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Abstract

Microorganisms that efficiently conduct several metabolic processes can be found among the microflora that colo-
nizes the natural environment. The aim of this study was to select non-pathogenic cultures of bacteria from the ge-
nus Clostridium which capable of converting glycerol into 1,3-propylene glycol from the glycerol-supplemented
methane fermentation medium. Moreover, analyses was performed in which best isolates were tested in terms
of 1,3-propylene glycol production using both pure and waste glycerol. Trials in a microreactor scale were perfor-
med for the best strains identified. Thes trials were aimed at the determination of the effect of pH and tempera-
ture conditions on the effectiveness and duration of 1,3-PD synthesis. Metabolite contents in the culture fluid
were assessed using HPLC. Species were identified by amplification of 16S rRNA coding sequence. A total of 67
isolates were identified, of which a vast majority was capable of synthesizing 1,3-PD. The best results were
obtained for strain C butyricum DS30. Maximum concentration of 1,3-PD for this strain exceeded 38.56 g/l. At
a temperature of 37EC and constant pH of 7.0, the efficiency of this strain fell within the range of 0.66-0.67
mol/mol glycerol in the case of laboratory and bioreactor scales using pure and waste glycerol.
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Introduction

1,3-propylene glycol (1,3-PD) is one of the products
of glycerol metabolism in many bacteria. Biotechnologi-
cally, it can be obtained in fermentations performed by
Clostridium sp. (Saxena et al., 2009; Papanikolaou et al.,
2008; Barbirato et al., 1998). Production of this meta-
bolite is considered a possible way to utilize waste glyce-
rol, a biodiesel byproduct, and obtain a value-added che-
mical (Zeng and Sabra, 2012). 1,3-PD finds many applica-
tions in the chemical industry as a monomer for poly-
merization, or an ingredient of solvents or lubricants
(Barbirato et al., 1998).

1,3-propylene glycol--producing clostridia has been
studied extensively for more than two decades (Biebl,
1991). To date several strains of this genus have become
well-established in the field of research on biotechnologi-
cal 1,3-PD biosynthesis. It seems that their metabolic ca-
pabilities are well-known and that their upper limits of

1,3-PD production efficiency have been reached. Most of
these 1,3-propylene glycol producers belong to C. butyri-
cum or C. Diolis. These species are considered best fit
for the process, as the yield with which their members
convert glycerol to 1,3-PD is better than that of other
Clostridium spp. To a greater extent, the available re-
ports cover C. diolis DSM 5430 (formerly C. butyricum)
(Kretschmann et al., 1989), C. butyricum VPI 3266
(Saint-Amas et al., 1994), C. butyricum VPI 1718 (Cha-
tzifragkou et al., 2011) and C. butyricum CNCM 1211
(Himmi, 1999).

Researchers aim at improving the overall outcome
of the process by both genetic engineering and isolation
of new strains (Abbad-Andaloussi et al., 1995; González-
Pajuelo et al., 2006; Otte et al., 2009). The main objec-
tive of these efforts is to maximize the final 1,3-PD con-
centration obtained. For this purpose, strains showing
high tolerance to elevated levels of toxic metabolites and
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other compounds present in the fermentation broths are
desired. Recently reports have been released that de-
scribe the process of 1,3-PD production using novel
strains (Hirschmann et al., 2005, Gungormusler et al.,
2010, Ringel et al., 2012, Leja et al., 2011). The study by
Ringel et al. (2012) is an example of how the results of
bacterial screening can be improved when the source of
isolation and the screening strategy are carefully selec-
ted. A strain isolated from a habitat rich in fats perfor-
med exceptionally well (Wilkens et al., 2012).

In this paper we present the results of isolation of
1,3-PD that produces anaerobes from the environment
of the anaerobic digestion of cattle manure. In order to
enhance the probability of isolating a promising 1,3-PD
producer, this environment was modified by the addition
of crude glycerol at different concentrations.

Materials and methods

Media, microorganisms and culture conditions

The cattle manure used for the isolation experi-
ments was obtained from the experimental farm of
the Poznan University of Life Sciences (Przybroda, Po-
land). Three types of glycerol were used for media sup-
plementations, i.e. pure glycerol (POCH, Poland), crude
glycerin (M1) from BIOPALIWA S.A. (Malbork, Poland)
containing 83.5% pure glycerol, and crude glycerin (S2)
from BIOPAL (Borek Wielkopolski, Poland) containing
18.06% pure glycerol and 13.3% methanol.

All the microorganisms used for the experiments
were isolated from an anaerobic digestion system pre-
sented below. The material obtained from the anaerobi-
cally digested manure was incubated on TSC-base agar
plates (Biocorp, Poland) for 24h, after which the selec-
ted colonies were transferred into tubes containing RCM
broth (Biocorp, Poland).

The medium for the fermentation tests was a modified
Rich Medium (Himmi et al.,1999), composed of the fol-
lowing: 3.4 g K2HPO4, 1.3 g KH2PO4, 2.0 g (NH4)2S04,
0.2 g MgSO4 x 7H2O, 2.0 g CaCO3, 0.02 g CaCl2 x 2H2O,
5 mg FeCl2 x 7H2O, 2.0 g yeast extract and 2 ml trace
element solution SL7 (Papanikolaou et al., 2000) per liter
of demineralized water. In all the fermentation experi-
ments, the medium contained 70 g/l glycerol, either pure
or crude. When fermentation experiments were conduc-
ted in tubes, the medium was supplemented with 1% bro-
mocresol purple solution at 2 ml/l, which allowed pH re-

gulation with 20% NaOH. The pH was regulated accor-
ding to color changes of this indicator.

In the fermentation experiments, with the use of bio-
reactors, the broth was continuously sparged with sterile
nitrogen and stirred at 60 rpm. The pH was regulated at
7.0 with 20% NaOH. Vessels of 5000 ml total working
volume were filled up to 2000 ml. The volume of 200 ml
cultures cultivated on RCM was used as inoculum.

Except for the bioreactor fermentations, all the work
was performed in an anaerobic workstation at 30EC.

Anaerobic digestion

The anaerobic digestion of cattle manure was per-
formed using a system presented in Figure 1.

Fig. 1. The anaerobic digestion system: 1 – thermostated wa-
ter heater, 2 – isolated water transfer tubes, 3 – heating jac-
ket, 4 – biofermentors, 5 – biogas container with volumetric
scale, 6 – cut-off valves, 7 – gas flow meters, 8 – gas analyzer,
9 – sample collection tubes, 10 – thermometer, 11 – control

unit (Adamski et al., 2009)

The digestion process was carried out batch-wise
with microorganisms natively present in cattle manure
at 39EC until gas evolution stopped. No pH correction
was used. The concentration of the manure was 70 g/l
dry matter. The concentrations of the glycerin fraction
(M1) of 0, 50, 100 and 150 g/l were used.

Analytical techniques
Chromatographic methods

Samples of fermentation broth were collected, cen-
trifuged at 10.000 × g for 10 min and the cell-free super-
natants were filtered through syringe filters prior to
the HPLC analysis. A Hewlett Packard 1050 system
equipped with a refractive index detector was used.
Analyses were performed isocratically at a flow rate of
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0.6 ml/min on an Aminex HPX-87H 300 × 7.8 column
(BIO-RAD, CA, USA) thermostated at 65EC. The mobile
phase comprised 0.5 mN H2SO4. External standards
were applied for identification and quantification.

Bacteria identification

Total DNA from bacteria was extracted using
a Genomic Mini AX Bacteria Kit (A&A Biotechnology,
Gdańsk, Poland) after initial incubation in 50 mg/ml lyso-
zyme (Sigma) for 1 h at 37EC. Sequences encoding small
subunits of rRNA were amplified in PCR using
SDBact0008aS20 and SUniv1492bA21 primers (Suau et
al., 1999). PCR products were purified using a Clean-up
Kit (A&A Biotechnology, Gdańsk, Poland) and sequen-
ced at Genomed (Warszawa, Poland) with primers used
for PCR and additionally for the inner sequence with
the GTGCCAGCMGCCGCCCTAA primer. Obtained se-
quences were arranged into contigs and identified with
the BLAST program of the GenBank database (Altschul
et al., 1990).

Results

Methane fermentation of cattle manure supple-
mented with glycerol

The process of methane fermentation was not
the main concern of this study and served mostly as an
isolation source for new strains applicable to fermenta-
tive 1,3-propylene glycol production. However, its pro-
gress was monitored and differences were observed as
crude glycerol was being introduced to cattle manure at
increasing concentrations. The results of measurements
taken throughout this procedure are provided in Table 1.

It is known that for efficient methanogenesis, the pH
of the fermentation broth should be maintained at 6.8 to
7.5 (Ángel et al., 2009). This is often achieved by adding
fresh manure. In the present experiment, the initial pH
of the fermented material was 8.1. However, a rapid de-
crease in pH to acidic values was observed in the proces-
ses carried out with added glycerol. This pH drop was
probably one of the factors that shifted the quantitative
composition of the formed biogas towards carbon dio-
xide at the expense of methane. Even though an incre-
ased gas evolution was recorded, the total methane vo-
lume was reduced at higher glycerol additions in the fer-
mented manure.

These observations may be attributed to the diffe-
rences in the quantitative and qualitative composition of

the consortium used for biogas production (Table 1).
The introduction of glycerol may have triggered growth
of bacteria capable of its utilization and, among them,
1,3-propylene glycol producers.

It needs to be emphasized that an increasing amount
of information has recently been added in literature on
combining methane fermentation with the process of
1,3-PD synthesis (Friedman and Zeng, 2008; Bizukojc et
al., 2010). The application of microbial consortia aims at
the removal of inhibitors (acetic and lactic acids, etha-
nol) from the fermentation medium. Moreover, proces-
ses based on the combination of fermentation bacteria,
methane-producing bacteria and archaebacteria may prove
to be an effective method of purifying the fermentation
broth from metabolites other than 1,3-PD (after fermenta-
tion) and biogas production. Apart from the combination
of 1,3-PD synthesis with methane production, a consor-
tium of microorganisms capable of synthesizing hydrogen
and 1,3-PD on the substrate with waste glycerol is an in-
teresting option. Selembo et al. (2009), in their study,
reached an efficiency of 0.31 mol/mol glycerol for hydro-
gen and 0.59-0.69 mol/mol glycerol for 1,3-PD.

Isolation and characterization of 1,3-propylene
glycol producing anaerobes

Samples of the fermented manure were collected
and used to isolate anaerobic bacteria. This resulted in
the isolation of 67 strains. All the strains were tested for
1,3-propylene glycol production from glycerol, using
a production medium containing 70 g/l pure glycerol.
The isolation results are shown in Table 2.

From the pool of the isolated strains, the best
1,3-propylene glycol producers were selected for identi-
fication and further studies. Examples of the results
from the isolation and strain selection procedure are
given in Table 3.

The highest yield and final concentration of 1,3-PD
was obtained in fermentations performed by strains
isolated from the manure fermented with 10% (w/v)
glycerol addition. The best strains, i.e. DS28, DS30 and
DS52, were identified phylogenetically as C. butyricum.
Strain DS30 fermented 70 g/l pure glycerol to 38.56 g/l
1,3-PD with the molar yield of 0.67. A similar glycerol
fermentation yield, 0.69 mole of 1,3-PD per mole of
glycerol, was obtained in batch fermentation with C. bu-
tyricum CNCM 1211 (Himmi et al., 1999). The exceptio-
nally high molar yield, with which C. butyricum converts



The methane fermentation medium as an attractive source of bacteria 71

Table 1. Results of biogas fermentation at different crude glycerol concentration

Crude glycerol
concentration

[% (w/v)]

Total fermentation time
[days]

Final pH
Total biogas

[dm3]
Methane in biogas

[dm3]
CO2 in biogas

[dm3]

0 44 8.0 12.8 7.1 2.5

5 43 6.1 16.4 5.5 > 7.2

10 21 6.0 27.9 2.2 > 13.2

15 13 5.7 30.1 1.64 > 23.76

Table 2. Results of isolation of anaerobic 1,3-PD producing strains from fermented cattle manure

Strain
Glycerol addition

in the cattle manure
[% (w/v)]

Final 1,3-PD
concentration

[g/l]

Glycerol
utilization

[%]

1,3-PD yield
[mol13-PD/molglycerol]

DS1 0 1.76 11 0.28

DS3 0 2.09 14 0.25

DS4 0 2.56 10 0.44

DS5 0 3.61 19 0.33

DS13 5 12.98 52 0.43

DS17 5 17.77 75 0.41

DS19 5 24.99 95 0.46

DS24 5 22.98 92 0.41

DS28 10 37.87 100 0.65

DS30 10 38.56 100 0.67

DS44 10 25.43 82 0.53

DS52 10 36.99 98 0.66

DS62 15 34.21 100 0.59

DS66 15 31.75 100 0.54

DS71 15 29.89 100 0.52

DS72 15 29.07 100 0.52

Table 3. Selected results of the isolation procedure

Glycerol addition
in the cattle manure

[% (w/v)]

Total number
of isolated strains

Number of strains capable
of 1,3-PD production

0 10 4

5 14 14

10 31 30

15 12 10

Totality 67 58

glycerol to 1,3-PD, seems to be the characteristic of this
species.

Utilizing different Clostridium  species, other au-
thors did not obtain comparatively satisfying results. Ta-

coni et al. (2009) reported achievement of a maximum
1,3-PD yield from glycerol of 0.5 mol/mol and a final
1,3-PD concentration of 7 g/l in a batch culture. Gungor-
musler et al. (2010) obtained 0.36 moles of 1,3-PD from
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Table 4. Fermentation products of pure and crude glycerol by best isolates of bacteria from the species C. butyricum

Strain
1,3-PD

[g/l]
Glycerol

[g/l]
Butyric acid

[g/l]
Acetic acid

[g/l]

Pure glycerol

C. butyricum DS28 37.34 0.00 3.84 1.43

C. butyricum DS30 38.56 0.00 2.12 0.51

C. butyricum DS52 36.99 0.91 2.55 1.98

Crude glycerol M1

C. butyricum DS18 34.65 0.00 3.91 1.45

C. butyricum DS19 32.19 0.00 3.87 1.09

C. butyricum DS22 29.89 0.00 2.54 1.32

Crude glycerol S1

C. butyricum DS18 0.54 15.54 0.07 0.05

C. butyricum DS19 1.01 15.76 0.09 0.01

C. butyricum DS22 1.06 16.43 0.04 0.1

Table 5. Products of glycerol fermentation by C. butyricum DS30 at pH 6.0-8.0

pH Strain
Max concentration

of 1,3-PD
[g/l]

Max yield
[M1,3-PD/Mglicerol]

Butyrate/acetate
[g/g]

6.0

C. butyricum DS30

12.02 0.37 0.24

6.5 35.14 0.61 0.48

7.0 38.05 0.67 0.44

7.5 24.85 0.53 0.33

8.0 0.03 0.00 0.00

1 mole of glycerol using the newly isolated C. saccharo-
butylicum NRRL B-643.

Analyses conducted at this stage showed that the me-
thane fermentation medium supplemented with glycerol
is a good source of isolates with a potential of commercial-
scale importance.

Fermentation of pure and crude glycerol by selec-
ted isolates from the species C. butyricum

When industrial 1,3-PD production is discussed, cru-
de glycerol, a by-product of biodiesel production, is con-
sidered the substrate of choice. This raw material, how-
ever, contains various substances that are inhibitory to
the growth and metabolism of microorganisms in quanti-
ties depending on its purity. These substances include
sodium salts, heavy metal ions, soaps, methanol and free
fatty acids. For example, sodium ions inhibit the growth
of C. butyricum at a concentration of 12 g/l, lead ions at
25 mg/l (Homann et al., 1990; Francis and Dodge, 1987)

and nickel, contained in the glycerin fraction, also have
inhibitory effects (Keeling and Cater, 1998).

For this reason, selected strains were tested in or-
der to verify their ability to grow and synthesize 1,3-PD
on the media containing crude glycerol. Two glycerin
fractions from biodiesel production plants were utilized
(M1 and S1). Fermentations carried out on pure glycerol
were the controls in this experiment and the results are
listed in Table 4. The highest concentration of 1,3-PD
(38.56 g/l) was obtained in the fermentation with isolate
DS30 using pure glycerol. In all the fermentations using
pure glycerol, the final 1,3-PD titer was higher than in
those using crude glycerol. However, considering the fact
that the total pure glycerol concentration in these runs
was lower than in those using pure glycerol, the results
obtained with crude glycerol M1 were comparable. Ad-
ditionally, the molar 1,3-PD yield from fermented glycerol
did not vary significantly between fermentations perfor-
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med on pure glycerol and M1. Crude glycerol S1 did not
provide conditions suitable for any of the tested strains.

Available literature sources present an increasing
number of reports on the synthesis of 1,3-PD from crude
glycerol.

C. butyricum strain F2b was described as capable of
producing 48 g/l of 1,3-PD (efficiency of 0.66 mol/mol)
using crude glycerol (Papanikolaou and Aggelis, 2003).
C. butyricum CNCM 1211 produced 63.4 g/l 1,3-PD
from crude glycerol with an efficiency of 0.69 mol/mol
(Colin et al., 2000). It needs to be stressed that high
concentrations of 1,3-PD reported by other authors
frequently result from the type of fermentation runs, i.e.
fed-batch or continuous. Results showing that isolation
of new strains can still improve the outcome of glycerol
fermentation to 1,3-PD were recorded by Ringel et al.
(2012). These authors isolated non-pathogenic C. butyri-
cum strains AKR102a and AKR91b resistant to high con-
centrations of 1,3-PD, and at the same time capable of an
effective conversion of waste glycerol (approx. 100 g/l
1,3-PD). However, is noteworthy that the fraction ap-
plied by the authors did not contain any considerable
amounts of contaminations. Also several other authors
investigated the effect of waste glycerol on the efficiency
of 1,3-PD synthesis using the raw material containing
maximum of 1% methanol (Rehman et al., 2008; Papani-
kolaou et al., 2000). In this study much lower concentra-
tions of 1,3-PD were obtained for the S1 fraction, in
which glycerol concentration was 18.01%. Moreover,
the raw material contained approx. 14% methanol and
45% sodium soaps of fatty acids, which obviously had an
adverse effect on the very low efficiency of the fermenta-
tion process.

C. butyricum strain DS30, which on pure glycerol
and the M1 fraction provided the efficiency of 1,3-PD
synthesis at a level comparable to the theoretical one,
S1 fraction usage was not capable of producing 1,3-PD at
more than 1 g. Literature sources contain many reports
on the inhibitory effect of waste glycerol components on
the growth and metabolism of microorganisms (Gon-
zález-Pajuelo et al., 2004; Rehman et al., 2008; Chatzi-
fragkou et al., 2011; Ringel et al., 2012). In the investiga-
ted case, methanol, a dominant component of the gly-
cerin fraction was the main inhibitor of fermentation.
The solution to this problem is to separate methanol by
distillation. However, it is a very costly solution. Possibly
the application of a mixed culture capable of metabo-

lizing glycerol and methanol would be a cost-effective
solution. Strains capable of utilizing methanol have been
discussed by many authors (Braun and Stolp, 1985; Me-
chichi et al., 1999). Clostridium xylanovorans isolated
from the methanol fermentation medium may serve as
an example in this respect (Mechichi et al., 1999).

The effect of temperature on productivity of C. bu-
tyricum strain DS30

In order to improve the efficiency of technological
processes, particularly those based on the utilization of
microorganisms, it is a key issue to determine optimal
parameters of their culture. Temperature is one of these
parameters. There are several published reports that
describe the dependency between the efficiency of
1,3-PD synthesis with the application of C. butyricum
and the temperature of the culture medium (Colin et al.,
2000; Himmi et al., 1999; Barbirato et al., 1998).

Thus, in the next stage, the effect of temperature on
the rate of 1,3-PD synthesis was investigated for
the most promising isolate, i.e. C. butyricum DS30. Ana-
lyses were conducted in bioreactors, with the application
of the optimal production broth, at a concentration of
pure glycerol amounting to 70 g/l in six temperature
variants (30, 32, 34, 36, 38, 40EC). Within the tempera-
ture range of 32-38EC the final concentration of 1,3-PD
was similar, amounting to 34-37 g/l. The maximum effi-
ciency was 0.67 mol/mol glycerol. However, an increase
in temperature to 38EC resulted in an increase in 1,3-PD
productivity from 0.47 to 1.44 g/l/h, and thus it reduced
fermentation time to 30 h (Fig. 2).

Using the fed-batch culture at a temperature of 35EC
for C. butyricum DSM5431, Reimann and Biebl (1996),
obtained an efficiency of 1,3-PD synthesis at 0.62 mol/mol

Fig. 2. Relationship between the temperature and the 1,3-PD
productivity
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and productivity of 2.4 g/l/h during the period of 20 h,
while Himmi et al. (1999), applying the RM medium, at
37EC and the C. butyricum strain CNCM 1211 obtained
a maximum productivity of 1.85 g/l/h and efficiency of
0.66 mol/mol. In turn, Barbirato et al. (1998), when in-
vestigating a C. butyricum strain capable of synthesizing
1,3-propylene glycol, after 9-hour fermentation, at 37EC
obtained the efficiency of 0.62 mol/mol glycerol. The tem-
perature of 40EC prevented the growth of bacteria and
synthesis of 1,3-PD (0.04 g/l). Such a high temperature
inhibits cell growth by inactivation of enzymes participa-
ting in glycolysis and the Krebs cycle, which, as a con-
sequence, reduces or inhibits carbon metabolism. More-
over, an elevated temperature leads to the denaturation
of enzymatic proteins (Hochachka, 1986).

The source of isolate origin provides a good estima-
tion of the experimentally confirmed fact on the optimal
temperature (36-38EC) of fermentation. Firstly, liquid
manure came from breeding animals whose body tem-
perature fell within the above-specified range. Secondly,
in the secondary environment of isolates (methane fer-
mentation), the temperature even exceeded the speci-
fied value, and therefore microorganisms that inhabited
that medium seemed to have been adapted to the eleva-
ted temperature of the culture medium.

The effect of pH on efficiency of 1,3-propylene gly-
col synthesis by C. butyricum DS30

The pH value of the medium is an important para-
meter that influences the production of 1,3-propylene
glycol in the fermentation process. This mechanism is
related to the activity of enzymes and metabolic path-
ways. Optimal pH for microbial growth is highly varied
and depends on the genus or even species affiliation.
It needs to be stressed that by modifying the pH value of
the medium the intensity of synthesis for specific meta-
bolites can be influenced (Colin et al., 2001; Barbirato et
al., 1998; Sattayasamitsathit et al., 2012). Thus the pH
effect was analyzed in this study not only for the efficien-
cy of 1,3-propanediol synthesis, but also for the produc-
tion of organic acids for the best isolate, i.e. C. butyri-
cum DS30. The fermentation process was run in a bio-
reactor with an infinitely variable pH adjustment (range
of 6.0-8.0), while the concentration of (pure) glycerol in
the production broth was 70 g/l. Results presented in
graph 1 show that an increase in medium pH results in
an increased production of 1,3-PD, but only to a certain

value. The boundary value of pH for C. butyricum strain
is 7.5. At pH of 8.0, the level of 1,3-PD did not exceed
the concentration of 0.1 g/l. Within the range from 6.5
to 7.5, a complete utilization of glycerol occurred and
the highest concentration of 1,3-PD was reached, amoun-
ting to 36.61 and 38.05 g/l. Similar conclusions were
also reached by other authors. Biebl (1991) investigated
the effect of pH on the efficiency and time of fermenta-
tion. Similar as in this study, the best results were found
for pH of 6.5 and 7.0 (19.1 and 20.9 g/l of 1,3-PD from
50 g/l glycerol). A lower efficiency at pH 6.5, amounting
to 0.54 g/g glycerol (with no infinitely variable adjust-
ment of pH) and 0.58 g/g glycerol (with pH adjustment
to 6.8) was obtained by Metsoviti et al. (2012). Barbirato
et al. (1998) reported an almost complete utilization of
glycerol at pH 6.6 and the maximum (although lower
than that recorded in this study) concentration of 1,3-
propylene glycol amounting to 247.6 mM (22.83 g/l).
These authors investigated the pH range of 4.9-6.6.
In another study, Biebl et al. (1992), described a pH range
very similar to that found in this paper, i.e. pH 5.5-8, and
determined the productivity of 1,3-PD as well as concen-
trations of butyric and acetic acids. The optimal pH value,
ensuring the maintenance of the highest productivity, was
7.0. Similar to this study, at a pH above 7.5, the level of
1,3-PD dropped dramatically. The range of pH similar to
that investigated within this study was described by Colin
et al. (2001). At pH 7.0, these authors obtained the high-
est efficiency of 0.68 mol/mol glycerol.

A significant element in the microbial synthesis of
1,3-PD is associated with the profile of short-chain orga-
nic acids, particularly butyric and acetic acids. It is worth
mentioning that the qualitative and quantitative characte-
ristics of the end by-products depend on the species and
fermentation conditions (Chatzifragkou, et al., 2011; Wil-
kens et al., 2012; Biebl and Spröer, 2002; Biebl, 2001).
The pH value is an important parameter. A certain de-
pendency was observed with an increase in pH. The hi-
gher the pH value of the fermentation medium, the hi-
gher the concentration of acetic acid and the higher the
final concentration of 1,3-PD. Colin et al. (2001) publi-
shed the results confirming the effect of acetate and
butyrate on the efficiency of 1,3-PD synthesis in fed cul-
tures of C. butyricum with an addition of either of these
acids. When butyrate was added, its production in
the cell was reduced and the efficiency of 1,3-PD synthe-
sis increased. Similar studies were conducted by Heyen-
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drix et al. (1991) on C butyricum and C. pasteurianum.
In C. butyricum supplementation with acetate resulted
in an increase in the synthesis of butyrate and a reduc-
tion of 1,3-PD production. Regulatory mechanisms need
to be identified for the purpose of controlled manage-
ment of glycerol metabolism. According to Zeng (1996),
obtaining maximum efficiency of 1,3-PD production per
1 mol utilized glycerin is possible when the by-product,
i.e. butyric acid, is formed only in the oxidation pathway
and hydrogen is not be released. Moreover, the same
author pointed towards the inhibitory effect of undisso-
ciated acids on microorganisms. This aspect seems to be
particularly significant in fed-batch and continuous cultu-
res (Zeng et al., 1994).

Conclusions

The methane fermentation medium may undoubtedly
constitute a good source of microorganisms with a poten-
tially commercial-scale applicability. Unfortunately, in this
study, supplementation of cattle slurry (considered a very
good substrate for methane fermentation) with glycerol
had no advantageous effect on the course of fermentation
or the production of biogas. This seems, however, an ef-
fect of rapid acidification of fermentation environment to-
wards pH values far from the optimal range for methano-
gens. This problem is often coped with by neutralization
resulting from the addition of fresh feedstock in semi-
continuous or continuous process setups.

The approach used in this study, while not having
beneficial impact on methane production, made it pos-
sible to obtain attractive isolates capable of efficient syn-
thesis of 1,3-propylene glycol from glycerol. There still
remains the issue of adaptation mechanisms in micro-
organisms. The environment of methane fermentation
supplemented with glycerol proved to be advantageous
for bacteria of the Clostridium genus. A more extensive
analysis (at the level of transcriptome and proteome)
could provide information concerning the influence of
glycerol concentration on cellular regulatory and functio-
nal elements that are responsible for increased osmotic
tolerance and the resulting ability to synthesize 1,3-pro-
pylene glycerol at high concentrations.

Acknowledgements

The 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 frame-
work of the Innovative Economy Operational Programme
2007-2013.

References

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

Adamski M., Pilarski K., Dach J. (2009) Possibilities of usage
of the distillery residue as a substrate for agricultural
biogas plant. J. Res. Appl. Agric. Engng. 54(3): 10-16.

Altschul S.F., Gish W., Miller W., Myers E.W., Lipman D.J.
(1990) Basic local alignment search tool. J. Mol. Biol. 215:
403-410.

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

Biebl H. (1991) Glycerol fermentation of 1,3-propanediol by
Clostridium butyricum. Measurement of product inhibi-
tion by use of a pH-auxostat. Appl. Microbiol. Biotechnol.
35: 701-705.

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

Biebl H., Spröer C. (2002) Taxonomy of the glycerol fermen-
ting clostridia and description of Clostridium diolis sp.
nov. Syst. Appl. Microbiol. 25: 491-497.

Bizukojc M., Dietz D., Sun J., Zeng A.P. (2010) Metabolic
modelling of syntrophic-like growth of a 1,3-propanediol
producer, Clostridium butyricum, and a methanogenic ar-
cheon, Methanosarciuna mazei, under anaerobic condi-
tions. Bioprocess Biosyst. Eng. 33: 507-523.

Braun M., Stolp H. (1985) Degradation of methanol by a sul-
phate reducing bacterium. Arch. Microbiol. 58: 786-793.

Chatzifragkou A., Papanikolau S., Dietz D., Doulgeraki A.I.,
Nychas G.J.E., Zeng A.P. (2011) Production of 1,3-pro-
panediol by Clostridium butyricum growing on biodiesel-
derived crude glycerol through a non-sterilized fermenta-
tion process. Appl. Microbiol. Biotechnol. 91: 101-112.

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.

Colin T., Bories A., Lavigne C., Moulin G. (2001) Effect of ace-
tate and butyrate during glycerol fermentation by Clostri-
dium butyricum. Curr. Microbiol. 43: 238-243.

Francis A.J., Dodge C.J. (1987) Effect of lead oxide and iron
on glucose fermentation by Clostridium sp. Arch. Environ.
Contam. Toxicol. 16: 491-497.

Freidmann W., Zeng A.P. (2008) Unsterile fermentation of
glycerol to 1,3-propanediol. Glycerol is converted into 1,3-
propanediol and the by-products are metabolized to
methane by the biogas consortia. Patent Application
PCT/EP2008/063493.



D. Szymanowska-Powałowska, P. Kubiak, A. Lewicki76

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

González-Pajuelo M., Meynial-Salles I., Mendes F., Soucaille
P., Vasconcelos I. (2006) Microbial conversion of glycerol
to 1,3-propanediol: physiological comparison of a natural
producer, Clostridium butyricum VPI 3266, and an en-
gineered strain, Clostridium acetobutylicum DGI(pSPD5).
Appl. Environ. Microbiol. 72: 96-101.

Gungormusler M., Gonen C., Ozdemir G., Azbar N. (2010) 1,3-
Propanediol production potential of Clostridium saccharo-
butylicum NRRL B-643. New Biotechnol. 27: 782-788.

Heyndrickx M., Devos P., Vancanneyt M., De Ley J. (1991)
The fermentation of glycerol by Clostridium butyricum
LMG. 1212 t2 and 1213 t1 and Clostridium pasteurianum
LMG 3285. Appl. Microbiol. Biotechnol. 34: 637-642.

Himmi E.L., Bories A., Barbirato F. (1999) Nutrient require-
ments for glycerol conversion to 1,3 -propanediol by Clo-
stridium butyricum. Bioresour. Technol. 67: 123-128.

Hirschmann S., Baganz K., Koschik I., Vorlop K.D. (2005)
Development of an integrated bioconversion process for
the production of 1,3-propanediol from raw glycerol wa-
ters. Landbauforsch Volkenrode. 55: 261-267.

Hochachka P.W. (1986) Defense strategies against hypoxia
and hypothermia. Science Wash DC. 231: 234-241.

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

Keeling A.A., Cater G.L.F. (1998) Toxicity of copper, lead
nickel and zinc in agar culture to aerobic diazotrophic bac-
teria extracted from waste derived compost. Chemo-
sphere 37: 1073-1077.

Kretschmann J., Caduck F.J., Deckwer W.D., Tag C., Biebl H.
1989. Fermentative Herstellung von 1,3-propanediol. Ger-
man patent no. DE 3924423

Leja K., Czaczyk K., Myszka K. (2011) Biotechnological syn-
thesis of 1,3-propanediol using Clostridium spp. Afr. J.
Biotechnol. 10(54): 11093-11101.

Mechichi T., Labat M., Patel B.K.C., Woo T.H.S., Thomas P.,
Garcia J.L. (1999) Clostridium methoxybenzovorans sp.
nov., anew aromatic o-demethylating homoacetogen from
an olivemill wastewater treatment digester. Int. J. Syst.
Bacteriol. 49: 1201-1209.

Metsoviti M., Paramithiotis S., Drosinos E.H., Galiotou-Pana-
yotou M., Nychas G.J.E., Zeng A.P., Papanikolaou S.
(2012) Screening of bacterial strains capable of conver-
ting biodiesel-derived raw glycerol into 1,3-propanediol,
2,3-butanediol and ethanol. Eng. Life Sci. 12(1): 57-68.

Papanikolaou S., Aggelis G. (2003) Modelling aspects of
the biotechnological valorization of raw glycerol: produc-
tion of citric acid by Yarrowia lipolytica and 1,3-propane-
diol by Clostridium butyricum. J. Chem. Technol. Bio-
technol. 78: 542-547.

Otte B., Grunwaldt E., Mahmoud O., Jennewein S. (2009)
Genome shuffling in Clostridium diolis DSM 5410 for

improved 1,3-propanediol production. Appl. Environ.
Microbiol. 75(24): 7610-7616.

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 butyri-
cum strain. J. Biotechnol. 77: 191-208.

Papanikolaou S., Fakas S., Fick M., Chevalot I., Galiotou-Pana-
yotou M., Komaitis M., Marc I., Aggelis G. (2008) Bio-
technological valorisation of raw glycerol discharged after
bio-diesel (fatty acid methyl esters) manufacturing pro-
cess: Production of 1,3-propanediol, citric acid and single
cell oil. Biomass. Bioenergy. 32(1): 60-71.

Rehman A., Matsumura M., Nomura N., Sato S. (2008) Growth
and 1,3-propanediol production on pre-treated sunflower
oil bio-diesel raw glycerol using a stricte anaerobe Clostri-
dium butyricum. Curr. Res. Bacteriol. 1: 7-16.

Reimann A., Biebl H. (1996) Production of 1,3-propanediol by
Clostridium butyricum DSM 5431 and product tolerant
mutants in fed-batch culture. Biotechnol. Lett. 18: 827-832.

Reimann A., Biebl H., Deckwer W.D. (1998) Production of 1,3-
propanediol by Clostridium butyricum in continuous cul-
ture with cell recycling. Appl. Microbiol. Biotechnol. 49:
353-363.

Ringel A.K., Wilkens E., Hortig D., Willke T., Vorlop K.D.
(2012) An improved screening method for microorga-
nisms able to convert crude glycerol to 1,3-propanediol
and to tolerate high product concentrations. Appl. Micro-
biol. Biotechnol. 93(3): 1049-1056.

Sabra W., Dietz D., Tjahjasari D., Zeng A.P. (2010) Bio-
systems analysis and engineering of microbal consortia
for industrial biotechnology. Eng. Life Sci. 10: 407-421.

Saint-Amans S., Perlot P., Goma G., Soucaille P. (1994) High
production of 1,3-propanediol from glycerol by Clostri-
dium butyricum VPI 3266 in a simply controlled fed-batch
system. Biotechnol. Lett. 16: 831-836.

Selembo P.A., Perez J.M., Lloyd W.A., Logan B.A. (2009) En-
hanced Hydrogen and 1,3-Propanediol Production From
Glycerol by Fermentation Using Mixed Cultures. Biotech.
Bioeng. 104: 1098-1106.

Sattayasamitsathit S., Methacanon P., Prasertsan P. (2011)
Enhance 1,3-propanediol production from crude glycerol
in batch and fed-batch fermentation with two-phase pH-
controlled strategy. Process Biotechnol. 14 (6). DOI:
10.2225/vol14-issue6-fulltext-6.

Saxena R.K., Anand P., Saran S., Isar J. (2009) Microbial pro-
duction of 1,3-propanediol: recent developments and
emerging opportunities. Biotechnol. Adv. 27: 895-913.

Suau A., Bonnet R., Sutren M., Godon J.J., Gibson G.R., Col-
lins M.D., Dore J. (1999) Direct analysis of genes en-
coding 16 S rRNA from complex communities reveals
many novel molecular species within human gut. App.
Environ. Microbiol. 65(11): 4799-4807.

Taconi K.A., Venkataramanan K.P., Johnson D.T. (2008)
Growth and solvent production by Clostridium pasteuria-
num ATCC® 6013™ utilizing biodiesel-derived crude gly-
cerol as the sole carbon source. Environ. Prog. Sust.
Energy. 28: 100-110.



The methane fermentation medium as an attractive source of bacteria 77

Willke T., Vorlop K. (2008) Biotransformation of glycerol into
1,3-propanediol. Eur. J. Lipid. Sci. Technol. 110: 831-840.

Wilkens E., Ringel A.K., Hortig D., Willke T., Vorlop K.D.
(2012) High-level production of 1,3-propanediol from
crude glycerol by Clostridium butyricum AKR102a. Appl.
Microbiol. Biotechnol. 5: 232-230.

Zeng A.P., Ross A., Biebl H., Tag C., Günzel B., Deckwer W.D.
(1994) Multiple product inhibition and growth modeling
of Clostridium butyricum and Klebsiella pneumoniae in
glycerol fermentation. Biotech. Bioengi. 44 (8): 902-911.

Zeng A.P. (1996) Pathway and kinetic analysis of 1,3-pro-pane-
diol production from glycerol fermentation by Clostridium
butyricum. Bioproc. Biosyst. Eng. 14: 169-175.

Zeng A.P., Biebl H. (2002) Bulk chemicals from biotechno-
logy: the case of 1,3-propanediol production and the new
trends. Adv. Biochem. Eng. Biotechnol. 74: 239-259.

Zeng A.P., Sabra W. (2012) Microbial production of diols as
platform chemicals: recent progresses. Curr. Opin. Bio-
techol. In press. DOI: 10.1016/j.copbio.2011.05.005.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


