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Abstract

with waste-type material only, such as glycerol.
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Clostridium bifermentans strains, isolated from a manure, were examinated for their ability to produce lactic acid
from PY medium with glycerol under different pH conditions and when PY medium was supplemented with
saccharides such as fructose, sorbitol, glucose, mannose, mannitol, maltose, xylose, raffinose, and arabinose. In the
last test performed, the ability of investigated strains to produce lactic acid from mixed carbon source (glycerol plus
saccharide) was checked. The strains of Cl. bifermentans, designated as CB 371, CB 374, and CB 376 grew and
produced lactic acid on PY medium irrespective of pH and the carbon source used. The optimal lactic acid
production on PY medium with glycerol was obtained at pH of 7.0 in case of CB 371 and 376 (19.63 g/L and

16.65 g/L, accordingly) and at pH 8.0 in case of CB 374 (13.88 g/L). The best productivity of lactic acid on PY media
by CB 371, CB 374, and CB 376 (above 30 g/L) was observed when mannitol was used as a carbon source. The
mixed carbon source did not increase productivity of lactic acid by Cl. bifermentans. The yield of lactic acid was
approximately equal to the yield of lactic acid obtained on the medium with only glycerol and lower than in
medium with only mannitol. Thus, from the environmental point of view it is more beneficial to use the medium

Introduction

ClL. bifermentans was first isolated by Tissier and Martelly
in 1902. A taxonomic relationship to CL sordelli, isolated
first in 1922, resulted in the symptomatic fact that both
strains were identified as one species (Brooks & Epps
1958). As late as in 1963, CL bifermentans and Cl. sordelli
were distinguished as separate species of the genus Clos-
tridium. As a main factor whose influence was taken
into consideration here was pathogenicity: CL sordelli
was described as a pathogenic variant of non-pathogenic
Cl. bifermentans. Additionally, these two bacterial species
can be distinguished one from another in the urease-
production test. By 1955, the idea of separating CL. bifer-
mentans and Cl. sordelli gained acceptance of researchers.
The original isolate of Clostridium bifermentans was
named Bacillus bifermentans sporogenes (Clark and Hall
1937), and later re-named B. bifermentans (Bergey et al.
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1923), in accordance with the principle of binominal no-
menclature (Brooks & Epps 1958). The main sources of
Cl. bifermentans occur in water, soil, sewage (Nachman
et al. 1989), sludge, and animal faeces (Wang et al. 2003).

Cl. bifermentans is able to produce a wide range of meta-
bolites such as acetic, butyric and formic acids (Wu & Yang
2003), ethanol, butanol, aceton (Khanal et al. 2004), carbon
dioxide, hydrogen, and nitrogen (Levin et al. 2006). How-
ever, the metabolic pathway of CI bifermentans has not
been investigated in detail so far.

The aim of this work thus was to investigate the possi-
bility of lactic acid production by CL bifermentans when,
as carbon source, glycerol or other saccharides are added
to the cultivation medium as well as under low- and
high-pH stress on glycerol medium.

Materials and methods

Source of strains

ClL. bifermentans strains (KM 371, KM 374 and KM 376)
were isolated from samples that were collected from a
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manure in the Wielkopolska Region, Poland. Samples
were collected in sterile plastic jars and stored in re-
frigerator until experimentations. Liquid samples were
then inoculated to the modified PY medium according
to Biebl and Spoéer (2002). The isolating process is
described in more detail in Myszka et al. (2012).

Cultivation medium

The modified PY medium consisted of (g/L): BactoPeptone
10; yeast extract 10; CaCl,, MgSO, x 7H,0O 0.96; Ko,HPO,
2; NaHCO3 20; NaCl 4 was used. As a source of carbon in
the PY medium, glycerol (50 g/L) or saccharides such as
fructose, sorbitol, glucose, mannose, mannitol, maltose, xy-
lose, raffinose, and arabinose (50 g/L) (Sigma-Aldrich) were
added. The pH of the PY medium without regulation is of
the value of 8.6 using 10% solution of NaOH and HCl
(Sigma Aldrich).

Batch fermentation

A preculture was carried out in a 500 ml flask contain-
ing 300 ml PY medium with glycerol at 37°C for 24 h. It
was inoculated into a 5 L bioreactor (Sartorius Stedim,
Germany) with 3 L PY medium (with glycerol or, re-
spectively, saccharide). According to Myszka et al.
(2012), a blanket of a high-purity grade gas mixture of
5% O, and 95% CO, was maintained through 24 h. Gas
flow rate was at up to 1.0 L/min only. During the first
24 h of cultivation the level of 5% of oxygen was auto-
matically maintained (the stirrer speed varied between
200 and 500 rpm). After 24 h of the duration of the
process the stirrer speed was regulated to a constant
value of 200 rpm. The fermentation was run at 30°C for
7 days.

Fermentation at various pH conditions

The experiments were carried out in the PY medium
with glycerol. The pH was adjusted to 3, 5, 6, 7, 8, 9, 10,
and 13 with 10 M KOH and 10 M HCI solutions. As a
control pH the value of 8.6 was used. The aim of this
step was to estimate the ability of the cells to survive
low and high values of pH, and compare the levels of
lactic acid and other metabolites produced in these
conditions.

Fermentation of saccharides

The ability of strains to produce acids and other
metabolites from saccharide (50 g/L) such as fructose,
sorbitol, glucose, mannose, mannitol, maltose, xylose,
raffinose, and arabinose was examined in PY medium
without glycerol. The carbohydrate solutions were
sterilized by filtration and added to the PY medium
without glycerol. In further experiments, bacteria were
cultivated in the PY medium with mixed carbon
sources — glycerol constituted 80% and one of the
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saccharides 20% of a carbon source. In the control ex-
periment, only glycerol (50 g/L) was used.
In this step, the influence of a carbon source on lactic
acid production and other metabolites was evaluated.
The yields of lactic acid (Yra) were calculated as g lac-
tic acid per g substrate. The calculation for Yy 5 is shown
as Eq. 1:

=) )

~ substrate(g)

Analytical procedures

After fermentation the cell free supernatants were col-
lected. The products were delineated with a high liquid
performance chromatography (HPLC) technique. The
Hewlett Packard system consisted of an auto sampler
and a pump, and a refractive index detector was used.
The analysis was performed isocratically at flow rate
0.6 mL/min. at 65°C, on a column Aminex HPX-
87H300 x 7.8 (Bio-Rad,USA). 0.5 mNH2SO4 as a mobile
phase was also used. The standards were applied to
identify peaks in chromatograms, and peak areas were
measured to determine the samples’ concentration
(ChemStation, Agilent, USA).

Results

Influence of pH value on the level of lactic acid
production

During our research on 1,3-propanediol (1,3-PD) pro-
duction from glycerol (Myszka et al. 2012; Leja et al.
2011) the ability of lactic acid synthesis by new isolated
Cl. bifermentans strains was observed. The metabolite
profile of the investigated strains, KM 371, KM 374, and
KM 376, in microaerophilic conditions in PY medium
with glycerol (pH 8.66) is presented in Table 1. In our
subsequent experiment, we checked the influence of the
pH value on the level of lactic acid production. Cells of
KM 371, KM 374 and KM 376 were cultivated in PY
medium with glycerol in pH value set at 3.0, 5.0, 6.0, 7.0,
8.0, 9.0, 10.0, and 13.0 with no pH control during fer-
mentation. The control cultivation was carried out in
pH arranged at 8.66 — a typical value of PY medium
resulted from a large amount of NaHCOj in it. In our

Table 1 The metabolite profile of Cl. bifermentans isolates
in microerophilic conditions

Strain Source of 1,3-PD LA FA AA SA E
isolation [g/1] [g/1] [/ [g/ll [g/l]
KM 371 silage 9.71 819 184 381 6.76 179
KM 374 silage 10.15 859 228 365 019 143
KM 376 silage 7.14 7.52 138 2.50 0.50 125

1,3-PD, 1,3-propanediol; LA, lactic acid; FA, formic acid; AA, acetic acid; SA,
succinic acid; E, ethanol.
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research it turned out that CL bifermentans is able to
lactic acid production from glycerol in a wide range of
pH values. The results from this experiment are pre-
sented in Table 2. Surprisingly, any arranged pH value
was lethal to cells of CI bifermentans. Moreover, even in
extremely low and high pH the ability to synthetize a
small amount of certain metabolites was maintained. In
case of all the investigated strains, in pH 3.0, 10.0 and
13.0, production of 1,3-PD was not observed, while the
remaining fermentation products were on a very low
level. Unexpectedly, in the above described conditions a
relatively large amount of glycerol was used (more than
20%). Probably, in these stressful conditions the cells uti-
lized glycerol as a source of carbon and energy that is
needed to prepare them for a sporulation process. The
rate of consumption of glycerol and increasing presence
of spores during fermentation in pH 3.0 is presented in
Table 3. The situations was similar in pH 10.00 and
13.00 The observed optimal pH value to lactic acid pro-
duction for all the investigated strains of Cl. bifermen-
tans was on the lower level than the pH in control
fermentation. In case of KM 371, in the pH value 7, the
quantity of 19.63 g/L of lactic acid was obtained
(Y1.4=0.39), in the case of KM 374 the pH 8 was an opti-
mal value - 13.88 g/L of lactic acid was obtained
(YLA=0.28), while in KM 376 the largest amount of lactic
acid was synthetized in pH 6 — 20.92 (Y1 ,=0.42).

Influence of the carbon source on the level of lactic acid
production

In the next step of the work, the ability of lactic acid
production from other carbon sources such as fructose,
sorbitol, glucose, mannose, mannitol, maltose, xylose,
raffinose, and arabinose was tested. Table 4 shows how
the level of lactic acid and other metabolites production
changed in this process.. The lactic acid was obtained
in all fermentations, irrespective of added carbon source
to production PY medium (pH 8.66), in the case of all
the investigated Cl bifermentans strains. The best
results were obtained when mannitol was used: KM
371 synthetized 30.91 g/L (YpA=0.62), 374 synthetized
39.12 g/L (YLa=0.78), and 376 synthetized 38.18 g/L
(YLa=0.76) of lactic acid. Good efficiency of lactic acid
production was also observed in fermentation of man-
nose by both KM 374 (YpA,=0.59) and KM 376
(YLa=0.63), as well as in fermentation of glucose by
KM 376 (Yp»=0.57). Surprisingly, during fermentation
of no saccharide 1,3-PD was obtained.

Influence of the mixed carbon source on the level of
lactic acid production

Because of the ability of KM 371, KM 374 and KM
376 to utilize saccharides such as fructose, sorbitol,
glucose, mannose, mannitol, maltose, xylose, raffinose,
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and arabinose to lactic acid, and better effectiveness of
lactic acid synthesis from some of them than from gly-
cerol, the authors decided to investigate the metabolite
profile of bacteria when mixed carbon source: glycerol
(80% of carbon source) plus other saccharide (20% car-
bon source) was used. Table 5 shows the results
obtained in this experiment. Cl bifermentans strains
were able to produce lactic acid in all the media, irre-
spective of saccharide used as an additional carbon
source. Additionally, KM 371, KM 374 and KM 376
were able to 1,3-PD production in almost all the
media, except PY supplemented with glycerol plus raf-
finose as a carbon source in the case of KM 374. The
amount of synthetized 1,3-PD was significantly lower
than in a medium consisting of glycerol only. None-
theless, the addition of particular saccharide did not
block the metabolic pathway of glycerol to 1,3-PD me-
tabolism. However, mixed carbon sources did not im-
prove previous results of lactic acid obtained by using
only mannitol as a carbon source, which gave the best
efficiency in its production. Of all the saccharides
used, the best results were obtained when medium
with glycerol was supplemented with mannitol in the
case of KM 371 and CD 376, and with mannose in
the case of KM 376. In a medium with glycerol plus
mannitol KM 371 synthetized 14.88 g/L (YrA=0.30),
and KM 374 produced 14.21 g/L (Y 5=0.28) of lactic
acid. KM 376 obtained the best efficiency of lactic acid
synthesis in a medium with glycerol plus mannose -
16.22 g/L (YpA=0.32). In fact, these results were at a
lower level than in a medium consisting of mannitol
only, but were similar to a medium with glycerol only.
In a medium with glycerol and saccharide, saccharide
was preferably used by bacteria cells. The tendency to
limit the use of glycerol (in comparison to fermenta-
tion with only glycerol as a carbon source) and an
increased use of saccharide was observed in all the
mixed fermentations. And in effect the saccharides
were completely utilized.

Discussion

The natural environment is a good source of industrially
useful strains. In our previous work we isolated from the
environmental probe the new bacteria strains able to 1,3-
PD from glycerol (Leja et al. 2011), which have a variety
of industrial applications, such as chemical intermediates
used in the manufacture of polymers, cosmetics, medi-
cines and heterocyclic compounds (Ko$mider et al.
2011). During that experiment we obtained CI. bifermen-
tans strains which were not known as 1,3-PD producers
yet. It occurred that these isolates are also able to produce
another industrially useful metabolite from glycerol, lactic
acid (Myszka et al. 2012), which is widely used in the food,
cosmetic, pharmaceutical, and chemical industries and has



Table 2 The metabolite profile of Cl. bifermentans isolates depending on the pH value

pH/metabolites (g/L) KM 371 KM 374 KM 376

G 1,3-PD SA LA FA AA E G 1,3-PD SA LA FA AA E G 1,3-PD  SA LA FA AA E

[%] [g/tl  [g/L]l [g/L]1 [g/L]l [g/L] [g/L] [%] [g/t]  [Ig/ll [g/L] g/l [g/L] [g/L]  [%] [g/L]  [g/t] [g/L] [g/L]l [o/L] I[g/L]
pH 3.0 3822 000 031 055 025 045 000 5824 000 063 097 018 085 000 4380 000 061 089 017 082 000
pH 5.0 80.22 3.20 100 989 038 162 179 7820 @ 443 091 1034 029 130 187 7264 443 100 1022 025 166 141
pH 6.0 82.00 7.2 1.92 9.93 333 400 161 6774 6.22 1.21 891 0.80 1.77 177 9734 791 213 2092 136 300 000
pH 7.0 99.82 7.21 160 1963 110 266 171 6446 890 100 1021 100 201 121 6912 7.79 149 1665 226 272 035
pH 8.0 84.62 6.35 039 109 1.12 1.70 175 9468 6.99 134 1388 191 1.65 188 8574 10.18 173 1033 194 360 081
pH 8.66 9245 9.71 6.76 8.19 184 381 179 9942 10.15 0.19 8.59 228 365 143 9598 7.14 0.50 7.52 1.38 2.50 1.25
pH 9.0 6024 551 041 105 191 150 036 7130 656 040 100 025 350 140 7148 7.34 140 105 031 063 033
pH 10.0 24.68 0.00 046 0.79 0.23 059 000 4796 0.00 0.38 0.61 019 050 000 4328 0.00 041 0.51 0.31 049 000
pH 13.0 57.82 0.00 040 0.57 027 058 000 57.82 0.00 040 0.66 0.21 0.61 000 6822 0.00 0.31 0.60 0.21 060  0.00

G, the amount of used glycerol; 1,3-PD, 1,3-propanediol; SA, succinic acid; LA, lactic acid; FA, formic acid; AA, acetic acid; E, ethanol.

gly, glycerol; fru, fructose; sor, sorbitol; glu, glucose; man, mannose; mat, mannitol; mal, maltose; xyl, xylose; raf, raffinose; ara, arabinose.
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Table 3 The rate of consumption of glycerol and increasing
presence of spores during fermentation in pH 3.0

Time [h]/glycerol/spore CB 371 CB 374 CB 376

G[%] S[%] G[%] S[%] GI[%] SI[%]

0 000 000 000 000 000 000

24 1823 2176 1087 1623 897 1875
48 2856 4724 2176 4766 1787 36,78
72 3255 7900 24838 6202 2001 4979

96 3823 10000 2912 8843 2190 6535

120 3823 10000 29.12 10000 2190 8261

144 3823 10000 29.12 10000 2190 100

170 3823 10000 29.12 10000 2190 100

received increased attention for potential use as a mono-
mer in the production of biodegradable poly (lactic acid)
(Wee et al. 2006). In the existing literature there is no in-
formation that the species of Cl. bifermentans is able to
lactic acid synthesis. Generally, the metabolite profile of
the species of CL bifermentans is not investigated suffi-
ciently as yet. Thus the present authors decided to investi-
gate into lactic acid production by these species. Our
work’s aim was to check whether or not a medium pH and
a carbon source exert an influence on lactic acid produc-
tion by CI bifermentans strains. Some scientists argued
that CL. bifermentans exhibit adaptability in extreme envir-
onmental conditions (Lauro et al. 2004) and that they are
able to survive in extreme pH levels (Sengupta et al. 2011).
Moreover, Gibbs (1964) stated that even incubation at
pH 10.0 or pH 3.0 has no significant effects on the ability
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of spores of CL bifermentans to germinate and that the
vegetative cells are able to survive in these extreme con-
ditions. We decided thus to investigate changes in metab-
olite profiles depending on the pH level of a fermentative
medium which includes radical values such as 3 or 13. It
occurred that the decreasing of pH value to 8.0, 7.0, and
6.0 results in the increased vyield of lactic acid production.
The data presented in the existing literature confirms this
observation: lactic acid production requires strict control
of the pH, mostly at values between 6 and 8 (Kascak
et al. 1996; Litchfield 1996; Hofvendahl & Hahn-Héagerdal
2000). For example, the optimal pH for lactic acid syn-
thesis for Lactobacillus bulgaricus is 6.0 (Venkatesh et al.
1993) and for Lactobacillus caseiis 6.5 (Panesar et al.
2010). Our isolates prefer pH 7 (KM 371 and KM 374)
and 6 (KM 376).

We selected glycerol for our research on microbiological
production of industrially useful metabolites because a sig-
nificant increase in biodiesel production was observed
within the last decade (Ko$mider et al. 2011). Presently,
the most often used biodiesel fuels are vegetable oil fatty
acid methyl or ethyl esters produced by transesterification.
For every three molls of ethyl esters one mol of crude gly-
cerol is produced, which is an equivalent to approximately
10% of total biodiesel production (Ko$mider et al. 2011;
Rahman et al. 2002). It is estimated that by 2016 the world
biodiesel market will achieve the quantity of 37 billion gal-
lons, which means that much more than 4 billion gallons
of crude glycerol will be produced every year (Ko$mider
et al. 2011). Accordingly, it is necessary to find a new ef-
fective method to utilized this amount of crude glycerol.
The research on production 1,3-PD from crude glycerol by
microbiological way is extensively described worldwide e.g.,

Table 4 Effect of various carbon sources on lactic acid and other metabolites production by Cl. bifermentans strains

Strain/ KM 371 KM 374 KM 376
zf)ﬁg'e‘ S[% 13- SA LA FA AA E S 13- SA LA FA AA E S 13- SA LA FA AA E
PD [g/L] [g/L]l [g/L]l [g/L] [g/L] [%] PD I[g/L] [g/L]l [g/L]l [g/L] [g/L] [%] PD I[g/L] [g/L] [g/L]l [g/L] [g/L]
[g/L] [g/L]
gly 9245 971 676 819 184 381 179 9942 1015 019 859 228 365 143 9598 714 050 752 138 250 125
fru 10000 nd 291 1681 nd 535 408 7892 nd 240 1638 104 489 138 6574 nd 227 2044 nd 535 332
sor 6316 nd 047 2118 414 198 446 3138 nd 073 530 253 344 764 4456 nd 042 2189 734 268 442
glu 10000 nd 317 2259 nd 558 431 10000 nd 254 1847 118 505 148 10000 nd 362 2852 nd 795 348
mann 10000 nd 311 2451 nd 641 413 9678 nd 335 2009 nd 658 467 948 nd 352 3128 nd 657 373
mat 10000 nd 184 3091 046 194 1254 10000 nd 317 3912 nd 189 395 10000 nd 219 3818 nd 189 395
mal 8878 nd 109 2265 288 216 087 8704 nd 118 2485 386 276 346 8396 nd nd 2367 134 215 094
xyl 9084 nd 455 768 214 487 203 9138 nd 469 493 195 488 137 5374 nd 363 458 148 500 159
raf 10000 nd 087 214 084 300 239 1604 nd 021 132 081 237 210 4578 nd 072 106 114 223 180
ara 9760 nd 441 1100 135 666 190 9128 nd 454 833 112 546 108 6182 nd 270 813 093 406 127

nd-not detected.
S, the amount of used saccharide; 1.3-PD, 1,3-propanediol; SA, succinic acid; LA, lactic acid; FA, formic acid; AA, acetic acid; E, ethanol.
Gly, glycerol; fru, fructose; sor, sorbitol; glu, glucose; man, mannose; mat, mannitol; mal, maltose; xyl, xylose; raf, raffinose; ara, arabinose.



Table 5 Effect of mixed carbon sources on lactic acid and other metabolites production by Cl. bifermentans strains
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Strain/carbon KM 371 KM 374 KM 376
source G/S 13PD SA LA FA AA E G/S G/S 13PD SA LA FA AA G/S 13PD SA LA FA AA E

%] lg/Ll [g/L] [g/] [g/L] [g/Ll I[g/L] [%] %] [g/Ll g/l [g/Ll [g/L] [g/L] [%] [g/l] [g/L]l [g/L] [g/l] [g/L] [g/L]

gly - 9245 - 971 676 819 184 381 179 9942~ 1015 019 859 228 365 143 9598/ 714 050 752 138 250 125
gly + fru  4648/9998 095 092 918 054 108 133 4886/8066 116 ~nd 759 057 106 072 57389998 327 101 969 000 161 099
gly +sor 6765789 492 nd 716 081 181 117 4098/7734 nd  nd 298 173 032 252 72259999 832 066 956 125 261 074
gly +glu  5308/9998 154 089 1029 nd 116 134 41.80/9998 103 nd 1028 064 134 112 5432/9998 360 093 1182 nd 169 112
gly + man  5198/9058 176 063 1030 057 111 126 563509865 176 nd 959 073 118 095 4512/9998 442 113 1622 nd 213 069
gly + mat  3003/9999 098 062 1488 228 212 070 3880/9999 107 148 1421 107 206 077 69.80/9999 354 147 1443 129 178 068
gly +mal  6218/9997 220 064 889 115 088 082 4660/9696 281 062 1095 116 111 101 5707/9997 358 109 1086 nd 152 094
gly +xyl  6200/9984 339 080 794 108 114 133 5502/9998 230 077 711 090 094 103 67359998 784 130 1202 109 248 078
gly +raf  6345/10000 399 058 701 062 146 107 4540/10000 nd 058 087 044 017 051 6713/10000 583 nd 766 08 182 142
gly +ara 77659999 328 063 699 076 092 111 6380/9998 337 069 740 080 104 132 81.15/9999 985 148 1219 087 280 067

nd-not detected.

G, the amount of used glycerol; S, the amount of used saccharide; 1,3-PD, 1,3-propanediol; SA, succinic acid; LA, lactic acid; FA, formic acid; AA, acetic acid; E, ethanol.

Gly, glycerol; fru, fructose; sor, sorbitol; glu, glucose; man, mannose; mat, mannitol; mal, maltose; xyl, xylose; raf, raffinose; ara, arabinose.
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(Hiremath et al. 2011; Mendes et al. 2011; Vaidyanathan
et al. 2011; Chatzifragkou et al. 2011; Wilkens et al. 2012;
Ringel et al. 2012), but only a few papers concern the
production of lactic acid from this by-product, and
moreover, publications concentrate mainly on genetic engi-
neered strains (Posada et al. 2012; Ruhal & Choudhury
2012); at the same time only a few papers discuss lactic acid
production from other renewable resources (Hofvendahl &
Hahn-Hégerdal 2000; Yadav et al. 2011). During our work it
occurred that Cl. bifermentans strains are indeed able to
synthesize lactic acid from glycerol. The yields of lactic acid
for KM 371, KM 374, and KM 376 were, respectively,
Y1.4=0.16, Y1 4=0.17, and Y; 4=0.17. These values are lower
than the ones quoted in the work by (Ruhal & Choudhury
2012) on the mutant of Propionibacterium freuden-
reichii subspp. shermanii in which they obtained
Y1 A=0.3. However, in our work the bacteria utilized
more glycerol (68.22%, 79.08%, and 80.22%, respect-
ively) than in the above mentioned work, in which
only 25.00% was consumed. Our results in the yield
of lactic acid obtained by isolates of Cl. bifermentans
were comparable with the results obtained in other
investigations in which some kinds of variable renew-
able resources were used, such as a carbon source; e.
g., in the case of lactic acid from whey permeate by
Lactobacillus lactis sp. lactis 2432 Yy 5=0.21, from
solid waste by Lb. lactis sp. lactis NRRL B-4449
Y14=0.16, and from wheat flour hydrolyzed by Lb. del-
brueckii sp. bulgaricus ATCC 11842 Y1 4=0.11 (Hofvendahl
& Hahn-Hégerdal 2000).

In the literature there is a lot of information about lac-
tic acid production from other carbon sources such as
saccharides e.g., (Wee et al. 2006; Hujanen et al. 2001;
Liu 2003; Jun et al. 2003). Thus we wanted to check if
the change of carbon source from glycerol to pure sac-
charides increases the level of lactic acid synthesis by
Cl. bifermentans isolates. It occurred that the highest
productions of lactic acid were obtained when manni-
tol was used — the yield of production increased more
than three times: Y; 2=0.62, Y1 2=0.78, and Y 4=0.76 in
the case of KM 371, KM 374, and KM 376, respect-
ively. Moreover, some lactic acid bacteria, as it turned
out, are able to ferment mannitol into lactic acid.
For instance, Lactobacillus casei utilizes mannitol
through the following pathway: mannitol->mannitol-
1-phosphate->fructose-6-phosphate->2 pyruvate->2 lactate
(Liu 2003). Under aerobic conditions, Lb. casei converts
mannitol primarily to lactate only. However, under anaer-
obic conditions mannitol is fermented to lactate, acetate,
formate, and ethanol (Liu 2003). The effect of variable
saccharides on the lactic acid production by Rhizopus
oryzae was investigated in the work by Yin et al. (1997).
These authors tested the efficiency of lactic acid produc-
tion from glucose, mannose, fructose, sucrose, raffinose,
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inulin, maltose, rhamnose, xylose, galactose, and corn
starch. It occurred that mannitol is a good carbon
source also in lactic acid production by Rhizopus oryzae
and the Y ,=0.70 which is comparable with the results
obtained in the present work. This step of our experi-
ment also shows that all the saccharides used (except of
xylose, raffinose and, additionally, sorbitol in the case of
KM 374) are a preferable carbon source for lactic acid
synthesis. The main aim of this work, however, was to
investigate into how utilize glycerol as a by-product
from biodiesel production. Thus it was checked if the
addition of small amount of saccharide to glycerol used
as a main carbon source can result in an increase of
the level of lactic acid synthetized. Generally, the levels
of lactic acid obtained from a mixed carbon source
were comparable with the results from our tests with
glycerol only. Only in the case of addition of mannitol
for all strains, and mannose for KM 376, the yields of lac-
tic acid increased. When some saccharides were used as a
carbon source — no 1,3-PD was synthetized, in the situ-
ation when the saccharides were added to glycerol, 1,3-PD
was synthetized. Moreover, the amount of utilized glycerol
was lower and the saccharides were completely con-
sumed. Biebl and Marten (1995) made similar obser-
vations. In their experiments, glucose was applied in
half the concentration of glycerol for a mixed-
substrate culture. It occurred that the addition of gly-
cerol to medium with glucose increased the rate of
glucose utilization by CIl butyricumm (up to 8 h).
Moreover, product formation changed markedly in
comparison with glycerol fermentation as 90% of the
glycerol was converted to 1,3-PD and only 10% was
used for acids. Additionally, mixed fermentation (gly-
cerol plus glucose) shifted from butyrate to acetate
production. Because the addition of the saccharides
did not increase the efficiency of lactic acid produc-
tion, a better solution from the environmental point
of view is to optimize the production of metabolites
using only glycerol as a carbon source. Growing
prices of crude oil and fuels for the transportation
sectors have resulted in a rapid growth in biodiesel
production worldwide. An increase of biodiesel pro-
duction leads thus to an increased quantity of its pri-
mary co-product, glycerol. Since the existing glycerol
supply and demand market was tight, the recent in-
crease in glycerol production from biodiesel refining
has created a glut in the glycerol market. This situ-
ation made the price of glycerol fall significantly and
biodiesel refiners are faced with limited options for
managing the glycerol by-product (Johnson & Taconi
2007). One of the solutions of this problem is to use
crude glycerol in the production of industrially useful
metabolites such as lactic acid and 1,3-PD (Kubiak
et al. 2012).
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