricum 0 99.6 £8.8 0.53£0.04
Mixed C. freundii and CI. butyricum 544 +£2 62.6 +2.7 0.38+0.02
Starch Pure C. freundii N.D. N.D. N.D.
Pure CI. butyricum N.D. 92057 0.69 £ 0.04
Mixed C. freundii and CIL. butyricum 44+ 14 96.5+0.7 0.73£0.01

N.D.: Not determined — Indéterminé; Citrobacter freundii is not tested in pure culture on starch because it does not degrade starch —
Citrobacter freundii n’a pas été testée avec I’amidon dans la mesure o cette souche ne dégrade pas ce substrat, The yields are calculated
at the end of the fermentation — Les rendements de conversions sont calculés en fin de fermentation.

To our knowledge such a sustainable consortium with
a simple sugar such as glucose has not yet been studied.
During the first 24 h of fermentation no hydrogen was
produced by ClI. butyricum while C. freundii had already
provided more than 95% of its total hydrogen production.
The sustainable influence of C. freundii in the mixed
culture with glucose allowed the production of hydrogen
to begin earlier than with the pure CIl. butyricum
culture. However, the use of a mixed culture in batch
fermentation decreased the final hydrogen yield from
0.53 to 0.39 mol,,, mol, "' by comparison between the
mixed culture and the pure CI. butyricum culture. Tests
on PCA media, carried out 24 h after inoculation, did not
show any aerobic bacterial development indicating that
C. freundii did not survive or that the cell concentration
had dramatically decreased. This suggests that the strain
enhanced the initiation of hydrogen production, but
was then rapidly overgrown or strongly inhibited by
Cl. butyricum.

This is confirmed by the results presented in figures 2
and 3 depicting the analysis of metabolites and carbon
mass balance. They show that lactate and butyrate are
the main metabolites from the degradation of glucose
and starch. These two metabolites are commonly found
in Cl. butyricum culture supernatants. However, the
presence of succinate indicates that C. freundii grew at
the beginning of the fermentation.

The data obtained on starch degradation confirm
that the metabolites (high butyrate and low ethanol
concentrations) seemed to correspond to the fermentation
performed by CI. butyricum and that C. freundii was
strongly inhibited under these conditions.

The production of succinate and the high amount of
ethanol detected in the supernatants of the glucose media
indicates that C. freundii was active at the beginning
of the fermentation and grew faster than CI. butyricum
consuming part of the glucose. This would explain the
decrease in the final hydrogen yields (see table 2). As
C. freundii was not found in the media at the end of

the fermentation, it had by then been overgrown by
Cl. butyricum. Inhibition of C. freundii growth may be
a limiting factor if a sudden infiltration of oxygen occurs
in the absence of a reducing agent, since the strictly
anaerobic strain CI. butyricum may then start to sporulate.

4. CONCLUSION

Our work highlights the fact that mixed cultures of
Citrobacter freundii CWBI952 and Clostridium butyricum
CWBI1009 can efficiently maintain the production of
hydrogen at acceptable yields compared to pure cultures
of Cl. butyricum. Moreover, it could consume efficiently
many different carbon sources since Cl. butyricum was
able to degrade simple carbohydrates or even starch.
However the survival of C. freundii in competition with
Cl. butyricum was compromised since it was overgrown
especially with the glucose substrate. Further work will
be done to find other facultative aerobic strains which are
able to enhance anaerobic conditions in the culture media
without being overgrown by ClI. butyricum and without
decreasing the hydrogen yield.
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Figure 2. Metabolites analysis in 270 ml batch pure and
mixed culture of Citrobacter freundii and Clostridium
butyricum with glucose and starch substrates, expressed
in mmolI"! (residual hexose, succinate, lactate, formate,
acetate, ethanol, butyrate) — Analyses des métabolites en
solution pour les cultures pures et mixtes avec Clostridium
butyricum et Citrobacter freundii sur glucose et amidon,
exprimées en mmol-lI' (hexose résiduel, succinate, lactate,
Sformiate, acétate, éthanol, butyrate).

A: Analysis 24 h after inoculation (pure CI. butyricum cultures are
not analyzed since hydrogen was not yet produced) — Analyses
24 h apres inoculation (les cultures pures de Cl. butyricum

ne sont pas analysées dans la mesure o aucune production
d’hydrogéne n’a alors commencé); B: Analysis at the end of the
fermentation — Analyses en fin de fermentation.
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Figure 3. Carbon mass balance in 270 ml batch pure and
mixed culture of Citrobacter freundii and Clostridium
butyricum with glucose and starch, expressed in percentage
of carbon converted from the consumed carbon source
(succinate, lactate, formate, acetate, ethanol, butyrate, carbon
dioxide) — Bilans carbone de fermentations en cultures
pures et mixtes de 270 ml avec Clostridium butyricum et
Citrobacter freundii sur glucose et amidon, exprimés en
pourcentage de carbone converti provenant du substrat
consommé (succinate, lactate, formiate, acétate, éthanol,
butyrate, dioxyde de carbone).
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