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1,3-Propanediol (PD) is an important chemical product which can be used for synthesis reactions, in
particular, as a monomer for polycondensations to produce polyesters, polyethers and polyurethanes.
It is produced by two methods, chemical synthesis and microbial conversion. Recently, the increasing
interest in microbial conversion was observed. Glycerol is used as a substrate in this process and it
may be fermented to 1,3-PD by, among others, Citrobacter ssp., Klebsiella ssp., Lactobacillus ssp.,
Enterobacter ssp. and Clostridium ssp. strains. The process of microbiological bioconversion pathway
of glycerol to 1,3-PD is well known for a long time but microorganisms taking part in this fermentation
are pathogenic. Thus, natural producers of 1,3-PD that are non-pathogenic and efficient enough, are
still sought. This review deals with the case of 1,3-PD production and microbial formation of 1,3-PD,
especially by Clostridium ssp. Moreover, it presents genetic engineering methods used in increasing
microorganisms’ efficiency in the glycerol to 1,3 PD fermentation.
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INTRODUCTION

Bacteria which belong to the genus Clostridium are
relatively large, Gram-positive, heterotrophic, endospore-
forming and motile rods. They are typical anaerobic
microorganisms. Most of them are mesophilic, though
some are psychotropic or thermopholic. The natural
environment of clostridia is anaerobic habitats with
organic nutrients such as soils, feeding stuffs, aquatic
sediments and the intestinal tract of humans and animals.
Clostridium genus consists of circa 100 species that
include common free-living bacteria as well as important
pathogens. There are four main species responsible for
diseases in humans and animals: Clostridium botulinum
(which causes botulism), Clostridium perfringens (which
causes surgical infection— gas gangrene), Clostridium
tetani (responsible for deadly tetanus infections) and
Clostridium difficiele (which causes intestine inflam-
mation, especially in children and hospital patients).
Some species of Clostridium are responsible for food
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poisoning, particularly in the case of canned food (C.
botulinum, C. perfringens, Clostridium putrefaciens,
Clostridium butyricum, Clostridium tyrobutyricum and
Clostridium sporogenes) (Gerding, 2009; Siegrist, 2010;
Songer, 2010). A considerable biochemical activity of
Clostridium spp. is connected with an extended range of
extracellular enzymes which they produce. This bacteria
can cause fermentation of organic compounds such as
sugars and produce large amounts of CO,, H,, as well as
organic compounds like organic acids (especially butyric
and acetic acids), butanol and acetone. Metabolism of
amino acids and fatty acids by clostridia results in the
formation of foul-smelling degradation products (Buckel,
2005). The non-pathogenic clostridia have a large
potential industrial application. They are used for
production of butyric acid (Zhang et al., 2009; Nicolaou et
al., 2010), and some solvents such as butanol, acetone,
isopropanol (so-called solventogenic clostridia) (Durre,
1998, Ezeji et al., 2005; Ezeji et al., 2007) and hydrogen
(Skonieczny and Yargeau, 2009; Kothari et al., 2010).

It is well known for almost 60 years that glycerol is
fermented by facultative anaerobic bacteria, among
others, by Clostridium ssp. to 1,3-propanediol (1,3-PD),
2,3-butanediol, ethanol and acetic acid. Among these
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substances, 1,3-PD is of industrial interest as a monomer
for light-insensitive plastics, and some strains indeed
form this diol as the main product. The production
organisms belong mainly to the Enterobacteriaceae
family (Citrobacter ssp., Entorobacter ssp., Citrobacter
ssp., and Klebsiella ssp.). Moreover, some species of
Clostridium are also able to convert glycerol to 1,3-PD
(Luers et al., 1997). In this process, Clostridium
pasteurianum, C. butyricum, Clostridium diolis and
Clostridium acetobutylicum are mostly used (Biebl, 2001).

1,3-PD, a typical product of glycerol fermentation, is a
valuable chemical intermediate potentially used in the
facture of polymers (among others, polyesters, polyethers
and polyurethanes), cosmetics, foods, lubricants,
medicines and as an intermediate for the synthesis of
heterocyclic compounds (Menzel et al., 1997; Biebl et al.,
1999; Katrlik et al., 2007). Recently, 1,3-PD was also
used as a monomer to synthesize a new type of a
polyester— polytrimethylene terephthalate (Biebl et al.,
1999; Zeng and Biebl, 2002; Liu et al., 2007; Zhang et al.,
2007).

In this article, recent progress in this field, including the
use of Clostridia spp. in the production of 1,3-PD, is
reviewed.

THE CASE OF 1,3-PD PRODUCTION

For a long time, the chemical industry considered bio-
technology as a very expensive high-tech tool that is not
appropriate for bulk chemical synthesis on a large scale.
This thesis is gradually changing as reflected by several
current development projects of major chemical
companies wishing to produce bulk chemicals by
biotechnological way. It mainly concerns 1-3 PD, lactic
acid and succinic acid (Zeng and Biebl, 2002; Zhang et
al., 2007).

1-3 PD has several promising properties for many
synthetic reactions as a monomer for polycondensation
to produce polyethers, polyesters and polyurethanes. In
the past, this diol was used only as a solvent for the
production of dioxanes and specialty polymers that have
small market volumes. This limited interest in 1,3-PD
production lasted up to 1995 to 1996 when two big
chemical companies, Shell and Dupont, announced their
commercialization of a new polyesters based on 1,3-PD,
polythrimethylene terephthalate (Shell) and terephthalate
polymer (DuPont) (Biebl, 1999; Zeng and Biebl, 2002).
This copolyester is a condensation product of 1,3-PD and
terephthalic acid and has such beneficial properties as
good resilience, low static generation and stain
resistance. Moreover, it is particularly suitable for fiber
and textile applications. This diol can also improve
properties of solvents (it increases flexibility in blending
ester quats), laminates, adhesives, detergents (it
prevents phase separation and loss of enzyme activity)
and cosmetics (it gives long-lasting effects). Due to

these, new applications production of 1,3-PD increased
up to 70000 to 80000 t/a in 2000 (Zeng and Biebl, 2002),
and up to 100000 t/a in 2009 (da Silva, 2009).

In the past, 1,3-PD was produced only chemically in
two pathways: by the hydratation of acrolein or by
hydroformylation of ethylene (however, both methods are
very expensive). The chemical synthesis has many
disadvantages: it requires high pressure, high
temperature and catalysts, which increases the costs of
this process (lgari et al., 2000). An attractive alternative is
a microbial conversion of raw materials (such as glycerol
or glycerol phase) to 1,3-PD. This way is easy and does
not generate toxic by-products (Nakumura and Whited,
2003; Mu et al., 2006).

MICROBIAL FORMATION OF 1-3 PD.

Recently, microbial production of 1-3 PD, a socially
beneficial route to obtain chemicals from renewable
resources, is widely researched as a competitor to
traditional petrochemical routes (Ma et al., 2009; Zhao et
al., 2006).

The bacterial fermentation in which glycerol is
converted to 1,3-PD has been known already for 120
years (Zeng and Biebl, 2002). 1,3-PD was identified in
1881 as a product of glycerol fermentation by C.
pasteurianum. Nowadays, a number of microorganism
which can grow anaerobically on glycerol are known,
these are: C. diolis, C. acetobutylicum, C. butylicum, C.
perfingens (Hao et al., 2008), C. butyricum (Colin et al.,
2000), C. pasteurianum (Biebl, 2001), Enterobacter
aerogenes (da Silva et al, 2009), Enterobacter
agglomerans (Barbirato et al., 1998), Klebsiella oxytoca
(Homann et al., 1990), Klebsiella pneumonia (Biebl et al.,
1998), Klebsiella aerogenes, Citrobacter freundii
(Malinowski, 1999), Lactobacillus collinoides,
Lactobacillus reuterii, Lactobacillus buchnerii, Pelobacter
carbinolicus, Rautella planticola (Saxena et al., 2009) and
Bacillus welchii (da Silva et al., 2009).

In glycerol to 1,3-PD bioconversion, K. pneumoniae
has been widely investigated due to its high productivity
(Menzel et al., 1999; Liu et al., 2007). K. pneumoniae is a
facultative bacterium. Glycerol can be dissimilated to 1,3-
PD under anaerobic or aerobic conditions (Chen et al.,
2003; Liu et al., 2007) (Figure 1). In the presence of
exogenous electron acceptors, the dissimilation is
initiated by an ATP-dependent kinase. This enzyme is
encoded by the glp regulon and catalyzes the
phosphorylation of glycerol to glycerol-3-phosphate. The
next step is to convert the phosphorylated intermediate to
dihydroxyacetone phosphate by one of the flavin adenine
dinucleotide-dependent dehydrogenases coupled to an
electron transport chain (Lin and Magasanik, 1960;
Johnson and Lin, 1987). In the absence of oxidant,
glycerol is fermented by a dismutation process involving
two parallel pathways encoded by the dha regulon. In the
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Figure 1. Pathway for the dissimilation of glycerol in K. pneumoniae (modified, based on Chen
et al., 2003; Liu et al., 2007; Lin and Magasanik, 1960).

first pathway, glycerol is dehydrogenated by an NAD-
linked enzyme to dihydroxyacetone. Then, dihydro-
xyacetone is phosphorylated by an ATP-dependent
kinase. In the other pathway, glycerol is dehydrated by a
B12-dependent enzyme to form  3-hydroxypro-
pionaldehyde. Next, 3-hydroxypropionaldehyde is
reduced to 1,3-propanediol by an NADH-linked
oxidoreductase, thereby regenerating NAD" (Lee and
Abeles, 1963; Forage and Foster, 1982; Forage and Lin,
1982; Johnson and Lin, 1987). C. freundii and E.
agglomerans has the same mechanism of glycerol
dissimilation as K. pneumoniae (Daniel et al., 1995;
Hatayama and Yagishita, 2009). Some strains of
Lactobacillus brevis, Lactobacillus buchneri, as well as

Lactobacillus reuteri can grow on glycerol by cofer-
menting it with glucose or fructose. All these bacteria
have a coenzyme B12-dependent dehydratase that
converts glycerol to 3-hydroxypropionaldehyde (3-HPA)
(Veiga-DA-Cunha and Foster, 1992). L. reuteri is unique
among bacteria with its ability to produce and excrete a
broad spectrum of an antimicrobial agent during
anaerobic dissimilation of glycerol. This agent, reuterin,
inhibits the growth of Gram-positive and negative
bacteria, and lower eucaryotic organisms (Todd et al.,
1990).

The yield of 1,3-PD production using diverse bacteria
strains is presented in Table 1. As a carbon source, pure
and crude glycerols were used.
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Table 1. Production of 1,3-PD from glycerol using diverse bacteria strains.

Substrate Culture By-product Product (concentration/yield) Reference
-, , Acetate, . Papanikolaou et al.,
Crude glycerol Clostridium butyricum F2b butyrate (48 g/l, Y= 0.66) 2000
Clostridium acetobutylicum  Acetate, . Gonzales-Pajuelo,
Crude glycerol DG1 (pSPD5) butyrate 30.5 g/l, Y=0.61 2005
Clostridium acetobutylicum  Acetate,
Pure glycerol DG1 (pSPD5) butyrate 86 g/l, Y=0.65 Sacrabal, 2007
Clostridium butyricum .
Pure glycerol VPI3266 Butyrate 66.6 g/l, Y= 0.69 Soucaille, 2008
Clostridium butyricum  Acetate, . .
Crude glycerol CNCM 1211 butyrate 63.4 g/l, Y=0.69 Barbirato et al., 1998
Yield: Mol product per mol glycerol.
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Figure 2. Biochemical pathways of glycerol fermentation (based on Biebl et al., 1999).

APPLICATION OF CLOSTRIDIUM STRAINS TO 1-3 PD
PRODUCTION

Production of 1-3 PD by several groups of bacteria is
known for a long time. However, in recent years, interest
in application of Clostridium ssp. increased (Vasconcelos
et al., 1994; Abbad-Andaloussi et al., 1995). In 1983,
fermentation of C. pasteurianum was first described
(Nakas et al., 1983). The main product in this fermen-
tation was n-butanol, while 1,3-PD, ethanol and acetic

acid were also produced (Biebl, 2001). A typical
biochemical pathway of glycerol fermentation is
presented in Figure 2, and the metabolic pathway in the
glycerol fermentation by C. pasteurianum is presented in
Figure 3. The difference is in NAD+ re-generation which
additionally occurs in Clostridium ssp. via the reactions
leading to butyric acid biosynthesis from acetyl-CoA,
since this series of reactions involves two NADH,-
oxidizing steps per molecule of butyrate produced. This
pathway should be considered as an antagonistic one to
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Figure 3. Metabolic pathways in the glycerol fermentation of C. pasteurianum (based on Biebl, 2001).

that of 1,3-propanediol production (Papanikolaou et al.,
2004; Drozdzynska, 2011).

The other Clostridium species, among other four strains
of C. acetobutylicum, six strains of C. butylicum, two
strains of Clostridium beijerinckii, one strain of
Clostridium kainantoi, and three strains of C. butyricum,
has also been reported as strains that are able to ferment
glycerol with the production of many fermentation
products, including acetic acid, butyric acid, ethanol,

acetone, butanol, acetoin and 1,3-PD (Rorsberg, 1987;
Papanikolaou et al., 2004).

C. butyricum is a very important strain here. Its high
fermentation yields and relatively simple conditions of
fermentation make it a microorganism of high industrial
value in the production of 1,3-propanediol from glycerol
(Colin et al., 2001). The production of 1,3-propanediol by
this microorganism is not a vitamin B12-dependent
process, which is clearly an economical advantage for
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an industrial application (Gonzales-Pajuelo et al., 2006).
In the last decade, many studies on glycerol fermen-
tation by Clostridium ssp. were undertaken. In 1999,
Himmi et al. (1999) worked on methods to determine
essential nutrient requirements of C. butyricum for
glycerol fermentation. The aim of their work was also to
define a low-nutrient medium which allows high
production yield and to test this minimal medium in
microbial transformation of industrial glycerin into 1,3-PD.
They found out that high 1,3-PD production from
industrial glycerin and low nutrient contents of low
fermentation cost medium is possible. Five years later, in
another work, these scientists tested feasibility of 1,3-PD
production by C. butyricum with the use of a synthetic
medium and raw glycerol. C. butyricum presents the
same tolerance to raw and commercial glycerol if both
are of a similar grade. These authors proved that there
are no significant differences between raw glycerol
fermentation and commercial glycerol fermentation. The
1,3-PD yield and volumetric productivity are on the same
level. It was shown from economical and environmental
point of view, that raw glycerol is a valuable substrate for
1,3-PD biological production (Gonzales-Pajuelo, 2004).

METABOLIC ENGINEERING IN 1-3 PD PRODUCTION
BY CLOSTRIDIUM SSP.

Biotechnological production of 1,3-PD and other
metabolites is attractive since microorganisms usually
utilize renewable feedstock and do not produce toxic by-
products. However, there are many limitations of
microbial synthesis, mainly, limited vyields, titers and
productivities, and difficulties in the product separation.
These limitations can be significantly decreased through
the application of metabolic engineering (Mukhopadhyay
et al., 2008; Celinska, 2010).

Metabolic engineering can improve product formation
or cellular properties through the directed modification of
specific biochemical reactions or the introduction of new
one with the use of recombinant DNA technology
(Stephanopoulos et al.,, 1998). Most of the metabolic
engineering experiments are related to modification of C.
acetobutylicum. This is because there is currently no
genetic tool available for C. butyricum which is the best
natural 1,3-PD producer from glycerol and the only
microorganism identified so far to use a coenzyme B12-
independent glycerol dehydratase. Moreover, all
scientists™ efforts to develop them have been un-
successful so far (Gonzales-Pajuero, 2005; Celinska,
2010).

During acid production in the biochemical pathways for
the conversion of carbohydrates to acids and solvents by
C. acetobutylicum, acetyl-CoA and butyryl-CoA function
as key intermediates for acetate and butyrate. Although,
both acids are produced by similar pathways, the
enzymes involved are unique to each pathway. Acetyl

and butyryl phosphate are first produced from their
corresponding CoA derivatives in reactions catalyzed by
phosphotransacetylase (PTA) and phosphortrans-
butyrylase (PTB). In the next step, the acyl phosphates
are metabolized to acetate or butyrate. These reactions
are catalyzed by acetate and butyrate kinase and during
this, ATP is generated. In solvent production, acetyl-CoA
and butyryl-CoA are first reduced to acetaldehyde and
butyraldehyde, and then to ethanol and butanol,
respectively. Acetate and butyrate are also reassimilated
in a reaction coupled to the irreversible production of
acetoacetate from acetoacetyl-CoA by acetoacetyl-CoA:
acetate/butyrate transferase. Acetone and carbon dioxide
are produced from the decarboxylation of acetoacetate
by acetoacetate decarboxylase (Perego, 1993; Green et
al.,, 1996; Boynton et al., 1996). In 1996, Green et al.
used non-replicative integrational plasmids containing
internal butyrate kinase (buk) and phosphotransacetylase
(pta) gene fragments to inactivate buk and pta on the
chromosome. Plasmid constructs, containing either
clostridial pta or buk gene fragments, were integrated into
homologous regions on the chromosome. It disrupted
metabolic pathways leading to acetate and butyrate
formation in C. acetobutylicum. By inactivating genes
involved in acid formation, it may be possible to redirect
carbon flow towards solvent production and increase
solvent yields. In 2005, Gonzdalez-Pajuelo et al
introduced the 1,3-PD pathway from C. butyricum on a
plasmid in several mutants of C. acetobutylicum altered
in product formation. The recombinant acquired the ability
to grow on glycerol as the sole carbon source, while the
wild-type strains are unable to grow on glycerol due to
lack of sufficient NADH regeneration system. The aim of
this work was to obtain a better vitamin B12-free
biological process. The recombinant produced 1,3-PD,
butyrate and acetate. However 1,3-PD was the main
product of glycerol metabolism in them.

OPTIMIZATION OF GLYCEROL BIOCONVERSION

Among the ways to optimize the microbial production of
1,3-PD from glycerol, the most common methods include
the prevention of undesired by-product formation to
achieve high product yield, increasing of tolerance for
1,3-PD to achieve higher final product concentration, and
increasing of the productivity of the bioreactor (Zeng and
Biebl, 2002; Chen et al., 2003).

In continuous cultures by K. pneumonia, the production
of ethanol is restricted to conditions of limitation by
glycerol. But in the case of high glycerol excess and
severe product inhibition such by-products such as lactic
acid and 2,3-butanediol are present in the medium. Thus,
the 1,3-propanediol yield diminishes. A similar situation is
observed in C. bytyricum. The formation of butyricum by
this bacteria decreases under excess substrate; however,
it seems to depend also on the growth rate (Menzel et al.,



1997; Altaras and Cameron, 2000; Zeng and Biebl,
2002).

The hydrogen gas released from pyruvate cleavage to
acetyl-CoA added to liquid products has a significant
influence on the 1,3-PD production, too. In C. butyricum,
the reducing equivalents from this reaction are
transferred to ferredoxin. Next, ferredoxin can be
transferred to NAD by the NAD:ferredoxin oxidoreductase
instead of being released as molecular hydrogen, thus
contributing to additional 1,3-PD formation. The
NAD:ferredoxin oxidoreductase enzyme is active under
excess substrate. The same situation is observed in K.
pneumoniae. These bacteria simultaneously use two
enzymes, pyruvate dehydrogenase and pyruvate:formate
lyase, for anaerobic cleavage of pyruvate in the glycerol
fermentation, the former particularly, is under substrate-
sufficient conditions. The enzyme pyruvate dehydro-
genase generates NADH, from pyruvate cleavage
instead of forming formate with pyruvate formate lyase. It
leads to an increased yield of 1,3-PD (0.72 mol/mol
glycerol). 1,3-PD yield can be increased up to 0.88
mol/mol if acetyl-CoA from pyruvate cleavage is
channeled into the tricarboxylic acid cycle for reducing
power and adenosine triphosphate generation (Zeng and
Biebl, 2002).

The strongest inhibitor properties in the glycerol
fermentation are shown by 3-hydroxypropionaldehyde,
which is normally an intracellular intermediate that does
not accumulate, but in the case of high glycerol excess, it
may be excreted into the medium. K. pneumoniae
reduces accumulated 3-hydroxypropanal to 1,3-PD,
Enterobacter agglomerans is killed by aldehyde when the
concentration of glycerol is 2.2 g/l., and C. butyricum
excretes only very small amounts of 3-hydroxypropanal.
High glycerol concentration of 60 to 70 g/l is achieved
with wild-type strains (Colin et al., 2001; Zeng and Biebl,
2002).

OUTLOOK AND CONCLUSIONS

It is generally recognized that bulk chemicals originating
from biotechnology are promising in the important task of
relieving both the modern industry and society from
growing dependence on diminishing and fragile supplies
of fossil feedstocks. We also hope that they can help
optimize the impact of international industry on the global
climate and our environment (Zeng and Biebl, 2002).
Today there is a considerable industrial interest in
microbial 1,3-PD production, as it could compete with
1,3-PD made by petrochemistry. The biotechnological
way of 1,3-PD production from waste biomass (e.g.,
crude glycerol) is an attractive alternative to traditional
chemical production. For instance, in Germany glycerol
has been used as an industrial waste since 2007
(Papanikolaou and Aggelis, 2009; Anand et al., 2010).
The crude glycerol contains contamination such as
methanol, soaps, free fatty acids and biodiesel which
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makes it unfit for any useful applications in chemistry and
pharmacy without purification. Nevertheless, the high
cost of purification can make this application completely
unprofitable. Accumulation of the glycerol phase from
biodiesel production induces increase of prices of this
fuel. Thus, the use of crude glycerol as a raw material in
1,3-PD production may help limit this problem (Anand et
al., 2010). However, there are still several technical
barriers and economical challenges preventing the
growth of biobased production of bulk chemicals,
reflected in high raw material and downstream
processing costs, low reaction rates and limited substrate
spectrum (Zeng and Biebl, 2002). Moreover, the major
microorganisms which can be used in 1,3-PD production
are pathogens. Nowadays, one notices a tendency to
isolate Clostridium ssp. strains as a non-pathogenic
microorganism which is able to give 1,3-PD from glycerol
production effectively.

ACKNOWLEDGEMENTS

This paper was prepared within the framework of project
no. 01.01.02-00-074/09, co-funded by The European
Union from The European Regional Development Fund
within the framework of the Innovative Economy
Operational Programme 2007-2013.

REFERENCES

Abbad-Andaloussi S, Manginot-Durr CL, Amine J, Petitdemange E,
Petitdemange H (1995). Isolation and characterization of Clostridium
butyricum DSM 5431 mutants with increased resistance to 1-,3 -
Propanediol and altered production of acids. Appl. Environ. Microbiol.
61: 4413-4417.

Altaras NE, Cameron DCL (2000). Enhanced production of (R) -1-,2 -
Propanediol by metabolically engineered Escherichia coli. Biotechnol.
Prog. 16: 940-946.

Anand P, . Saxena RK, Yadav S, Jahan F (2010). A Greener Solution
for Darker Side of Biodiesel: Utilization of Crude Glycerol in 1-,3 -
Propanediol Production. J. Biofuels, 1: 83-91.

Barbirato F, Himmi EH, Conte T, Bories A (1998). 1-,3 -propanediol
production by fermentation : an interesting way to valorize glycerin
from the ester and ethanol industries. Ind. Crops Prod. 7: 281-289.

Biebl H (2001). Fermentation of glycerol by Clostridium pasteurianum -
batch and continuous culture studies. J. Ind. Microbiol. Biotechnol.
27:18-26.

Biebl H, Menzel K, Zeng AP, Deckwer WD (1999). Microbial production
of 1-,3 -propanediol. Appl. Microbiol. Biotechnol. 52: 289-297.

Biebl H, Zeng AP, Menzel K, Deckwer WD (1998). Fermentation of
glycerol to 1-,3 -propanediol and 2-,3 -butanediol by Klebsiella
pneumoniae. Appl. Microbiol. Biotechnol. 50: 24-29.

Boynton L, Bennett GN, Rudolph FB (1996). Cloning, sequencing and
expression of genes encoding phosphotransacetylase and acetate
kinase from Clostridium acetobutylicum ATCC 824. Appl. Environ.
Microbiol. 60: 2758-2766.

Buckel W (2005). Special “Clostridial enzymes and fermentation
pathways ” in Handbook on Clostridia, CRC Press LLC, Boca Raton,
321-356.

Celinska E (2010). Debottlenecking the 1-,3 -propanediol pathway by
metabolic engineering. Biotechnol. Adv. 28: 519-530.

Chen X, Zhang DJ, Qi WT, Gao SJ, Xiu ZL, Xu P (2003). Microbial fed-
batch production of 1-,3 -propanediol by Klebsiella pneumonia under
micro-aerobic conditions. Appl. Microbiol. Biotechnol. 63: 143-146.



11100 Afr. J. Biotechnol.

Choi WJ (2008). Glycerol-based biorefinery for fuels and chemicals.
Recent Patents on Biotechnol. 2: p. 3.

Colin T, Bories A, Lavigne CL, Moulin G (2001). Effects of acetate and
butyrate during glycerol fermentation by Clostridium butyricum. Curr.
Microbiol. 43: 238-243.

Colin T, Bories A, Moulin G (2000). Inhibition of Clostridium butyricum
by 1-,3 -propanediol and diols during glycerol fermentation. Appl.
Microbiol. Biotechnol. 54: 201-205.

Daniel R, Boenigk R, Gottschalk G (1995). Purification of 1-3 -
Propanediol dehydrogenase from Citrobacter freundii and cloning,
sequencing, and overexpression of the corresponding gene in
Escherichia coli. J. Bacteriol. 177:2151-2156.

Dda Silva GP, Mack M, Contiero J (2009). Glycerol: a promising and
abundant carbon source for industrial microbiology. Biot. Adv. 27: 30-
39.

Drozdzynska A, Leja K, Czaczyk K (2011). Biotechnological Production
of 1-,3 -Propanediol from Crude Glycerol. J. Biotechnol., Comput.
Biol. Bionanotechnol. pp. 92-100.

Darre P (1998). New insights and novel developments in clostridial
acetone/butanol/isopropanol fermentation. Appl. Microbiol.
Biotechnol. 49: 639-648.

Ezeji TCL, Qureshi N, Blaschek HP (2005). Industrially relevant
fermentations in Handbook on Clostridia, CRC Press LLC, Boca
Raton, pp. 87-125.

Ezeji TCL, Qureshi N, Blaschek HP (2007). Bioproduction of butanol
from biomass: from genes to bioreactors. Curr. Opin. Biotechnol. 18:
220-227.

Forage RG, Foster MA (1982). Glycerol fermentation in Klebsiella
pneumoniae: functions of the coenzyme B12-glycerol and diol
dehydratases. J. Bacteriol. 149: 413-419.

Forage RG, Lin ECL (1982). Dha system mediating aerobic and
anaerobic dissimilation of glycerol in Klebsiella pneumoniae NCIB
418. J. Bacteriol. 151: 753-759.

Gerding DN (2009). In vitro susceptibility of Clostridium difficile clinical
isolates from a multi-institutional outbreak in Southern Québec,
Canada. Int. J. Antimicorob. Agents 33: 339-342.

Gonzalez-Pajuelo M, Andrade JCL, Vasconcelos | (2004). Production of
1, 3-propanediol by Clostridium butyricum VP| 3266 using a synthetic
medium and raw glycerol. J. Ind. Microbiol. Biotechnol. 31: 442-446.

Gonzélez-Pajuelo M, Meynial-Salles |, Mendes F, Andrade JC,
Vasconcelos |, Soucaille P (2005). Metabolic engineering of
Clostridium acetobutylicum for the industrial production of 1-3 -
propanediol from glycerol. Metab. Eng. 7: 329-336.

Gonzalez-Pajuelo M, Meynial-Salles |, Mendes F, Soucaille P,
Vasconcelos | (2006). Microbial conversion of glycerol to 1-,3 -
Propanediol: physiological comparison of a natural producer,
Clostridium  butyricum VPl 3266, and an engineered strain,
Clostridium acetobutylicum DG1(pSPD5). Appl. Environ. Microbiol.
72:96-101.

Green EM, Boynton ZL, Harris LM, Rudolph FB, Papoutsakis ET,
Bennett GN (1996). Genetic manipulation of acid formation pathways
by gene inactivation in Clostridium acetobutylicum ATCC 824.
Microbiol. 142: 2079-2086.

Hao J, Wei W, Jiesheng T, Jilun L, Dehua L (2008). Decrease of 3 -
hydroxypriopionaldehyde accumulation in 1-3 -propanediol
production by over-expressing dhaT gebe in Klebsiella pneumonia
TUACO1. J. Ind. Microbiol. Biotechnol. 35: 559-564.

Hatayama K, Yagishita Y (2009). Regulation of glycerol metabolism in
Enterobacter aerogenes NBRC12010 under electrochemical
conditions. Appl. Microbiol. Biotechnol. 83: 231-239.

Himmi EL, Bories A, Barbirato F (1999). Nutrient requirements for
glycerol conversion to 1-,3 -propanediol by Clostridium butyricum.
Bioresour. Technol. 67: 123-128.

Homann T, Tag CL, Biebl H, Deckwer WD, Schink B (1990).
Fermentation of glycerol to 1-,3 -propanediol by Klebsiella and
Citrobacter strains. Appl. Microbiol. Biotechnol. 33: 121-126.

Igari S, Mori S, Takikawa Y (2000). Effects of molecular structure of
aliphatic diols and polyalkylene glycol as lubricants on the wear of

aluminum. Wear, 244: 180-184.

Johnson EC, Lin EC (1987). 1-.3 -Propanediol production by
Escherichia coli expressing genes from the Klebsiella pneumoniae
dha regulon. J. Bacteriol. 5: 169-180.

Katrlik J, Vostiar I, Sefcovicova J, Tkacd, Mastihuba V, Valach M,
Stefuca V, Gemeiner P (2007). A novel microbial biosensor based on
cells of Gluconobacter oxydans for the selective determination of 1-,3
-propanediol in the presence of glycerol and its application to
bioprocess monitoring. Anal. Bioanal. Chem. 388: 287-295.

Kothari R, Tyagi VV, Pathak A (2010). Renewable and sustainable
energy reviews. Renewab. Sustainab. Energ. Rev., 14: 1744-1751.
Lee HAJ, Abeles RH (1963). Purification and properties of
dioldehydrase, an enzyme requiring a cobamide coenzyme. J. Biol.

Chem. 238: 2367-2373.

Lin EC (1960). The activation of glycerol dehydrogenase from
Aerobacter aerogenes by monovalent cations. J. Biol. Chem. 235:
1820-1823.

Liu HJ, Zhang DJ, Xu YH, Mu Y, Sun YQ, Xiu ZL (2007). Microbial
production of 1-3 -propanediol from glycerol by Klebsiella
pneumoniae under micro-aerobic conditions up to a pilot scale.
Biotechnol. Lett. 29: 1281-1285.

Luers F, Seyfried M, Daniel R, Gottschalk G (1997). Glycerol
conversion to 1-,3 -propanediol by Clostridium pasteurianum: cloning
and expression of the gene encoding 1-3 -propanediol
dehydrogenase. FEMS Microbiol. Lett. 154: 337-45.

Ma BB, Xu XL, Zhang GL, Wang LW, Wu MLCh (2009). Microbial
Production of 1-,3 -Propanediol by Klebsiella pneumoniae XJPD-Li
under Different Aeration Strategies Appl. Biochem. Biotechnol. 152:
127-134.

Malinowski JJ (1999). Evaluation of liquid extraction potentials for
downstream separation of 1-,3 -propanediol. Biotechnol. Technol. 13:
127-130.

Menzel K, Zeng AP, Deckwer WD (1997). High concentration and
productivity of 1-,3 -propanediol from continuous fermentation of
glycerol by Klebsiella pneumonia. Enzyme Microb. Technol. 20: 82-
86.

Mu 'Y, Teng H, Zhang DJ, Wang W, Xiu ZL (2006). Microbial production
of 1-,3 -propanediol by Klebsiella pneumoniae using crude glycerol
from biodiesel preparations. Biotechnol. Lett. 28: 1755-1759.

Mukhopadhyay A, Redding AM, Becky J, Rutherford, Jay D Keasling
(2008). Importance of systems biology in engineering microbes for
biofuel production. Curr. Opin. Biotech. 19: 228-234.

Nakas JP, Schaedle M, Parkinson CM, Coonley CLE, Tanenbaum SW
(1983). System development for linked — fermentation products of
solvents from algal biomass. Appl. Environ. Microbiol. 46: 6-18.

Nakumura CE, Whited G (2003). Metabolic engineering for the microbial
production of 1-,3 -propanediol. Curr. Opin. Biotechnol. 14: 234-236.

Nicolaou S, Gaida M, Papoutsakis ET (2010). A comparative view of
metabolite and substrate stress and tolerance in microbial
bioprocessing: from biofuels and chemicals, to biocatalysis and
bioremediation. Metabol. Eng. 12: 307-331.

Papanikolaou S, Aggelis G (2009). Biotechnological valorization of
biodiesel derived glycerol waste through production of single cell oil
and citric acid by Yarrowia lipolytica. Lipid Technol. 21: 83-87.

Papanikolaou S, Fick M, George G (2004). The effect of raw glycerol
concentration on the production of 1-,3 -propanediol by Clostridium
butyricum. J. Chem. Technol. Biotechnol. 79: 1189-1196.

Papanikolaou S, Ruiz-Sanchez P, Pariset B, Blanchard F, Fick M
(2000). High production of 1-,3 -propanediol from industrial glycerol
by a newly isolated Clostridium butyricum strain. J. Biotechnol. 77:
191-208.

Perego M (1993). Biochemistry, physiology and molecular genetics.
Edited by Sonenshein AL, Hoch JA & Losick R. Washington DC: Am.
Soc. Microbiol. pp. 235-276.

Rorsberg CW (1987). lIsolation and Some Properties of a B-d-
Xylosidase from Clostridium acetobutylicum ATCC 824. Appl.
Environ. Microbiol. 53: 644-650.

Sarcabal P, Croux C, Soucaille P (2007). US20077267972.

Saxena RK, Pinki A, Saurabh S (2009). Microbial production of 1-,3
propanediol: Recent developments and emerging opportunities. Biot.
Adv. 27: 895-913.

Siegrist J (2010). Launch of a New Generation of Organic Certified
Reference Materials. Analytix 4.

Skonieczny MT, Yargeau V (2009). Biohydrogen production by
Clostridium beijerinckir. effect of pH and substrate concentration. Int.
J. Hydrog. Energ. 34: 3288-3294.



Songer JG (2010). Clostridia as agent of zoonotic disease. Vet.
Microbiol. 140: 399-404.

Soucaille P (2008). Process for the biological production of 1-1, 3 -
propanediol from glycerol with high yield. WO08052595.

Stephanopoulos GN, Aristidou AA, Nielsen J (1998). Metabolic
engineering: principles and methodologies. J. Elsevier Science:
Academic Press.

Todd L, Talarico LT, Novotny AJ, Fiuzat M, Dobrogosz WJ (1990).
Utilization of glycerol as a hydrogen acceptor by Lactobacillus reuteri:
purification of 1-,3 -Propanediol:NAD+ oxidoreductase. Appl. Environ.
Microbiol. 56: 943-948.

Vasconcelos L, Girbal L, Soucaille P (1994). Regulation of carbon and
electron flow in Clostridium acetobutylicum grown in chemostat
culture at neutral pH on a mixture of glucose and glycerol. J.
Bacteriol. 176: 1443-1450.

Veiga -DA, Cunha M, Foster MA (1992). 1-,3 -Propanediol: NAD+
oxidoreductases of Lactobacillus brevis and Lactobacillus buchneri.
Appl. Environ. Microbiol. 58: 2005-2010.

Werle P, Morawietz M, Lundmark S, SérensenK, Karvinen E, Lehtonen
J (2006). “Alcohols, polyhydric’ in Ullmann's Encyclopedia of
Industrial Chemistry, Wiley-VCH, Weinheim, pp. 349-350.

Leja et al. 11101

Zeng AP, Biebl H (2002). Bulk-Chemicals from Biotechnology: the case
of microbial production of 1-,3 -propanediol and the new trends. In
Schiigerl K and Zeng A-P (Eds.) Tools and applications of
biochemical engineering science. Adv. Biochem. Eng. Biotechnol. 74:
237-257.

Zhang CH, Ma YJ, Yang FX, Liu W, Zhang YD (2009). Microbial
production of 1-,3 -propanediol by Klebsiella pneumoniae using crude
glycerol from biodiesel preparations. Bioresour. Technol. 100: 134-
139.

Zhao YN, Chen G, Yao SJ (2006). Microbial production of 1-,3-
propanediol from glycerol by encapsulated Klebsiella pneumoniae.
Bioch. Eng. J. 32: 93-99.

Zhang GL, Maa BB, Xua XL, Chun L, Wang L (2007). Fast conversion
of glycerol to 1-,3 -propanediol by a new strain of Klebsiella
pneumoniae. Bioch. Eng. J. 37: 256-260.



