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A B S T R A C T

Butanol and 1,3-propanediol (1,3-PDO) are simultaneously produced by Clostridium pasteurianum from
glycerol. In this study, random chemical mutagenesis of C. pasteurianum DSM 525 was conducted to
improve its tolerance to butanol. Selected nutritional and operational parameters were evaluated to
identify strategies that favour the production of each metabolite. From those experiments, it was possible
to isolate cells able to produce 22% more butanol than the parent strain in serum bottles. The
supplementation of the culture medium with 2 mg l�1 of iron increased the production of butanol by
163%, and the optimum inoculum age was found to be 12 hours. Overall, the experiments conducted in
bioreactor led to lower butanol titers than in serum bottles, which is attributed to the higher pressure
present in the bottles. At pH 6.0, N2 sparging notoriously favoured the production of biomass and 1,3-
PDO, while a lower pH (5.0) led to a higher butanol yield, although growth was negatively affected. The
results herein gathered allowed the identification of specific conditions that favour the production of
either butanol or 1,3-PDO. Furthermore, it was found that N2 sparging is a suitable strategy to maximize
the titer, yield and productivity of 1,3-PDO using C. pasteurianum.
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Introduction

Over the last years, several efforts have been conducted towards
the maximization of butanol production by Clostridium spp.,
including strategies to develop butanol-tolerant strains, but also to
optimize the production conditions [1–3].

Several Clostridium spp. produce butanol from sugars, yet C.
pasteurianum is the only microorganism known to produce it from
glycerol – a by-product of biodiesel industry – as the sole carbon
source [4]. In the fermentation of glycerol by this microorganism,
1,3-PDO is produced as an additional electron sink required to
maintain the redox balance [5]. However, the ratio in which these
metabolites are produced depends on several nutritional and
operational parameters [2,3,5–7], and probably also on inhibitory
effects that redirect both carbon and electron flow.

The toxic effect that solvents, in particular butanol, exert on
Clostridium spp. limits its concentration in the fermentation broth
resulting in low titers and productivities, as well as in incomplete
substrate consumption. Butanol-tolerant strains have been mainly
achieved by serial enrichment using increasing butanol
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concentrations and random chemical mutagenesis [2,8–10]. The
alternative directed mutagenesis of Clostridium spp. is still a
difficult approach since solvent tolerance is a complex metabolic
response involving a large number of genes [11–15], and often not
enough genetic information about the target microorganisms is
available. Furthermore, tools for directed mutagenesis specific for
Clostridium spp. were not available until a few years ago [16–18].
Nevertheless, several promising results regarding the use of
chemical random mutagenesis to develop butanol-tolerant
Clostridium strains have been reported [2,10,19,20]. N-Ethyl-N-
nitrosourea (ENU) is a potent monofunctional-ethylating agent
that is mutagenic in several systems from viruses to mammalian
cells [21]; though it has not been used in clostridia. A potential
advantage of using ENU over Ethyl methanesulfonate (EMS) or N-
methyl-N0-nitro-N-nitrosoguanidine (NTG) is that this mutagenic
compound is able to produce a wider range of mutations and
hence, a higher number of different genotypes and/or mutant
strains genotypically more distant from the parent strain. EMS and
NTG primarily produce GC–AT transitions, while ENU has showed
to produce a number of other mutations, including A–T trans-
versions, and AT–GC transitions, among others [22–24]. Therefore,
ENU was herein used as it could increase the chances of producing
the desired phenotype.

Medium composition and operational parameters play an
important role in the solvents production by Clostridium spp. For
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Figure 1. Metabolic pathways involved in the glycerol degradation by Clostridium
pasteurianum. 1: glycerol dehydratase; 2: 1,3-propanediol oxidoreductase; 3:
glycerol-3-phosphate dehydrogenase; 4: dihydroxyacetone kinase; 5: triosepho-
sphate isomerase; 6: glyceraldehyde-3-phosphate dehydrogenase; 7: pyruvate
kinase; 8: lactate dehydrogenase; 9: pyruvate-ferredoxin oxidoreductase; 10:
NADPH-ferredoxin oxidoreductase; 11: NADH-ferredoxin oxidoreductase; 12:
ferredoxin hydrogenase; 13: phosphate acetyltransferase; 14: acetate kinase; 15:
acetoacetyl-CoA: acetate:CoA transferase; 16: acetaldehyde dehydrogenase; 17:
ethanol dehydrogenase; 18: thiolase; 19: acetoacetyl-CoA: butyrate:CoA transfer-
ase; 20: b-hydroxybutyryl-CoA dehydrogenase; 21: crotonase; 22: butyryl-CoA
dehydrogenase; 23: phosphotransbutyrylase; 24: butyrate kinase; 25: butaralde-
hyde dehydrogenase; 26: butanol dehydrogenase. Thick arrows correspond to
reactions involving iron-containing enzymes/proteins.
Source: Adapted from Malaviya et al. [2].

60 R. Gallardo et al. / New Biotechnology 34 (2017) 59–67
instance, the iron concentration in the culture medium and the
inoculum age, have been recognized as important variables. Iron is
part of at least four important enzymes/proteins (Fig. 1), namely
pyruvate-ferredoxin oxidoreductase [25], ferredoxin [26], hydro-
genases I and II [27] and iron-containing alcohol dehydrogenase
family proteins [28].

On the other hand, the inoculum age directly influences cell
growth, productivity and reproducibility of the fermentations
because, depending on their physiological state, the
microorganisms react in a different way to pH fluctuations and
stress conditions that are involved in their transfer to fresh culture
medium [29]. Despite this, the effect of the inoculum age in the
production of solvents by C. pasteurianum has been rather
neglected, with few exceptions [2,30].

Even though the use of serum bottles is a common practice for
batch culturing of anaerobic microorganisms, scale-up of fermen-
tation processes requires the use of lab scale bioreactors that allow
the control of key parameters such as pressure, pH and agitation.
Serum bottles are commonly over pressured and periodic release
of gas is required during the fermentation. This situation leads to
an increase of the H2 and CO2 partial pressure, which in turn could
affect the outcome of the fermentation by inhibiting key enzymes.
The pH of the fermentation has also been reported as an important
variable in butanol production by Clostridium spp. However, the
optimum pH range for solvent production varies significantly
among species. Furthermore, the effect of pH in C. pasteurianum
fermentation has been barely studied. The fermentation of glycerol
by this microorganism at constant pH values has been reported by
Biebl [5], but without conclusive results. Sparging of an inert gas
and agitation are directly related with the mass transfer
phenomenon in the fermentation. These variables can be
controlled in a lab-scale bioreactor thus affecting the level of
dissolved H2 and CO2 in the fermentation broth, which in turn will
influence the solvent production [31,32].

In this work, random mutagenesis of C. pasteurianum DSM 525
in solid medium using ENU was conducted. Mutant cells were
evaluated for their ability to produce butanol in liquid medium.
Subsequently, the effects of iron concentration and inoculum age
on the production of butanol and 1,3-PDO by the mutant strain
were evaluated. Finally, experiments were conducted in a lab-scale
bioreactor with pH control and N2 sparging.

Materials and methods

Strain maintenance and reactivation

Freeze dried cells of Clostridium pasteurianum DSM 525 were
reactivated and maintained in serum bottles as described by
Gallardo et al. [33]. Briefly, a semi-defined culture medium
containing per liter: 40 g glucose; 1 g yeast extract; 0.5 g KH2PO4;
0.5 g K2HPO4; 0.2 g MgSO4�7H2O; 0.02 g CaCl2�2H2O; 3 g NH4Cl; 4 g
NaH2CO3; 0.5 g cysteine-HCl; 1 ml acid micronutrients solution
(1.8 g l�1 HCl; 61.8 mg l�1 H3BO3; 61.3 mg l�1 MnCl2; 943.5 mg l�1

FeCl2; 64.5 mg l�1 CoCl2; 12.9 mg l�1 NiCl2; 67.7 mg l�1 ZnCl2) and
1 ml alkaline micronutrients solution (0.4 g l�1 NaOH; 17.3 mg l�1

Na2SeO3; 29.4 mg l�1 Na2WO4; 20.5 mg l�1 Na2MoO4) under a N2–

CO2 gas mixture (80–20%) atmosphere in the head space, was used.
Stock cultures were kept at room temperature and were
transferred to fresh medium periodically.

Analytical methods

Acids, glycerol and 1,3-PDO were measured as described by
Gallardo et al. [33]. Briefly, high performance liquid chromatogra-
phy (Aminex cation-exchange HPX-87H column) equipped with
UV and RI detectors, was used. The column was isocratically eluted
with H2SO4 0.01 N using a flow rate of 0.7 ml min�1. The column
temperature was set at 60�C. Ethanol and butanol were measured
by gas chromatography (TR-WAX capillary column) equipped with
a flame ionization detector. A temperature ramp (0.5�C min�1) was
used for the column and the temperatures of the injector and
detector were kept at 200�C and 250�C, respectively.

Cell growth was monitored during fermentation by measuring
the optical density (OD) at 600 nm. The biomass from 20 ml cell
suspension, in triplicate, was dried in an 80�C oven for 48 hours
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and the dry cell weight (DCW) was determined. The optical
densities were then converted to DCW l�1 using the following
correlation: OD600nm= 3.28 � DCW (in g l�1) + 0.048, r2 = 0.999.

Random mutagenesis

Modified Reinforced Clostridial Medium (mRCM) containing
20 g l�1 glucose was used in the mutagenesis experiments. The
medium was dispensed in four individual 250 ml Erlenmeyer flasks
and agar was added to each flask up to a final concentration of
17 g l�1 before sterilization. The culture media was let to cool down
and butanol was aseptically added before it became solid. Butanol
concentrations used in these assays were 0, 12, 15 and 20 g l�1. Four
disposable Petri dishes were prepared for each butanol concen-
tration. The plates were placed inside a vinyl anaerobic chamber
(Coy Laboratory Products) at least 3 hours before the mutagenesis
experiment was conducted to ensure the absence of oxygen.

Random mutagenesis in C. pasteurianum DSM 525 was
conducted as described by Hermann and collaborators [8,9] with
minor modifications. A crystal of ENU was placed at the centre of
each plate containing mRCM supplemented with butanol. Two
plates without the mutagenic agent were used as control for each
butanol concentration tested. After 15 min, 200 ml of an exponen-
tial-phase culture of C. pasteurianum DSM 525 grown in mRCM
were spread on each plate. The plates were then incubated at 37�C
inside an anaerobic box until growth was observed (typically
between 48 and 72 hours).

Colonies growing at butanol concentrations that did not allow
the growth of the parent strain (controls) were selected and
purified by transferring them to Petri dishes containing the same
culture medium composition and butanol concentration, but
without the mutagenic agent. To test their ability to produce
butanol and compare them with the parent strain, those colonies
were transferred to 20 ml liquid mRCM (serum bottles), and after
24 hours, a 60 ml of the semi-defined culture medium described in
the section ‘Strain maintenance and reactivation’, but using 45 g l�1

of glycerol instead of glucose was inoculated with 10% (v/v) of this
culture. Besides, the CO2-NaH2CO3 buffer system was replaced by
CaCO3 under a N2 atmosphere.

In order to confirm the butanol tolerance of the mutant strains,
cells were challenged with different concentrations of butanol (0,
5, 10, and 15 g l�1). Mutant strains at exponential growth phase
were used to inoculate (10%, v/v) the semi-defined culture medium
described above, containing 80 g l�1 glycerol and the desired
butanol concentration.

Effect of iron concentration and inoculum age

The isolated strain was cultured in 160 ml serum bottles
containing 60 ml of the semi-defined culture medium described in
‘Strain maintenance and reactivation’, but using 85 g l�1 glycerol
instead of glucose. To evaluate the effect of iron concentration, a
modified acid micronutrients solution (Strain maintenance and
reactivation) was prepared without Fe. Afterwards, the culture
medium was supplemented with different concentrations of
FeSO4�7H2O, which resulted in 0, 0.6, 2, 10, and 20 mg l�1 of Fe.
Six milliliters of the culture medium were inoculated at 10% (v/v).

To study the effect of the inoculum age, cells were transferred to
fresh medium at 12, 16, 20, 24, and 36 hours after inoculation and
samples were taken until no further change in the concentration of
the measured metabolites was observed.

Experiments in lab-scale bioreactor

The butanol-tolerant mutant of C. pasteurianum herein isolated
was further tested in a 1.5 L stirred bioreactor (Autoclavable
benchtop fermentor Type R’ALF, Bioengineering AG, Wald,
Switzerland), equipped with two Rushton flat blade turbines,
condenser, pH and temperature control. The working volume
used was 1.2 L. A semi-defined culture medium containing per
liter of distilled water: 90 g glycerol, 1 g yeast extract, 0.5 g
KH2PO4, 0.5 g K2HPO4, 0.2 g MgSO4�7H2O, 0.02 g CaCl2�2H2O,
50 mg FeSO4�7H2O, 5 g NH4Cl, 0.5 g cysteine-HCl, 1 ml acid
micronutrients solution and 1 ml alkaline micronutrients solution
(Strain maintenance and reactivation) was used. Since a higher
glycerol consumption was expected in these experiments as
comparison to those conducted in serum bottles, FeSO4�7H2O was
added at a final concentration of 50 mg l�1. The reactor containing
1 L of concentrated culture medium (except glycerol and
FeSO4�7H2O) was autoclaved for 30 min. Sterile concentrated
glycerol and FeSO4�7H2O solutions accounting for 80 ml were
aseptically added to the bioreactor. Then, the bioreactor was
flushed with sterile oxygen-free nitrogen gas until room
temperature was reached. The nitrogen gas was sterilized
through a filter, introduced at the bottom of the bioreactor and
dispersed into the liquid through a circular sparger. The
bioreactor was inoculated with an early exponential growth
phase (12 hours) culture (10%, v/v). The inoculum was prepared
from a sporulated stock culture. The agitation was set at 150 rpm
and the temperature was kept at 37�C by means of an external
jacket for water circulation. The initial pH was set at 6.8 and it was
controlled during the fermentation by addition of NaOH 2 M. The
N2 flow fed to the reactor was controlled by a mass flow controller
(Aalborg).

Three different experimental conditions were explored to
assess the impact of pH and N2 sparging on the fermentation
outcome:

a. Constant pH 6.0 and 0.5 vvm N2 during the whole fermentation.
b. Constant pH 6.0 and 0.1 vvm N2 only during the lag phase.
c. Constant pH 5.0 and 0.1 vvm N2 only during the lag phase.

Results

Random mutagenesis experiments

After 72 hours of incubation, two colonies were obtained in a
Petri dish containing 12 g l�1 of butanol and ENU. No growth was
observed in the controls using this butanol concentration or in any
Petri dish with a higher butanol concentration. These colonies
were purified and a total of nine colonies were transferred to liquid
medium for testing their ability to produce solvents, as well as to
compare them with the parent strain. The results obtained are
presented in Table 1.

The isolated mutant strain M2 produced the highest amount of
butanol, corresponding to a final titer of 8.72 � 0.07 g l�1, which
represents a 22% increase in the production of butanol and a 17%
increase in its yield on glycerol in comparison with the parent
strain MC under the same culture conditions. Regarding the
glycerol consumption, no appreciable difference was found
between the strains M2 and MC (36.13 � 2.38 g l�1 versus
34.60 � 2.53 g l�1 in the control). Furthermore, the 1,3-PDO yield
was similar for both strains (0.2 g g�1), while a lower concentration
of acids, particularly butyrate was observed at the end of the
fermentation using the strain M2.

Once challenged with different butanol concentrations, the
strain M2 was able to grow in a culture medium containing up to
10 g l�1 of butanol (twice the concentration at which the parent
strain was able to grow), reaching a final butanol concentration of
12.06 � 0.15 g l�1, thus confirming the results obtained in solid
medium. However, it is important to notice that the final



Table 1
Glycerol fermentation by mutant strains obtained through random mutagenesis and the parent strain. Results represent the average of three independent experiments � S.D.

Substrate/product
(g l�1)

M1 M2 M3 M4 M5 M6 M7 M8 M9 MC

Glycerol initial 45.26 � 4.03 46.10 � 4.07 45.80 � 3.69 45.56 � 5.87 45.91� 5.34 43.20 � 3.95 46.84 � 1.98 45.09 � 2.68 46.52 � 0.93 46.38 � 3.66
Glycerol final 10.67 � 1.92 9.97 � 1.69 10.68 � 1.68 9.08 � 4.98 10.02 � 3.74 14.62 � 2.92 10.30 � 2.66 10.40 � 1.65 10.44 � 1.50 11.78 � 1.13
Glycerol
consumption

34.59 � 2.12 36.13 � 2.38 35.12 � 2.01 36.48 � 0.89 35.88 � 1.60 28.58 � 1.03 36.54 � 0.68 34.68 � 1.03 36.09 � 0.57 34.60 � 2.53

Butanol initial 0.39 � 0.01 0.40 � 0.00 0.39 � 0.01 0.41 � 0.05 0.38 � 0.01 0.32 � 0.00 0.40 � 0.01 0.39 � 0.01 0.38 � 0.03 0.31 � 0.02
Butanol final 8.07 � 0.38 8.72 � 0.07 8.05 � 0.23 8.53 � 0.03 8.37 � 0.15 7.13 � 0.07 8.08 � 0.19 7.98 � 0.16 7.93 � 0.40 7.13 � 0.13
Butanol yield 0.22 � 0.00 0.23 � 0.01 0.22 � 0.01 0.22 � 0.01 0.22 � 0.01 0.24 � 0.01 0.21 � 0.01 0.22 � 0.00 0.21 � 0.01 0.20 � 0.01
1,3-PDO initial 0 0 0 0.14 � 0.18 0.03 � 0.04 0 0 0 0 0
1,3-PDO final 7.52 � 0.16 7.25 � 0.32 7.38 � 0.62 7.88 � 0.33 8.25 � 0.44 4.91 � 0.72 8.53 � 0,06 7.47 � 0.81 7.65 � 0.74 6.79 � 0.23
1,3-PDO yield 0.22 � 0.01 0.20 � 0.00 0.21 � 0.01 0.21 � 0.01 0.23 � 0.00 0.17 � 0.02 0.23 � 0.01 0.22 � 0.03 0.21 � 0.02 0.20 � 0.01
Acetate initial 0 0 0 0 0 0 0 0 0 0
Acetate final 0.72 � 0.02 0.60 � 0.00 0.73 � 0.08 0.77 � 0.00 0.85 � 0.04 0.69 � 0.02 0.87 � 0.03 0.83 � 0.01 0.80 � 0.04 0.87 � 0.07
Butyrate initial 0 0 0 0 0 0 0 0 0 0
Butyrate final 0.33 � 0.04 0.14 � 0.01 0.64 � 0.04 0.16 � 0.23 0.59 � 0.16 1.29 � 0.45 0.86 � 0.10 0.77 � 0.13 0.42 � 0.04 0.90 � 0.00
Lactate initial 0.20 � 0.00 0.20 � 0.00 0.20 � 0.00 0.20 � 0.00 0.20 � 0.00 0.20 � 0.00 0.20 � 0.00 0.20 � 0.00 0.20 � 0.00 0.20 � 0.00
Lactate final 1.48 � 0.04 1.28 � 0.08 1.22 � 0.09 1.55 � 0.03 1.61 � 0.06 1.70 � 0.63 1.78 � 0.01 1.59 � 0.12 1.30 � 0.24 1.64 � 0.09

Nomenclature: M1–M9: cultures started from nine colonies isolated in solid medium containing 12 g l�1 of butanol (mutants).
MC: Control – parent strain used in the mutagenesis experiment.

Figure 2. Influence of iron concentration on: (a) butanol titer (�), 1,3-propanediol
(PDO) titer (~) and glycerol consumption (�); (b) lactic acid (D), acetic acid ( )
and butyric acid (^) concentrations.
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concentration of butanol achieved in the control culture (without
externally added butanol) was 8.77 � 0.23 g l�1.

Iron and inoculum age

The concentration of iron in the culture medium was found to
influence both butanol production and glycerol consumption
(Fig. 2). Iron limitation led to a lower glycerol consumption and
solvent production. The culture medium supplementation with
2 mg l�1 of Fe yielded a 163% increase in the production of butanol.
However, an increase in the Fe concentration over this value did
not result in considerable differences. The production of 1,3-PDO
was not affected by the Fe concentration.

The inoculum age also showed a significant impact on the
fermentation of glycerol by C. pasteurianum M2 (Fig. 3). Twelve
hours was found to be the optimum time (inoculum age). Using
this condition, an improvement in the glycerol consumption and
butanol and 1,3-PDO production was achieved, resulting in
45.62 � 3.81, 12.40 � 0.26 g l�1, and 7.45 � 0.86 g l�1, respectively.

Effect of N2 sparging and pH

The fermentation of glycerol by the strain M2 at pH 6.0 and
different N2 sparging conditions is shown in Fig. 4. Figure 4a and b
illustrates the solvent and acid production, respectively, in the
experiment conducted at pH 6.0 using 0.5 vvm N2 during the whole
fermentation. Figure 4c and d corresponds to the experiment
conducted at pH 6.0 in which 0.1 vvm N2 was supplied only during
the lag phase.

The maximum glycerol consumption (74.93 g l�1) was obtained
in the fermentation controlled at pH 6.0, in which 0.5 vvm N2 was
supplied to the culture medium during the whole fermentation.
However, the butanol titer was only 8.93 g l�1 and a high amount of
1,3-PDO (19.13 g l�1) was produced. In the second experiment
controlled at pH 6.0, in which 0.1 vvm N2 was supplied to the
culture only until cells started to grow, glycerol consumption
decreased to 61 g l�1. In this case, the final butanol and 1,3-PDO
titers were 9.28 g l�1 and 15.76 g l�1, respectively. Therefore, this
condition led to an increase in the butanol yield and resulted in the
highest butanol volumetric productivity (Table 2).

The fermentation controlled at pH 5 resulted in a glycerol
consumption of only 43.51 g l�1 (Fig. 4e and f). However, the
butanol titer was 9.5 g l�1, which resulted in higher butanol yield in



Figure 3. Influence of inoculum age on butanol titer (�), 1,3-propanediol (PDO) titer
(~) and glycerol consumption (�)
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comparison with the fermentations conducted at pH 6.0 (Table 2).
The concentration of 1,3-PDO reached 8.53 g l�1. The fermentation
was much longer, resulting in a marked decrease in the butanol
volumetric productivity (Table 2).

Discussion

C. pasteurianum DSM 525 was not able to grow in solid culture
medium containing 12 g l�1 of butanol. However, in this work a
mutant strain (M2) able to grow at this butanol concentration was
isolated, also showing an increase in the production of butanol in
comparison with the parent strain.

The lower concentration of acids at the end of the glycerol
fermentation by the strain M2 indicates that either a higher
amount of these acids was re-assimilated during the fermentation,
thus leading to the higher butanol titer observed; or a lower
production of acids and a higher production of butanol directly via
pyruvate–butyryl CoA–butyraldehyde–butanol (Fig. 1) occurred.
This result is in agreement with the ones reported by Formanek
et al. [34] using the mutant strain C. beijerinckii BA101. The authors
found that even though the initial levels of acetic and butyric acids
produced by the strain BA101 were comparable to those observed
for the parent strain (C. beijerinckii NCIMB 8052), a higher amount
was recycled, thereby contributing with additional carbon to the
production of neutral solvents.

Venkataramanan et al. [35] studied the toxic effect of butanol on
the C. pasteurianum metabolism and showed that when butanol
was added to a 48 hours culture at concentrations above 5 g l�1, the
endogenous production of this compound was completely
inhibited. In the current work, the isolated strain M2 was able
to produce butanol when this compound was added at the
beginning of the fermentation even at a concentration of 10 g l�1,
which demonstrates its higher butanol tolerance as compared to
the wild type parent strain.

The different butanol titers obtained in the cultures of M2
challenged with 10 g l�1 of butanol and the control (no butanol
externally added) suggest that other variables should influence the
C. pasteurianum metabolism. In fact, Malaviya et al. [2] showed that
factors as the inoculum age, initial pH and pH control directly
influence the production of butanol from glycerol by C. pasteur-
ianum.
Based on the previous results, the effect of iron concentration
and inoculum age on the production of butanol by the strain M2
was studied. Besides its negative effect on the glycerol consump-
tion and butanol production, the iron limitation resulted in a
higher concentration of acids at the end of the fermentation and
consequently, in a lower final pH (4.68 � 0.01 versus 5.05 � 0.02 in
the cultures in which Fe was supplemented) (Fig. 2). These results
suggest a lower re-assimilation of acids (acetic and butyric),
probably as a consequence of a reduced activity of iron-containing
alcohol dehydrogenases present in this microorganism [28].
Moreover, a high lactate concentration was observed, thus
indicating that the conversion of pyruvate to acetyl-CoA (Fig. 1)
was partially blocked, which could have contributed to the lower
pH value observed at the end of the fermentation by limiting the
production of hydrogen. The results herein obtained are in good
agreement with the ones reported by Dabrock et al. [6] who also
evaluated the effect of iron limitation in the fermentation of
glycerol by C. pasteurianum DSM 525; however are opposite to the
ones obtained by other Clostridium spp. using glucose as substrate
[36,37].

Overall, an increase in the inoculum age negatively affected the
C. pasteurianum metabolism (Fig. 3). Malaviya et al. [2] found that
18 hours was the optimum inoculum age for the production of
butanol from glycerol by C. pasteurianum DSM 525. Nevertheless,
the authors reported similar butanol production values for
18 hours and 12 hours (6.6 � 0.16 g l�1 vs 5.8 � 0.08 g l�1), that is,
the inoculum age that was found to be the optimal in the current
work. Likewise, herein it was shown that the production of butanol
decreased with the inoculum age. Mallette et al. [30] also studied
the effect of the inoculum age on C. pasteurianum growth using
glucose as the carbon source. They found that both cell generation
time and lag period increased with the inoculum age, for which the
optimum was found to be 12 hours.

Interestingly, 12 hours is within the range in which Gutierrez
and Maddox [38,39] reported that C. acetobutylicum cells remain
motile. The authors reported a significant improvement in the
solvent production when C. acetobutylicum cells were transferred
at the time corresponding to a maximum cell motility; thus
suggesting that strongly motile cells are more solventogenic than
weakly ones as they are attracted to fermentable sugars and
undissociated acids, while being repelled by solvents. However, the
relation between cell motility, solvent capacity and chemotaxis
should be further studied.

Since iron limitation adversely affected the metabolism of the
strain and the optimum Fe concentration found in the experiments
conducted in serum bottles cannot be generalized to the bioreactor
experiments, a higher FeSO4�7H2O concentration was used to
ensure an excess of this nutrient. Under this condition, and
independently of the other variables tested, the high optical
density obtained is noteworthy. It has been reported that the
maximum OD600 achieved by butyric acid clostridia corresponds to
10–11 [40], which is in agreement with Malaviya et al. [2]. In the
current work, a maximum OD600 of 15.9, corresponding to 5.13 g of
cells l�1 was obtained in the fermentation conducted at pH 6.0 in
which 0.5 vvm N2 was used during the whole fermentation
(Fig. 4a). When N2 was used only during the lag phase this value
slightly decreased to 12.9 (Fig. 4c). However, the same yield of
DCW produced per glycerol consumed (0.07 g g�1) was obtained in
both experiments.

Although fermentations conducted at pH 6.0 resulted in higher
glycerol consumption and 1,3-PDO titer as compared to the serum
bottles experiments, the butanol titer and yield were significantly
lower, which can be related with the specific production of
hydrogen. In Clostridium spp. pyruvate is oxidized by pyruvate:
ferredoxin oxidoreductase (PFOR) to acetyl-CoA and CO2, with
electrons being transferred to ferredoxin (Fd). Hydrogen is



Figure 4. Fermentation of glycerol by the mutant strain (M2) of Clostridium pasteurianum DSM 525 with pH control and different N2 sparging conditions. (a,b) pH = 6.0;
N2 = 0.5 vvm; (c,d) pH = 6.0; N2= 0.1 vvm during the lag phase; (e,f) pH = 5 and N2 sparging of 0.1 vvm during the lag phase. Butanol (�), ethanol ( ), 1,3-propanediol (PDO)
(~), glycerol (�) biomass (OD600nm) (�), butyrate (^), acetate ( ) and lactate (D).
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produced by the hydrogenase enzyme, which catalyses proton
reduction using electrons from Fd (Fig. 1). Under certain
conditions, the fermentation broth can become supersaturated
with hydrogen, limiting the formation of this compound and
forcing the organism to channel electrons through NADH:
ferredoxin oxidoreductase to reduce other intermediates such as
acetyl-CoA to ethanol, as it has been reported for C. thermocellum
[31]. In C. pasteurianum, an inhibition of hydrogen formation
should necessarily result in higher yields of other reduced
compounds such as ethanol, butanol, lactate and/or 1,3-PDO to
maintain the redox balance.

Basically, there are three operational parameters that can
influence the concentration of dissolved H2 (and CO2) in the
fermentation broth, namely pressure, agitation and gas sparging.

The effect of H2 partial pressure on the ABE fermentation (C.
acetobutylicum) has been studied by several authors, some of



Table 2
Butanol yield and volumetric productivity for the fermentation of glycerol by Clostridium pasteurianum M2 conducted at different pH values and N2 sparging conditions.

Parameter Fermentation

pH = 6.0
(0.5 vvm N2)

pH = 6.0 (0.1 vvm N2
during the lag phase)

pH = 5.0 (0.1 vvm N2
during the lag phase)

Biomass yield [g g�1] 0.07 0.07 0.03
Butanol yield [g g�1] 0.12 0.15 0.22
Butanol volumetric productivity [g l�1h�1] 0.28 0.29 0.09
1,3-PDO yield [g g�1] 0.27 0.26 0.20
1,3-PDO volumetric productivity [g l�1h�1] 0.67 0.49 0.08
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which have been reviewed by Jones and Wood [41]. Generally,
increasing the partial pressure of hydrogen in the headspace
during the fermentation has shown to modulate the ABE
fermentation resulting in a lower hydrogen production and a
higher butanol yield [32]. On the other hand, agitation is an
operating parameter that decreases the levels of dissolved H2 and
thus affects the solvent ratio by comparison with static cultures
[31].

Based on the antecedents above presented, it is reasonable to
assume that the higher butanol yield obtained in the serum bottles
experiments as compared to the ones conducted in the bioreactor
was a consequence of the higher dissolved H2 concentration.
Similar arguments can explain the differences observed in the
butanol yield between cultures conducted at pH 6.0 with and
without N2 sparging. Nitrogen sparging has been shown to restore
H2 production when hydrogenase is inhibited by a high H2 partial
pressure [42]. In this context, the results gathered in the current
work suggest that although the experiments were conducted
under agitation, this condition was not enough to avoid hydroge-
nase partial inhibition by dissolved H2. Thus, N2 sparging alleviated
hydrogenase inhibition, favouring the production of biomass and
1,3-PDO, similar to the findings reported by Chatzifragkou et al.
[43] working with Clostridium butyricum VPI 1718.

The general consensus is that fermentations conducted at
relatively high pH values produce acids rather than solvents,
whereas the reverse occurs in fermentations performed at
relatively low pH values [44]. However, there is a strong interaction
between the medium composition and pH, which differs depend-
ing on the strain used. Higher initial substrate concentrations
encourage solvent production, even at neutral pH values [45].
Although the production of solvents is favoured at low pH values, it
has been reported that cell growth and substrate utilization are
negatively affected under this condition [46,47]. The results
gathered in the current work are in good agreement with previous
reports. The solvent production observed at pH 6.0 can be
explained by the high initial glycerol concentration used. However,
since Biebl [5] also reported a good solvent production for C.
pasteurianum using 50 g l�1 glycerol at pH 6.0, it is possible that
independently of its concentration in the culture medium, the
highly reduced nature of glycerol encourages the production of
butanol at relatively high pH values, which does not occur with
other substrates as glucose or lactose.

At pH 5.0 a completely different behaviour was observed,
namely the glycerol consumption was notoriously lower as
compared to fermentations controlled at pH 6.0 and similar to
the serum bottles experiments. The biomass yield decreased to
0.03 g cells l�1 and even though the higher butanol yield was
obtained under this condition, the fermentation was much longer,
resulting in a marked decrease in the butanol volumetric
productivity (Table 2). Besides, unlike the cultures grown at pH
6.0, the re-assimilation of butyric acid was complete although the
maximum measured concentration was lower (Fig. 4f). This
situation, added to the higher butanol yield observed, suggests
that at low pH the genes responsible for acid production are
downregulated, which results in lower ATP production; while the
genes involved in the butanol production from butyryl-CoA are
upregulated. A low ATP production can explain the lower biomass
yield, as well as the longer fermentation time observed in the
experiment conducted at pH 5.0.

It is worth mentioning that, independently of the pH value, the
contribution of butyric acid to the production of solvents was
minimum and most butanol should have been produced directly
from acetyl-CoA through butyryl-CoA (Fig. 1). Even though the
production of butyric acid at pH 6.0 was considerable; at this pH
most of the acid is dissociated and therefore it cannot permeate the
cell membrane. This is reflected by the low decrease in the
measured concentration of butyric acid towards the end of the
fermentation (Fig. 4b and d).

Another factor that probably contributed to the higher butanol
yield observed in the fermentation run at pH 5.0 is a low
hydrogenase activity. It has been reported that hydrogenase
activity measured in whole cells from acid-producing cultures at
pH 5.8 is about 2.2 times higher than that measured in solvent-
producing cultures at pH 4.5 [48].

An interesting fact that can be observed in Fig. 4a and c is that
most butanol was produced when cells were in the exponential
phase, as also showed by Biebl [5]. This behaviour completely
differs from the traditional ABE fermentation (C. acetobutylicum)
[49] and also from the glucose fermentation by C. pasteurianum
[50] in which, even though solvent production can be observed in
the late exponential growth phase, most solvent accumulation
occurs beyond it. A possible explanation is that the high degree of
reduction of glycerol stimulates an early initiation of solvent
production. Furthermore, in the case of the glucose fermentation, a
clear re-assimilation of acids occurs in C. acetobutylicum [49],
which does not occur in C. pasteurianum [50]. Moreover, it is
known that the initiation of solvent production and sporulation are
both regulated by the protein SpoOA [51–53]. Therefore, the fact
that butanol is produced from the beginning of the fermentation
and that a great part of it is formed during the exponential growth
phase suggests that sporulation and solvent production in C.
pasteurianum could be uncoupled and therefore, independently
regulated.

Conclusions

In this work we showed that random mutagenesis in solid
culture medium is an efficient tool as alternative to the classical
random mutagenesis in liquid medium. The experiments con-
ducted led to an improvement of the strain regarding its butanol
tolerance. The butanol titer obtained is higher than the values
reported in the literature on the production of butanol by C.
pasteurianum in serum bottles, and are also in agreement with the
butanol tolerance of the mutant strain.
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The concentration of iron and the inoculum age were confirmed
as key variables in the fermentation of glycerol by C. pasteurianum.
Overall, a young inoculum is required to assure good glycerol
consumption. Iron sufficient concentrations, low pH and high
operational pressure are the conditions required to favour the
production of butanol. On the other hand, iron limitation, relatively
high pH and a standard pressure favours the production of 1,3-PDO.
Moreover, N2 sparging showed to be a suitable strategy to
maximize the final titer, yield and productivity of 1,3-PDO.

C. pasteurianum constitutes a potential platform for the
industrial production of butanol and 1,3-PDO, being its high
tolerance to glycerol and its unique ability to produce both
compounds from this substrate the main advantages over other
solventogenic Clostridium species. It is expected that C. pasteur-
ianum DSM 525 genome sequence and annotation, along with
currently available mutational tools specific for Clostridium spp.
and recent promising advances towards an efficient manipulation
of this microorganism will promote further exploration of its
metabolism to fully exploit its capacities through a systems biology
approach and directed mutagenesis.
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