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Abstract

Clostridium butyricum is to our knowledge the best natural 1,3-propanediol producer from glycerol and the only microorganism

identified so far to use a coenzyme B12-independent glycerol dehydratase. However, to develop an economical process of 1,3-

propanediol production, it would be necessary to improve the strain by a metabolic engineering approach. Unfortunately, no genetic

tools are currently available for C. butyricum and all our efforts to develop them have been so far unsuccessful. To obtain a better

‘‘vitamin B12-free’’ biological process, we developed a metabolic engineering strategy with Clostridium acetobutylicum. The 1,3-

propanediol pathway from C. butyricum was introduced on a plasmid in several mutants of C. acetobutylicum altered in product

formation. The DG1(pSPD5) recombinant strain was the most efficient strain and was further characterized from a physiological

and biotechnological point of view. Chemostat cultures of this strain grown on glucose alone produced only acids (acetate, butyrate

and lactate) and a high level of hydrogen. In contrast, when glycerol was metabolized in chemostat culture, 1,3-propanediol became

the major product, the specific rate of acid formation decreased and a very low level of hydrogen was observed. In a fed-batch

culture, the DG1(pSPD5) strain was able to produce 1,3-propanediol at a higher concentration (1104mM) and productivity than the

natural producer C. butyricum VPI 3266. Furthermore, this strain was also successfully used for very long term continuous

production of 1,3-propanediol at high volumetric productivity (3 gL�1 h�1) and titer (788mM).
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Introduction

For a long time, 1,3-propanediol (1,3-PD) has been
considered a specialty chemical. However, the recent
development of a new polyester called poly(propylene
terephtalate), with unique properties for the fiber
industry (Miller, 2000; Rudie, 2000), necessitates a
drastic increase in the production of this chemical.
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There are currently two processes for the chemical
synthesis of 1,3-propanediol. Both of these processes
produce toxic intermediates and require a reduction step
under high hydrogen pressure (Sullivan, 1993). The
biological production of 1,3-propanediol from glycerol
was demonstrated for several bacterial strains, e.g.,
Lactobacillus brevis and buchnerii (Schütz and Radler,
1984; Sobolov and Smiley, 1959), Bacillus welchii

(Humphreys, 1924), Citrobacter freundii, Klebsiella

pneumoniae (Lin and Magasanik, 1960; Ruch et al.,
1957; Streekstra et al., 1987), Clostridium pasteurianum

(Luers et al., 1997) and Clostridium butyricum (Biebl
et al., 1992; Heyndrickx et al., 1991; Saint-Amans et al.,

www.elsevier.com/locate/ymben


ARTICLE IN PRESS
2001). Among those microorganisms, C. butyricum is to
our knowledge the best ‘‘natural producer’’ both in
terms of yield and titer of 1,3-propanediol produced
(Saint-Amans et al., 1994). However, to develop an
economical process of 1,3-propanediol production, it is
necessary to further improve the process by a metabolic
engineering approach on the strain. No genetic tools are
currently available for C. butyricum and all our efforts
to develop them have been so far unsuccessful. On the
other hand, we recently characterized, from a biochem-
ical (Saint-Amans et al., 2001) and a molecular point of
view (Raynaud et al., 2003), the B12-independent path-
way converting glycerol to 1,3-propanediol in C.

butyricum. This work opens the possibility to convert
other clostridia to 1,3-propanediol producers by the
heterologous expression of the genes encoding the B12-
independent 1,3-propanediol pathway. Among the
clostridia, Clostridium acetobutylicum is a microorgan-
ism of choice as (i) it has already been used for the
industrial production of solvent (Cornillot and Sou-
caille, 1996) and (ii) the genetic tools for gene knockout
or gene over-expression are currently available (Mer-
melstein and Papoutsakis, 1993; Green et al., 1996). The
objective of the present work is to develop a recombi-
nant strain of C. acetobutylicum for the conversion of
glycerol to 1,3-propanediol at higher titer and produc-
tivity and if possible higher yield than those obtained in
C. butyricum. We succeeded for the first two objectives
but we failed in the yield improvement due to the
metabolic flexibility of C. acetobutylicum.
Material and methods

     Bacterial strains and plasmids

All bacterial strains and plasmids used or derived
from this study are listed in Table 1.
Table 1

Bacterial strains and plasmids

Strain/Plasmid Relevant characteristicsa

C. acetobutylicum

ATCC 824 Wild type

DG1 Cured from pSOL1

PJC4BK BK�MLSr

E. coli

ER 2275 recA�McrBC�

Plasmids

pIMP1 MLSr, Apr, control plasmid

pAN1 Cmr, F3TI
pSPD5 MLSr, Apr, dhaB1, dhaB2, dha

pTLH1 Tcr, Apr, control plasmid

pTLP Tcr, Apr, dhaB1, dhaB2, dhaT

aAbbreviations: BK: butyrate kinase; MLSr: macrolide, lincosamide, Strep

McrBC�: lacking methylcytosine-specific restriction system; Apr: ampicillin r

F3TI: F3T methylase.
     DNA isolation and manipulation

Plasmid DNA was extracted from Escherichia coli

with the Qiaprep Kit (Qiagen, Courtaboeuf, France).
DNA restriction enzymes, CIP enzyme and T4 DNA
ligase were obtained from New England Biolabs
(Beverly, Mass) or GIBCO/BRL (Life Technologies,
Cergy Pontoise, France) and used according to the
manufacturer’s instructions. DNA fragments were
purified from agarose gels with the QIAquick gel
purification kit (Qiagen).

     Plasmids and genetic construction

The 5.7 kb pTLH1 plasmid was digested with SalI
restriction enzyme and treated with the CIP enzyme.
The pSPD5 plasmid was digested with SalI and ClaI
restriction enzymes. The 5.1 kb fragment obtained was
gel purified and ligated to the SalI linearized pTLH1
vector to yield the 10.9 kb pTLP plasmid.

Prior to the transformation of C. acetobutylicum

strains (ATCC 824, DG1 or ATCC 824 PJC4BK),
pPSD5 and pTLP plasmids were methylated in vivo in
E. coli ER2275 (pAN1) (Mermelstein and Papoutsakis,
1993), concentrated and desalted on a microcon 100
microconcentrator (Amicon, Inc., Beverly, Mass).
Methylated plasmids DNA were used to transform C.

acetobutylicum by electroporation as previously de-
scribed (Mermelstein et al., 1992).

     Culture media

E. coli strains were grown aerobically at 37 1C in
Luria–Bertani medium supplemented, when necessary
with chloramphenicol (30 mg/ml) and ampicillin (100 mg/
ml) or tetracycline (10 mg/ml). The synthetic medium
used for clostridia cultivations contained per liter of
Source/reference

ATCC, Rockville, MD, USA

Nair (1995)

Green et al. (1996)

New England Biolabs

Mermelstein and Papoutsakis (1993)

Mermelstein and Papoutsakis (1993)

T Raynaud et al. (2003)

Harris et al. (2000)

This study

togramin B resistance; RecA�: homologous recombination abolished;

esistance; Cmr: chloramphenicol resistance; Tcr tetracycline resistance;
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deionized water: glycerol, different amounts (10–120 g);
KH2PO4, 0.5 g; K2HPO4, 0.5 g; MgSO4 � 7H2O, 0.2 g;
CoCl2 � 6H2O, 0.01 g; FeSO4 � 7H2O, 0.01 g; biotin,
0.04mg; p-aminobenzoic acid, 8mg; acetic acid, 2 g.
The pH of the medium was adjusted to 6.5 with NH4OH
6N. Commercial glycerol, a purified 87% (w/v) grade
glycerin, or raw glycerol, a by-product of biodiesel
production process without any prior purification, were
used as carbon source. Commercial glycerol was
purchased from Riedel-de Haën (Germany). Raw
glycerol, from the transesterification process for biodie-
sel production using rapeseed oil, was kindly supplied by
Novance (Compiègne, France) and contained the
following components (as provided by the supplier):
glycerol, 65% (w/v); sodium salts, less than 5% (w/v);
non-glycerol organic matter, less than 1% (w/v); metals,
less than 1000 ppm; heavy metals, less than 5 ppm. The
feed medium for continuous cultures was the synthetic
medium described above, without acetic acid, and with
0.028 gL�1 of FeSO4 � 7H2O (instead of 0.01 gL�1),
1.5 gL�1 of NH4Cl and 1ml of H2SO4 17.4M; medium
pH was not adjusted in this case. Media for pH
regulated fed-batch cultures of C. acetobutylicum DG1
(pSPD5) was the same as described above, except that,
instead of acetic acid, it contained 1.5 g L�1 of ammo-
nium chloride and the amount of FeSO4 � 7H2O was
0.028 gL�1. Yeast (2 g L�1) extract were also added to
the medium. The initial glycerol concentration was
100 gL�1. The pH of the media was adjusted to 6.5 with
NH4OH 14N.
     Continuous cultures conditions

Continuous cultures were performed in a 2-L
bioreactor Biostat MD (Braun, Melsungen, Germany),
with a working volume of 1250ml, and in a 600ml
glass bioreactor, with a working volume of 500ml.
Cultures were stirred at 200 rpm, the temperature
was set to 35 1C and pH was maintained constant by
automatic addition of NH4OH 6N. To create anaerobic
conditions, the sterilized medium in the vessels
was flushed with sterile O2-free nitrogen until room
temperature was attained. A growing culture taken at
the early exponential growth phase was used as
inoculum (10% v/v). The cultures were first grown
batchwise and continuous feeding was started once
the exponential growth phase was reached. After
sterilization, the feed medium was sparged with sterile
O2-free nitrogen, until it reached room temperature.
During the experiments, the feed medium was main-
tained under nitrogen at 30mbar, to avoid O2 entry. All
tubing were made of butyl rubber and the bioreactor gas
outlet was protected with a pyrogallol arrangement
(Vasconcelos et al., 1994).
     Fed-batch cultures conditions

Fed-batch cultures were performed in a 5-L bior-
eactor Biostat B (Braun, Melsungen, Germany). After
sterilization (120 1C, 20min), the reactor containing 2L
of medium was degassed by sparging sterile O2-free
nitrogen until room temperature was reached. A
growing culture taken at the early exponential growth
phase was used as inoculum (10% v/v). In batch cultures
a good relationship between alkali and glycerol con-
sumption was found and, therefore, the pH-stat method
was chosen to perform the fed-batch cultures. Feeding
was started 21.5 h after inoculation: when pH reached a
value below 6.5, glycerol (87% w/v) was automatically
added to the reactor by a Gilson peristaltic pump at the
same time as alkali (NH4OH 14N). Temperature was set
at 35 1C. Stirring rate was set at 175 rpm.

     Analytical procedures

Cell concentration was measured turbidimetrically, at
620 nm, and correlated with cell dry weight determined
directly. Glycerol, 1,3-propanediol, ethanol, butanol
and acetic, butyric, formic and lactic acids concentra-
tions were determined by HPLC analysis. Separation
was performed on a Biorad Aminexs HPX-87H column
(300mm� 7.8mm) and detection was achieved by
refractive index. Operating conditions were as follows:
mobile phase, sulphuric acid 0.5mM; flow rate, 0.5ml/
min; temperature, 30 1C.
Results

     Engineering of C. acetobutylicum for the production
     of 1,3-propanediol

The conversion of glycerol to 1,3-propanediol in C.

butyricum occurs in two steps catalyzed by the B12-
independent glycerol dehydratase and the 1,3-propane-
diol dehydrogenase, consuming 1mol of NADH. The
pSPD5 plasmid (Raynaud et al., 2003) carrying the 1,3-
propanediol operon from C. butyricum and the pIMP1
as a control plasmid were introduced in C. acetobuty-

licum ATCC 824 and the DG1 mutant, which is cured
from the pSOL1 megaplasmid and which is then unable
to produce solvents and sporulate (Cornillot et al., 1997;
Nair, 1995). The four recombinant strains were grown
anaerobically in a synthetic medium without pH
regulation and with glycerol as the sole carbon source.
As expected, the two control strains ATCC 824 (pIMP1)
and DG1 (pIMP1) were unable to grown on glycerol as
they cannot re-oxidized the excess of NADH generated
in glycerol catabolism. On the other hand, the
ATCC 824 (pSPD5) and DG1 (pSPD5) recombinant
strains expressing the 1,3-propanediol pathway from C.
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Table 2

Cultures of the three recombinant strains of C. acetobutylicum in a synthetic medium with 109mM glycerol and no pH regulation

Recombinant strains Fermentation products (mM) Propanediol yield (mol/mol)

1,3-propanediol Butyrate Ethanol Acetate Butanol

ATCC (pSPD5) 67 12 0 2.6 6 0.62

DG1 (pSPD5) 72 14 0 4 0 0.66

PJC4BK (pTLP) 58 0 1 6.9 16 0.54

Table 3

Specific rates of production and consumption and other parameters for

continuous steady-state cultures of C. acetobutylicum DG1 (pSPD5)

on glucose (I) and glycerol (II) at constant pH 6.5 and dilution rate

ðDÞ ¼ 0:05h�1

Glucose or glucose– glycerol input (mM) I II

Glucose 183 0

Glycerol 0 327

Biomass (g L�1) 1.6 0.71

YATP (g dry weightmol�1 ATP) 2.7 4.96

Specific rate of formation or consumption

(mmol/h g dry weight)

Glucose 5.72 0

Glycerol 0 23.02

Ethanol 0.29 0

Acetate 1.8 0.28

Butyrate 4.00 3.16

Lactate 0.81 0

1,3-propanediol 0 15.08

CO2 10.2 6.6

H2 11.3 o0.1

NAD(P)H from Fda �1.17 +7.22

H2/CO2 ratio 1.12 o0.015

Acetate/butyrate ratio 0.456 0.088

Y1,3-propanediol (mol/mol) 0 0.64

aqNAD(P)H from Fd is the difference between the rate of NAD(P)H

consumption and the rate of NAD(P)H formation in the central

metabolism. On glucose qNAD(P)H from Fd ¼ 2qbutyrate+2qethanol+

qlactate�2(qglucose–8.8m) and on glycerol qNAD(P)H from Fd ¼

qpropanediol+2qbutyrate+qlactate�2(qglycerol–qpropanediol�17m).
butyricum were able to grow on glycerol and produce
1,3-propanediol as the major product. While the
DG1 (pSPD5) strain only produced acetate and
butyrate as by-products, the ATCC 824 (pSPD5) also
produced butanol, a molecule that needs 4 NADH
for its synthesis, and the 1,3-propanediol yield was
lower for this strain (0.62mol/mol versus 0.66mol/mol)
(Table 2).

In order to improve the yield of 1,3-propanediol
production we wanted to introduce the 1,3-propanediol
pathway into the C. acetobutylicum PJC4BK mutant
(with a knockout of the bk gene encoding the butyrate
kinase) that produced very low amount of butyrate
(Green et al., 1996). As the inactivation was done with
the use of an erythromycin resistance gene we con-
structed the pTLP plasmid with the same 1,3-propane-
diol pathway as pSPD5 but with a tetracycline resistance
gene in place of the erythromycin resistance gene. When
grown on glycerol, C. acetobutylicum PJC4BK (pTLP)
produces 1,3-propanediol as the main fermentation
product and no butyrate; a relatively high amount of
butanol was produced and consequently the 1,3-
propanediol yield (0.54mol/mol) was lower than the
one observed for C. acetobutylicum DG1 (pSPD5)
(Table 2). To reduce by-product formation and further
improve the yield of C. acetobutylicum DG1 (pSPD5),
we tried to knockout the bk gene in the DG1 strain.
Unfortunately, we never obtained any correct recombi-
nant, suggesting that a strain of C. acetobutylicum

producing only acetate from glucose might not be
viable. Such a strain should oxidize NADH to produce
H2 using the following electron transfer chain: NADH
ferredoxin reductase, ferredoxin and hydrogenase. The
Gibbs free energy for the production of H2 from NADH
varies according to the following equation:

DG0 ¼ DG00 þ RT ln
½NADþ� pH2

� �

½NADH�

with a DG00 value of 18.14 kJ/mol (Stams, 1994). For
a NADH/NAD+ ratio of 2 (which corresponds to
the highest ratio ever described for C. acetobutylicum),
DG0 is p for a H2 partial pressure lower than 0.029 atm,
a value much lower than the 0.1 atm used in our
anaerobic chamber for the selection of a DG1 bk

knockout strain.
     Metabolic ux analysis of C. acetobutylicum DG1
     (pSPD5) grown on glucose or glycerol at pH 6.5 in
     chemostat culture

In order to better characterize the changes in electron
flow introduced by the ability of C. acetobutylicum DG1
(pSPD5) to grow on glycerol and produce 1,3-propane-
diol, a metabolic flux analysis was done in chemostat
culture grown on glucose or glycerol. The specific rates
of substrate consumption and product formation for a
constant total amount of carbon (1100mM) are shown
in Table 3. The glucose-grown culture was acidogenic.
The main products were butyrate, acetate and lactate.
Part of the NADH produced during the glycolytic
pathway was re-oxidized by the NADH–ferredoxin
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Fig. 2. Metabolic flux analysis from chemostat culture of the DG1

(pSPD5) with different concentrations of glycerol: (K) glycerol

consumption flux; (&) 1,3-propanediol production flux; (m) acetate

production flux; (x) butyrate production flux; ( ) NADH from Fdr

flux; (-) pyruvate ferredoxine oxidoreductase flux; (J) lactate

dehydrogenase flux; (’) pyruvate formate lyase flux; (+) residual
reductase (q
NAD(P)H from Fd

o0) to yield reduced ferredoxin,
which in turn was re-oxidized by the hydrogenase to
produce H2. When glycerol was metabolized, 1,3-
propanediol became the major product. The specific
rate of acid formation decreased, acetate and lactate
being the most affected. The NADH produced during
the glycolytic pathway was not sufficient for the
formation of butyrate and 1,3-propanediol and most
of the reduced ferredoxin produced by the pyruvate
ferredoxin oxidoreductase was re-oxidized by the
ferredoxin–NAD(P) reductase(s) to produce NAD(P)H
(q

NAD(P)H from Fd
40). H2 production was thereby very low.

     Fed-batch cultures of C. acetobutylicum DG1
     (pSPD5) growing on glycerol

Fed-batch cultures of the best C. acetobutylicum

recombinant strain, DG1 (pSPD5), were carried-out in
order to evaluate the potentialities of this strain. A high
concentration of 1,3-propanediol (1104mM) was ob-
tained in 47.5 h (Fig. 1), leading to a yield of 0.65mol of
1,3-propanediol/mol of glycerol and a volumetric
productivity of 1.8 g L�1 h�1. The total amount of
glycerol consumed was 1797mM. Butyrate (193mM),
acetate (67mM) and lactate (22mM) were the other
fermentation end-products obtained. Ethanol was not
produced.

     Metabolic ux analysis and performances of C.
     acetobutylicum DG1 (pSPD5) growing in continuous
     culture at different glycerol feed.

In order to run a metabolic flux analysis and evaluate
the performances of the DG1 (pSPD5) recombinant
strain for the production of 1,3-propanediol, chemostat
cultures (D ¼ 0:05 h�1) with different concentrations of
glycerol (325–1303mM) in the feed tank were performed
(Fig. 2).

The fluxes of glycerol consumption and 1,3-propane-
diol production follow the same pattern, i.e., a slight
increase with the glycerol feed. On the other hand the
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Fig. 1. Fermentation profile of a fed-batch culture of Clostridium

acetobutylicum (DG1 (pSPD5) on glycerol, at pH 6.5. (’) Absorbance

(A 620 nm); (&) 1,3-propanediol; (J) Lactate; (K) residual glycerol;

(m) acetate; and (x) butyrate.

glycerol; (D) productivity; (B) yield; (E) 1,3-propanediol concentra-

tion.
butyrate flux slightly decrease and the flux of NAD(P)H
production from reduced ferredoxin remained constant.
The hydrogen flux was too low to be measured
accurately. Major changes were observed in the fluxes
around pyruvate. The flux in the pyruvate formate lyase
(and the lactate dehydrogenase up to a certain glycerol
concentration) increases with the glycerol feed while the
pyruvate ferredoxin oxidoreductase flux slightly de-
crease.

The 1,3-propanediol yield was constant at a value of
0.64 (mol/mol) while the 1,3-propanediol concentration
and then the volumetric productivities increase with the



glycerol feed to values of, respectively, 788mM and
3 gL�1 h�1. These continuous fermentations were car-
ried out for six months without adding any erythromy-
cin to the feed medium, showing the stability of the
recombinant strain. The ability of C. acetobutylicum

DG1 (pSPD5) to consume such a high concentration of
glycerol might be due to an evolution of the strain
during the six months of continuous cultivation. There-
fore, new continuous fermentations were carried
out, where substrate feed concentration was abruptly
changed from 326 to 869mM and finally to 1303mM.
As the same steady state values (710%) were obtained,
it can be concluded that there was no measurable
evolution of the strain during the six months of
continuous culture.

     Chemostat culture of C. acetobutylicum DG1
     (pSPD5) growing on raw glycerol

The possibility of producing 1,3-propanediol from an
inexpensive source of glycerol was evaluated. Raw
glycerol from a biodiesel production plant was used as
substrate for continuous cultures of C. acetobutylicum

DG1 (pSPD5). A 65% w/v grade raw glycerol was
used at a dilution rate of 0.05 h�1. Results are shown in
Table 4.

Glycerol consumption was around 100%, whatever
the type of glycerol used. 1,3-propanediol (394mM), the
major fermentation end-product, were obtained when
651mM of raw or commercial glycerol were used as
carbon source; thus a molar yield of 0.61–0.64 was
achieved. Again, no significant differences between raw
or purified glycerol fermentations were found regarding
1,3-propanediol volumetric productivity or 1,3-propa-
nediol specific formation rate.
Table 4

Continuous cultures of C. acetobutylicum DG1 (pSPD5) on different

types of glycerol (D ¼ 0:05 h�1, pH 6.5, 35 1C)

Type of glycerol Commercial

glycerol (87%)

Raw glycerol

(65%)

Feed glycerol (mM) 642.8 636.3

Residual glycerol (mM) 0 0

Biomass (gL�1) 1.44 1.64

1,3-Propanediol (mM) 411.3 391.6

Y1,3�PD (mol/mol) 0.64 0.61

Q1,3�PD (g l�1 h�1) 1.56 1.49

q1,3�PD (mmol g�1 h�1) 13.4 11.8

Y1,3�PD-1,3-propanediol yield (mol/mol of glycerol consumed);

Q1,3�PD-1,3-propanediol volumetric productivity; q1,3�PD-1,3-propa-

nediol specific formation rate.

For the carbon recovery calculation, carbon dioxide concentration was

estimated from end-product concentrations based on Papoutsakis

(1984).
Discussion

C. acetobutylicum cannot grow on glycerol as it
cannot re-oxidize the excess of NADH generated in
glycerol catabolism (Vasconcelos et al., 1994; Girbal et
al., 1995). On the other hand, when the NADH
consuming 1,3-propanediol pathway from C. butyricum

was introduced in C. acetobutylicum growth on glycerol
was achieved and 1,3-propanediol was the main
fermentation product. C. acetobutylicum DG1 (pSPD5)
was the most efficient recombinant strain for the
conversion of glycerol to 1,3-propanediol. Our attempt
to further increase the yield of 1,3-propanediol produc-
tion by first knocking out the bk gene of C. acetobuty-

licum DG1 has been so far unsuccessful, indicating that
a strain of C. acetobutylicum producing only acetate
from glucose is not viable. Such a strain has (i) to
convert all the reducing power from NADH to reduced
ferredoxin and (ii) to produce 4mol of H2 and 2mol of
acetate per mol of glucose consumed. Our calculations
demonstrate that there is a thermodynamic limitation to
the production of H2 from NADH explaining why such
a mutant could not be obtained.

A flux analysis of the DG1 (pSPD5) recombinant
strain under glycerol feeding, shows that not only the
NADH generated in glycolysis but also the NADH
produced from reduced ferredoxin (itself produced from
the decarboxylation of pyruvate) were re-oxidized
mainly in the 1,3-propanediol pathway and at a lesser
extent in the butyrate pathway. Due to this high
reducing power flux from reduced ferredoxin to NADH,
almost no reduced ferredoxin was used for hydrogen
production, contrary to what was observed on glucose.
A similar result was previously observed with C.

acetobutylicum grown on glycerol–glucose mixtures
and was associated with decreased activity of the in
vitro NADH–erredoxin reductase and an increase
activity of the in vitro ferredoxin NAD–reductase, while
in vitro hydrogenase activity was slightly increased
(Vasconcelos et al., 1994).

C. acetobutylicum DG1 (pSPD5) can produce
788mM of 1,3-propanediol in continuous cultures at
relatively high yield (0.64mol/mol) and productivity
(3 g L�1 h�1). This represents an almost two fold
improvement in titer and productivity, when compared
to C. butyricum (a natural 1,3-propanediol producer
microorganism), that produces up to 460mM in similar
conditions. Reimann et al. (1998) studied in chemostat
culture the performances of the wild type strain and a
‘‘product tolerant mutant’’ of C. butyricum DSM 5431.
In that work the maxima 1,3-propanediol concentra-
tions achieved were 460mM with the mutant strain and
373mM with the wild type strain. C. acetobutylicum

DG1 (pSPD5) clearly exhibits higher 1,3-propanediol
titer than C. butyricum and the developed ‘‘product
tolerant mutants’’ of C. butyricum DSM 5431.
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Table 5

Data on fed-batch cultures of C. butyricum VPI 3266 and C.

acetobutylicum DG1 (pSPD5) (D ¼ 0:05 h�1, pH 6.5, 35 1C)

C. butyricum

VPI3266a
C. acetobutylicum

DG1 (pSPD5)

Maximum glycerol

consumed (mM)

1238 1792

Maximum 1,3-PD

concentration (mM)

854 1104

Butyrate (mM) 170 193

Y1,3�PD (mol/mol) 0.69 0.65

Q1,3�PD (gL�1 h�1) 1.21 1.70

Y1,3�PD-1,3-propanediol yield (mol/mol of glycerol consumed);

Q1,3�PD-1,3-propanediol volumetric productivity.
aSaint-Amans et al. (1994).
In this work it was also shown that 1,3-propanediol
concentration could be increased up to 1104mM when
C. acetobutylicum DG1 (pSPD5) was grown in fed-batch
cultures. The maximum 1,3-propanediol concentration
achieved in fed-batch cultures of C. butyricum VPI 3266
was 854mM (Table 5). Abbad-Andaloussi et al. (1995)
also studied the 1,3-propanediol production in batch
cultures of a ‘‘product tolerant mutant’’ of C. butyricum

DSM 5431. In that case, the mutant strain was able to
produce 927mM of 1,3-propanediol in 85 h.

C. acetobutylicum DG1 (pSPD5) also showed its
ability to use inexpensive glycerol sources (raw glycerol)
for biological 1,3-propanediol synthesis. When raw
glycerol was used in continuous cultures, 1,3-propane-
diol production was not affected and the molar yield
obtained was the same whether raw or commercial
glycerol is used. With the constant growth of Biodiesel
production in Europe and the current and future drop in
raw glycerol prices, industrial production of 1,3-
propanediol with C. acetobutylicum DG1 (pSPD5)
should be an attractive alternative to the glucose-based
process developed by Dupont de Nemours.
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