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Summary. From pasteurized mud and soil samples 
glycerol-fermenting clostridia that produced 1,3-propa- 
nediol, butyrate and acetate were obtained. The isolates 
were taxonomically characterized and identified as 
Clostridiurn butyricum. The most active strain, 
SH1 = DSM 5431, was able to convert up to 110 g/1 of 
glycerol to 56 g/l  of 1,3-propanediol in 29 h. A few 
Clostridiurn strains from culture collections (3 out of 16 
of the C. butyricum group) and some isolates of 
Kutzner from cheese samples were also able to ferment 
glycerol, but the final concentration and the productiv- 
ity of 1,3-propanediol was lower than in strain SH1. 
Strain SH1 grew well in a pH range between 6.0 and 
7.5, with a weak optimum at 6.5, and was stimulated by 
sparging with N2. Best overall productivity was ob- 
tained in fed-batch culture with a starting concentration 
of 5% glycerol. In all fermentations the yield of 1,3- 
propanediol in relation to glycerol was higher than ex- 
pected from NADH production by acid formation. On 
the other hand the H2 production was lower than ex- 
pected, if per mole of acetyl coenzyme A one mole of 
H2 is released. The observations point to a substantial 
transfer of reducing potential from ferredoxin to NAD, 
which finally results in increased 1,3-propanediol pro- 
duction. 

Introduction 

More and more detergents are presently produced in 
the developing countries from natural fats. Following 
saponification or transesterification the fatty acids are 
chemically modified for the desired product while the 
glycerol is left over. As a consequence the prices for 
glycerol have fallen drastically. In this situation a bio- 
logical process could be helpful by which glycerol is 
converted to another chemical in more demand, parti- 
cularly if the process water from fat transesterification 
can be used without prior purification. 
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It has been known for about 50 years, but rarely 
mentioned in textbooks, that glycerol is fermented by 
facultatively anaerobic bacteria to 1,3-propanediol, 
ethanol, 2,3-butanediol, acetic and lactic acids. Of these 
substances 1,3-propanediol is of interest as a monomer 
for light-insensitive plastics, and some strains indeed 
form this glycol as the main product. Suitable organ- 
isms are known to occur among the enterobacterial 
genera Klebsiella and Citrobacter (Homann et al. 1990). 
In recent years it has been shown that some clostridial 
species also convert glycerol to 1,3-propanediol in an 
appreciable yield. The fermentation pattern is different 
in that the clostridia form butyric acid as a by-product 
(Forsberg 1987; Heyndrickx et al. 1991). Some strains 
of C. pasteurianum form higher amounts of butanol and 
ethanol in addition (Nakas et al. 1983; Heyndrickx et 
al. 1991). 

In this paper we try to evaluate the clostridial glyc- 
erol fermentation with respect to the attainable concen- 
tration and yield of 1,3-propanediol. From specific en- 
richment cultures for spore-forming anaerobic glycerol 
utilizers, actively fermenting strains were selected, com- 
pared to the corresponding existing strains and optim- 
ized for culture conditions. In comparison to entero- 
bacterial glycerol fermentation, the 1,3-propanediol 
yield sould be diminished in the clostridial fermenta- 
tion by the production of butyric acid, which provides 
less reducing potential than acetate. On the other hand, 
reducing potential from pyruvate decarboxylation 
could be made available for propanediol formation 
rather than being released as molecular H2. This prob- 
lem is treated in a section on the stoichiometry of the 
process. 

Materials and methods 

Or#anisms. C. butyricum AK1, SH1, OS1 and OS3 were obtained 
as isolates from compost (AK), decaying straw (SH) and river 
mud (OS). AK1 and SH1 were deposited with the German Collec- 
tion of Microorganisms (DSM) as DSM 5430 and DSM 5431 as 
patent strains (Kretschmann et al. 1989). Strain NRRL B593 was 



Table 1. Fermentation of 2% glycerol by isolated and known CIostridium strains 

593 

Strains Fermentation 
time 
(h) 

Products (mol/100 mol glycerol) 

1,3-Propane- Acetic Butyric 
diol acid acid 

Ethanol 

C. butyricum SH1 (DSM 5431) 9.0 
AK1 (DSM 5430) 9.5 

C. butyricum W3a 9.5 
C. " multif ermentans" Lille 10.5 
C. "kainantoi" DSM 523 14.0 
C. butyricum DSM 2478 19.0 

62 20 7 0 
62 11 4 0 

71 15 7 0 
70 15 7 0 
59 5 11 1 
58 3 9 2 

kindly provided by C. W. Forsberg, Guelph, Canada; NRC 33007 
was purchased from the National Research Council, Ottawa, Can- 
ada. Both strains were designated as C. "butylicum". All other 
strains were obtained from the DSM. 

Medium and culture conditions. These were described previously 
(Biebl 1991; Homann et al. 1990). Batch cultures for process op- 
timization were performed in 1-1 fermentors (BCC, G6ttingen, 
FRG) under pH control. The culture pH was 7.0 and the growth 
temperature 32 ° C. Fed-batch cultures were started with 5% glyc- 
erol; before complete consumption, glycerol was repeatedly ad- 
ded from an autoclaved 87% solution to give a concentration of 
2% in the culture. 

Analytical methods. Glycerol was determined enzymatically using 
the test kit and instructions of Boehringer (Mannheim, FRG). Fer- 
mentation products were determined gas chromatographically 
with Chromosorb 101 as the column material (Biebl 1991). Hz in 
the exit gas was measured using a gas chromatograph (Chrom- 
pack 437 A) with a thermal conductivity detector and a 2-m stain- 
less steel column' filled with molecular sieve (0.5 nm). Calibration 
was done with gas mixtures (N2/CO2/H2) purchased from Messer 
Griesheim (FRG). CO2 was followed by means of an infrared CO2 
analyser (Unor 4N, Maihak, Hamburg, FRG). 

Results 

Enrichment and isolation 

Several pasteurized soil and mud  samples were inocu- 
lated into O2-free 2% glycerol medium. After 2-3 days '  
incubation at 30 ° C, in most  of  the bottles dense cul- 
tures of  large, sometimes spore-forming cells had devel- 
oped. They had produced 1,3-propanediol in concen- 
trations of  8-15 g/1 at a final p H  of  4.8-5.0. General ly  
speaking the samples f rom decomposing plant  material  
and f rom fiver mud  gave the most  active cultures, 
whereas enrichments f rom garden and wood soils de- 
veloped poorly or failed. 

After repeated applicat ion of  the agar shake culture 
technique (Pfennig 1978), pure cultures were obtained 
of  which four  were selected (or further characteriza- 
tion. The cells of  the four strains were almost  alike: 
they measured 0.9-1.5 x 3.2 t x and formed oval subter- 
minal spores. 

Identification 

Using the test system of  Ho ldeman  and Moore  (1977) 
and Cato et al. (1986) the four isolates could be attri- 
buted to C. butyricum. They proved to be identical in 
almost  all characters with the main exception of  starch 
and glycogen fermentation,  which was positive for 
strains AK1 (DSM 5430) and OS1 and negative for SH1 
(DSM 5431) and OS3, thus deviating f rom C. butyri- 
cum. All four  strains were unable  to produce  acid f rom 
raffinose, ribose and melibiose, which would point  to 
C. acetobutylicum. From this species, however, the 
strains are distinguished by their failure to liquefy gela- 
tine, their ability to grow in a yeast-extract-peptone me- 
dium without carbohydrates and to grow with biotin as 
the only growth factor. C. beijerinckii was excluded, as 
the strains were able to grow in a mineral  medium with- 
out complex substrates. Least agreement  was found 
with C. pasteurianum because of  an essentially different 
pat tern of  carbon sources. 

The classification with C. butyricum was corrobo- 
rated by analysis of  the cellular fatty acids. The compo-  
sition was very close to the type strain of  C. butyricum 
(and of  C. beijerinckii) and distant to that  o f  C. acetobu- 
tylicum. 

Glycerol fermentation by existing Clostridium strains 

According to Ho ldeman  and Moore  (1977), glycerol 
utilization is scarcely distributed among the Clostridium 
species. Of  16 collection strains belonging to the C. bu- 
tyricum group, only three were able to grow on glycerol, 
i .e .C,  butyricum DSM 2477 and DSM 2478, two recent 
isolates utilizing pectin (Schink et al. 1981; Schink and 
Zeikus 1982), and "C. kainantoi" DSM 523, an acetone- 
butanol  producing strain. The strains that did not grow 
on glycerol included C. butyricum DSM 522, C. beijer- 
inckii DSM 53, DSM 791, and DSM 1820, C. "butyli- 
cum" N R R L  B 593 and N R C  33007, C. acetobutylicum 
DSM 792, DSM 1731, DSM 1732, DSM 1737, DSM 
1738 and DSM 1739 and C. "saccharoperbutylacetoni- 
cum" DSM 2152. 

In addition, several Clostridium strains were availa- 
ble that had been unofficially deposited with the DSM 
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T a b l e  2. Maximum glycerol utilization in fed-batch culture 

Strains,. Maximum 
glycerol con- 
centration utilized 
(g/l) 

1,3-Propanediol Acetic acid Butyric acid Fermentation 
(g/I) (g/l) (g/l) time (h) 

c. butyricum AK1 98.3 56.4 1.7 9.9 34 
SH1 82.4 41.8 2.5 2.5 23 

C. butyricum W3a 57.5 20.4 2.8 2.8 40 
C. "multifermentans" Lille 51.1 20.6 0.9 0.9 34 

and were listed as glycerol-utilizers (cf. Kutzner  1963). 
Two of  them (C. butyricum W3a and C. "rnultifermen- 
tans" Lille) showed good growth on glycerol, three (C. 
"saccharobutyricum" SB 55, S 10 and Lille) grew moder-  
ately, and one did not grow (C. butyricum W 100). All 
positive strains formed 1,3-propanediol,  acetate, and 
butyrate  in a similar propor t ion  as with the isolates. 

Productivity and concentration of  1,3-propanediol 
obtained in isolated and existing strains 

Four  of  the DSM strains that showed best growth in 
bottle cultures were compared  with two of  the isolates 
in 0.7-1 ba tch  cultures at a controlled p H  of  7.0 (Table 
1). The isolates AK1 (DSM 5430) and SH1 (DSM 5431) 
and the two Kutzner  strains converted 2% glycerol in 
about  10 h, whereas the two catalogue strains were 
markedly  slower. No significant differences were found 
in produc t  composi t ion except for the acetic ac id /bu-  
tyric acid proport ion.  

The four  strains that  grew equally well with 2% glyc- 
erol were grown in fed-batch culture to ascertain the 
m a x i m u m  concentrat ion of  glycerol that  could be con- 
verted. I t  turned out that  the isolates were by far su- 
perior  to the existing strains (Table 2). Although strain 
SH1 fermented glycerol and produced 1,3-propanediol 
in lower concentrat ion than AK1 in these experiments,  
it was used as the representative strain for further op- 
t imization because of  its faster growth. 

T a b l e  3. Productivity of 1,3-propanediol at increasing initial glyc- 
erol concentration by C. butyricum SH1 (DSM 5431) 

Culture Glycerol 1,3-Propane- Fermen- Overall 
fer- diol tation prod- 
mented produced time uct- 
(g/l) (g/l) (h) ivity 

(g/l/h) 

Batch 26 15.0 9.5 1.6 
Batch 52 29.5 13.0 2.3 
Batch 110 56.0 29.0 1.9 
Fed-batch 82 47.0 21.0 2.2 

25q 1 I 
~ -W. ¢.  I 
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, 

Fig. 1. Overall productivity of 1,3-propanediol (©) and the con- 
tent of acetic (A) and butyric (*) acids in batch cultures of Clos- 
tridiurn butyricum DSM 5431 grown at various pH values 

T a b l e  4. Influence of agitation and nitrogen sparging on the fermentation of 2% glycerol by C. butyricum SH1 

Agitation Sparging Fermentation KOH 
rate with N2 time consumed 
(rpm) (0.08 vvm) (h) (mol/100 mol 

of glycerol) 

Products 
(molar percentage of glycerol consumed for their formation) 

1,3-Propanediol Butyric Acetic Sum 
acid acid (recovery) 

100 - 11 44 69 13 14 97 
400 - 11 44 62 12 13 90 

100 - 10 45 65 10 16 92 
100 + 9.5 28 64 11 16 92 

100 - 9.5 41 66 10 16 92 
400 + 7.5 33 62 15 14 91 

Each fermentor pair was inoculated from the same preculture. The pH was controlled at 7.0 in all cultures 
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Optimum fermentation conditions for C. butyricum SH 1 
(DSM 5431) 

The influence of the initial glycerol concentration on 
the fermentation time and overall productivity of 1,3- 
propanediol is shown in Table 3: 5% glycerol was more 
effectively converted than 2.5%, but at an initial con- 
centration of 11% productivity decreased because of an 
extended lag phase. This lag phase could be avoided by 
successive addition of glycerol, so that the productivity 
of the 5% glycerol culture could be maintained. The 
lower final propanediol content in the fed-batch culture 
shown in Table 3 does not seem to be significant. In 
later experiments with an elaborated feeding strategy 
propanediol concentrations of 55 g/1 were regularly ob- 
tained (Gtinzel et al. 1991). 

As shown in Fig. 1 good production of 1,3-propane- 
diol proceeded in the relatively wide pH range between 
6.0 and 7.5. Interestingly, acid formation shifted from 
butyric acid at low pH to acetic acid at high pH. It 
should be mentioned, however, that fermentations de- 
viating from this finding occurred, particularly in fer- 
mentations running slower than usual. 

The fermentor cultures treated up to this point were 
slowly agitated (100 rpm) and not sparged with inert 
gas except for the first 1 or 2 h after inoculation. It was 
shown in three pH-controlled batch cultures, each pa- 
ralleled by an equally inoculated reference culture, that 
fermentation was accelerated to some extent when the 
culture was sparged with N2, but not by increased stir- 
rer speed alone (Table 4). Decreased alkali consump- 
tion in N2-sparged cultures indicates that the effect is 
due to expulsion of CO2. The acid content and propor- 
tion remained almost uninfluenced. 

Stoichiometry 

Conversion of glycerol to the respective products can 
be written as: 

glycerol ~ acetate + CO2 + H2 + 4 [H] (la) 
2 glycerol ~ butyrate + 2 CO2 + 2 H2 + 4 [H] (lb) 
glycerol + 2 [H] ~ 1,3-propanediol (lc) 

where [H] indicates reducing equivalent. In batch fer- 
mentations growing well and in substrate-sufficient 
continuous cultures (Biebl 1991) the molar proportion 
of acetic acid and butyric acid was found to be 2:1. The 
fermentation equation is then: 

10 glycerol ~ 2 acetate + butyrate 
+ 6 1,3-propanediol + 4 CO2 + 4 H2 (2) 

Thus, in cultures without cell production 1,3-propa- 
nediol should be obtained with a yield of 60% (mol/ 
mol). In growing cultures the yield decreases by addi- 
tional glycerol requirement for cell mass, but increases 
by additional 1,3-propanediol formation as a result of 
NADH formation coupled to cell mass formation. Us- 
ing a cell mass formula of C4H702N (CH1.86Oo.43No.24 
was actually determined) the conversion of glycerol to 
cell mass can be formulated as: 

38- glycerol + NH3 -~ (C4HTO2N) + ~ 1,3-propanediol (3) 

The amount of cell mass formed during fermenta- 
tion of 10 mol glycerol (Eq. 2) can be calculated from 
the YATV value, which was determined by Giinzel (1991) 
as 8.5 g cell mass/mol ATP. As seven moles of ATP are 
formed in Eq. 2 (four moles for each mole of glycerol 
transformed to acids and three moles with acid forma- 
tion) the cell mass produced is 59.5 g or 59.5:101 =0.59 
"mol" (101--relative molecular mass). According to 
Eq. 3, 1.57 tool glycerol are required for this cell mass, 
and 0.79 mol 1,3-propanediol are released. Combining 
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Fig. 2. Growth, substrate utilization (A) and formation of liquid 
(B) and gaseous products (C) in a batch culture of C. butyricum 
DSM 5431. A Optical density ([3); glycerol utilized (~) .  B 1,3- 
Propanediol (O); acetic acid (A);  butyric acid (*). C CO2 (~ ) ;  
H2 ( $ )  



596 

Table 5. Glycerol consumption and prod- 
uct formation in a batch culture with 
measurement of gas production after 
12.5 h 

Parameter Amount per litre Molar percentage 

Glycerol consumed 403.8 mmol 
Cell mass 1.3 g 
1,3-Propanediol 250.0 mmol 62.0 of 
Acetic acid 54.2 mmol 13.4 of 
Butyric acid 29.2 mmol 14.5 of 
Ethanol 1.8 mmol 0.4 of 
CO~ 93.4 mmol 82.9 of 
H2 37.2 mmol 33.0 of 

Glycerol for products 364.4 mmol 90.2 of 
Glycerol for cell mass 17.1 mmol 4.2 of 
1,3-Propanediol calculate& 259.3 mmol 103.7 of 

glycerol consumed 
glycerol consumed 
glycerol consumed 
glycerol consumed 
calculated CO2 
calculated H2 

glycerol consumed 
glycerol consumed 
propanediol measured 

a From acids, H2, and cell mass production 

Eqs. 2 and 3, the final relation between glycerol, cell 
mass and 1,3-propanediol is: 

11.57 glycerol ~ 0.59 (CaHTO2N) + 6.79 1,3-propane- 
diol (4) 

the propanediol  yield being 58.7%. 
In the majority of  fermentations the theoretical yield 

was exceeded by about  2-7%. It was therefore sus- 
pected that part  of  the H2 assumed to be released as 
molecular  H2 serves to reduce additional glycerol to 
1,3-propanediol. This was checked in a batch culture 
with a complete record of  all products including the 
gases. A 2.5-1 fermentor  culture with 5% glycerol was 
set up with continuous measurement of  H2 and CO2 in 
an N2 gas stream. Figure 2 shows the kinetics of  this 
fermentation and Table 5 the glycerol consumption and 
product  formation after 12.5 h. It is clearly seen that H2 
was formed in a much lower amount  than postulated in 
Eq. 2: only 33% of  this amount  was released if based on 
the acids or 40% if based on measured CO2. I f  the re- 
ducing equivalents from acids, biomass, and acetyl 
CoA formation are summed up and subtracted by the 
molecular H2 generated, a molar amount  is found that 
is very close to the propanediol  measured. With a re- 
lease of  one third of  the possible H2 amount,  the reac- 
tion equation of  a typical clostridial propanediol  fer- 
mentation can now be written as: 

14.24 glycerol ÷ 1 NH3 ~ 2 acetate ÷ 1 butyrate 
+ 9.46 1,3-propanediol + 4 CO2 + 1.33 H2 
+ 59.5 g cell mass (5) 

resulting in a propanediol  yield of  66.4%. The actually 
measured yield of  62.0% is somewhat lower, but  higher 
than in case of  maximum H2 release (Eq. 4). 

Discuss ion  

Earlier (Homann et al. 1990) we found that anaerobic 
enrichment cultures from mud and soil samples with 
glycerol as the carbon and energy source led to either 
Citrobacter producing 1,3-propanediol and acetate or 
Klebsiella producing 1,3-propanediol, acetate, and 
ethanol. It has now been demonstrated that enrichment 
cultures from pasteurized samples with glycerol invari- 
ably yielded clostridia of  the Clostridium butyricum type 

forming 1,3-propanediol, butyric and acetic acids as 
fermentation products. It appears that these fermenta- 
tion types are widely distributed in nature and that the 
clostridia are usually suppressed in the presence of  en- 
terobacteria. A further glycerol fermentation type de- 
scribed in the literature (Nakas et al. 1983; Heyndrickx 
et al. 1991) in which butanol is the main product  could 
not be obtained by enrichments (unpublished results). 

Some Clostridium strains from the German Collec- 
tion of  Microorganisms were able to ferment glycerol to 
the same products as the isolates, two of  C. butyricum 
and one probably related to C. acetobutylicum (C. "kai- 
nantoi"). Apart from strains from the collection of  H. J. 
Kutzner  for which glycerol utilization was already 
known, all other strains tested did not grow on glycerol 
including the type strain of  C. butyricum. This is in con- 
trast to the results of  Forsberg (1987) who found 17 out 
of  21 strains selected among the C. butyricum group to 
be positive for growth on glycerol. Strangely, four of  
Forsberg's positive strains (DSM 5 3 = A T C C  14949, 
DSM 792 = ATCC 824, NRRL B 593, NRC 33007) did 
not grow in our hands, not even in the bicarbonate buf- 
fered medium used by the author. Comparable to our  
screening experiment was that of  Heyndrickx et al. 
(1991), who found only one out of  nine strains of  C. 
butyricum to ferment glycerol unambiguously. 

By our  estimation glycerol fermentation among clos- 
tridia is not a property of  a particular species but  oc- 
curs sporadically in C. butyricum and related species. 
This is in accordance with the substrate utilization ta- 
bles of  Holdeman and Moore  (1977), which indicate 
acid product ion from glycerol only for C. butyricum 
and for single strains of  other species. 

Table 6. Optimum fermentation parameters in clostddia (C. buty- 
ricum DSM 5431) and enterobacteda (Klebsiella pneumoniae 
DSM 2026) 

Parameter Clostridium Klebsiella 

Glycerol fermented (g/l) 110 125 
1,3-Propanediol produced (g/l) 56 56 
1,3-Propanediol yield 
(weight % of glycerol) 51 45 
1,3-Propanediol productivity (g/l/h) 2.2 2.3 



Glycerol fermentat ion to 1,3-propanediol has been 
physiologically investigated in enterobacteria of  the 
genera Klebsiella and Otrobacter (see Forage and Fos- 
ter 1982). It  has been recently shown that the entero- 
bacterial fermentation,  known since 1940 (Mickelson 
and Werkman  1940), can be run very efficiently after 
appropr ia te  strain selection and optimization of  the 
culture conditions (Tag 1991; H o m a n n  et al. 1990). Ta- 
ble 6 compiles characteristical data of  K. pneumoniae 
DSM 2026, the presently best enterobacterial  strain, 
and of  Clostridium butyricum DSM 5431. It  is shown 
that  both  processes are comparable  concerning achiev- 
able 1,3-propanediol concentrat ion and productivity. 
However,  Kiebsiella forms more by-products  that  do 
not contribute to propanediol  format ion (ethanol) or 
only to a minor  extent (lactate, 2,3-butanediol) and con- 
sequently require more glycerol. The composi t ion of  
by-products  may  vary considerably in Klebsiella cul- 
tures, whereas in clostridia only the aceta te /butyra te  
propor t ion is changed. 

In all batch fermentations per formed the 1,3-propa- 
nediol content  was higher than expected f rom the reac- 
tion equation. When gas product ion was measured H2 
format ion was lower than expected. This is consistent 
with the concept  that  a greater part  of  ferredoxin- 
bound H2 is made  available for further reduction of  
glycerol rather  than being released as molecular  H2 via 
hydrogenase.  The enzyme that transfers H2 from ferre- 
doxin to N A D  has been demonstrated for the acetone- 
butanol  fermentat ion (Peti tdemange et al. 1976). In the 
batch culture described one third of  the possible 
amount  of  H2 was produced,  while in a chemostat  cul- 
ture with C. butyricum IFO 3315 t2, no H2 was detected 
at all (Heyndrickx et al. 1991). Complete  or partial  uti- 
lization of  ferredoxin-bound hydrogen for propanediol  
format ion is another  advantage over glycerol fermenta-  
tion with enterobacter ia  that  are unable to transfer re- 
ducing equivalents f rom pyruvate decarboxylat ion to 
NAD.  Therefore,  f rom the biotechnological  viewpoint,  
1,3-propanediol product ion f rom glycerol by clostridia 
appears  to deserve further development.  
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