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Abstract Cosubstrates fermentation is such an effective
strategy for increasing subject metabolic products that it
could be available and studied in propionic acid produc-
tion, using glycerol and glucose as carbon resources. The
effects of glycerol, glucose, and their mixtures on the
propionic acid production by Propionibacterium acidi-
propionici CGMCC1.2225 (ATCC4965) were studied,
with the aim of improving the efficiency of propionic acid
production. The propionic acid yield from substrate was
improved from 0.475 and 0.303 g g~ with glycerol and
glucose alone, respectively, to 0.572 g g~' with co-fer-
mentation of a glycerol/glucose mixture of 4/1 (mol/mol).
The maximal propionic acid and substrate conversion rate
were 21.9 g 17" and 57.2% (w/w), respectively, both sig-
nificantly higher than for a sole carbon source. Under
optimized conditions of fed-batch fermentation, the maxi-
mal propionic acid yield and substrate conversion effi-
ciency were 29.2 g 17! and 54.4% (w/w), respectively.
These results showed that glycerol/glucose co-fermentation
could serve as an excellent alternative to conventional
propionic acid fermentation.
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Introduction

Propionic acid, an important mold inhibitor and chemical
intermediate, is widely used in industry and, in particular,
in the food industry [19]. The global capacity for propi-
onic acid was 349,000 tons per year in 2006 with a
demand growth forecast at 2.5% per year to 2010 [19].
Currently, almost all propionic acid is produced by pet-
rochemical processes, but propionic acid biosynthesis is
expected to be a promising option due to its renewable
raw sources and the overall increasing consumer demand
for biological products. Although there has been great
interest in producing propionic acid from biomass via
fermentation by propionibacteria, the relatively low pro-
pionic acid concentration, yield, and production rate of
this approach have presented major barriers for econom-
ical applications [14].

The carbon source is one of the most important nutri-
tional factors in propionic acid production [4]. For growth
and organic acid formation, the Propionibacterium strains
are rather omnivorous with respect to carbon sources [8],
but the particular carbon source has great influence on cell
growth, substrate consumption, and byproduct formation
[4]. Carbon sources affect the kinetics of propionic acid
fermentation of P. acidipropionici through a cellular
response that redistributes the composition of the fermen-
tation end-products to achieve an oxidation—reduction
(redox) balance [15]. The metabolic patterns resulting from
different carbon sources during propionic acid fermenta-
tion have been elucidated using metabolic stoichiometric
analysis and have demonstrated the existence of different
control mechanisms [15]. To achieve maximal propionic
acid production with efficient substrate conversion and
decreased byproduct formation, carbon source optimization
for propionic acid production should be explored further.
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Conventional propionic acid fermentation usually
employs a single carbon source, and mixed carbon sources
have been proposed as useful alternative. Commonly, a
sole carbon source could not meet the requirements for
propionibacteria growth and propionic acid production.
Mixed carbon sources could enhance propionic acid pro-
duction through changes in the kinetics of propionic acid
fermentation and end-product compositions. In spite of the
great variety of carbon sources that have been studied for
propionic acid production, mixed carbon sources have
rarely been considered [12].

The present study aimed to put forward a theory for
glycerol/glucose cofermentation, as well as to develop a
novel process for propionic acid production. The main
objective of the investigation was to evaluate the advan-
tages of using glycerol/glucose mixtures by P. acidipro-
pionici in batch and fed-batch fermentations. As a result,
glycerol/glucose mixtures were proposed to enhance pro-
pionic acid production and attain a more efficient produc-
tion process.

Materials and Methods
Bacterium and Medium

Propionibacterium acidipropionici CGMCC1.2225
(ATCC4965), from the CGMCC collection (Beijing,
China), was grown in a basic medium containing glucose,
glycerol, or mixed substrates. The seed medium was TY
medium (pH 7.0) [7] including 0.5% tryptic soy broth, 1%
yeast extract, 0.25% K,HPO,, and 0.15% KH,PO,. The
medium for propionic acid production was TY medium
supplemented with 4% glycerol (TYG medium), glucose
(TYD medium), or glycerol/glucose mixtures (TYM
medium).

Culture

Propionibacterium acidipropionici was precultured in
250 ml penicillin flasks containing 100 ml nitrogen-gassed
and sterile TY medium, sealed with butyl rubber caps, and
incubated on a reciprocal shaker (150 strokes/min) at 30°C
for 48 h. Unless otherwise noted, the fermentation was
carried out in a 5-1 glass bioreactor (Biostat B plus,
B. Braun, Germany) containing 21 of the production
medium with anaerobic conditions created by initially
sparging the medium with nitrogen. An inoculum of 5%
(v/v) was used. Temperature, pH, and agitation speed were
maintained at 30°C, 6.5, and 150 rpm, respectively. All
fermentations were performed in duplicate.

Assays

Dry cell weight (DCW) was calculated from the ODggg
value. One unit of ODgoy Was equivalent to 0.325 g 1!
DCW. Glucose was determined using SBA-40 C immobi-
lized enzyme biosensor (Institute of Biology, Shandong
Academy of Sciences, China), and glycerol was deter-
mined using a colorimetric method [3]. Propanol, acetic
acid, and propionic acid were quantitated by gas chro-
matograph (Varian 450-GC, USA), using a capillary col-
umn (FFAP; 25 m x 0.25 mm x 0.20 um; USA), a flame
ionization detector (FID), and the injection and detection
ports set at 240°C. The column oven temperature was
initially at 80°C for 1.0 min, increased at 25°C/min for
1.6 min, 30°C/min for 0.5 min, 15°C/min for 3 min, and
held at 180°C for 1.0 min. Determination of succinic acid
was performed as described previously [17].

Results and Discussion
Comparison of Glycerol and Glucose Fermentations

The use of carbon sources with different oxidation states
influences the kinetics of propionic acid fermentation [15].
Comparison of glycerol and glucose fermentations could
provide better understanding of how cells respond to these
substrates and distribute carbon flux. Batch cultures per-
formed with P. acidipropionici on 40 g 17" glycerol or
glucose were carried out, and selected parameters were
shown in Table 1. The maximal concentration of propionic
acid in the fermentation broth was 18.1 g 17" using glyc-
erol as the sole carbon source, while only 11.5 g 17" was
attained with glucose alone (Fig. 1). The production rate
and propionic acid yield were 0.068 g17'h™' and
0.303 g g~ of glucose, respectively, while using glycerol,
both values were higher (0.108 g 1" h™' and 0.475 g g™,
respectively). It appeared that glycerol was superior to
glucose for propionic acid fermentation, but, when con-
sidering DCW, glucose was the preferred carbon source,
6.8 g17' of DCW could be obtained, which was higher
than that the 3.3 g 17! obtained with glycerol (Table 1;
Fig. 1). Thus, it was logical to investigate the effects of
glycerol/glucose mixtures on cell growth and propionic
acid production by this bacterium.

According to previous studies [5, 9, 11, 12, 18] and the
Eqgs. 1a and 1b describing the single metabolism of glucose
or glycerol to propionic acid, we concluded Fig. 2 to
describe the co-metabolism process qualitatively, in which
the values of the coefficients o and f are variable to keep
redox balance.
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Table 1 The analysis of parameters at different culture conditions

Parameters Glycerol Glucose Glycerol/glucose co-fermentation Fed-batch fermentation
(the molar ratio of glycerol with glycerol/glucose
to glucose was 4:1) co-fermentation

DCW (g17h 33 +£0.12 6.8 +£0.19 49 +£0.13 52 +£0.11

Propionic acid (g 17" 18.1 £ 0.65 11.5 £ 045 219 £0.72 29.2 £ 0.70

Acetic acid (g 17" 0.54 £+ 0.09 257 £0.12 0.87 £ 0.08 1.1 £0.15

Succinic acid (g 17" 1.10 £ 0.05 0.55 £ 0.03 1.19 £ 0.04 1.57 £ 0.05

Propanol (g 17" 1.02 £ 0.08 ND ND ND

Propionic acid/acetic acid (mol mol™ 1) 27.1 3.63 20.4 229

Propionic acid yield (g g~") 0475 £ 0.017  0.303 £0.012  0.572 £ 0.018 0.544 + 0.012

Propionic acid productivity (g 17" h™")  0.108 0.068 0.152 0.152

/. (lag time, h) 4 6 2 2

Substrate exhausted time (h) 168 168 144

The average data of three independent experiments

ND None detected
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Fig. 1 Comparison of growth, substrate utilization, and product
formation between glucose (a) and glycerol (b) batch fermentations.
Biomass (closed triangle), glucose or glycerol (closed circle),

1.5 C6H1206 — 2 C3H602 + C2H402 + 1C02
+ 1 H,O + 6 ATP

1C3H803 — C3H602 + 1H20 + 2 ATP

(1a)
(1b)

Biomass formation is accompanied by the production or
consumption of NADH to maintain the hydrogen and redox
balances. As shown in Table 2, glycerol is more reduced
than glucose and biomass, and thus biomass formation
from glycerol leads to net NADH production, while
glucose leads to net NADH consumption (Fig. 2). In
bacterial catabolism, regeneration of NAD™ by reduction is
required as carbon source oxidization occurs [2, 13]. As
this Propionibacterium is an anaerobe, NAD™ regeneration
is achieved via the formation of reduced end-products, such
as succinate and propanol (reductance degree: 6.0) and, as
a result, NADH availability in the metabolic network could
impact product formation.

@ Springer

Time (h)

propionic acid (closed square), acetic acid (open square), and
propanol (open circle); pH 6.5 controlled by NaOH addition; error
bars data range about mean (n > 2)

Batch Fermentation using Glycerol/Glucose Mixtures

A set of batch cultivations with initial molar ratio of
glycerol/glucose at 4/1, 2/1, and 1/1 (mol/mol) were con-
ducted in 250 ml penicillin flasks under anaerobic condi-
tions. The results indicated that the initial glycerol/glucose
molar ratio played an important role in co-fermentation
(Fig. 3) and that the optimal molar ratio was 4/1.

Specific cell growth rate (u,) and specific propionic acid
formation rate (u,) were used to describe the propionic acid
fermentation process. The profiles of u, and u, had similar
tendencies, with maximum values appearing at about 12 h
(Fig. 4). Compared with glycerol or glucose fermentation,
Uy and p, were higher in glycerol/glucose co-fermentation;
these results suggested that mixed carbon sources were
superior for promoting cell growth and propionic acid
production (Fig. 4a).



Y. Liu et al.: Glycerol/Glucose Co-Fermentation

155

Fig. 2 Pathways of glycerol
and glucose co-metabolism in

NAD'  NADH,

Propionibacterium under :iGlycerol Biomass

anaerobic conditions (based on 3 NAD 3 ATPaTP ADP ADP

previous studies [5, 9, 11, 12, NAD"
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3 NADH, 3 ATP
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3 PEP
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3 ATP
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‘ﬁ/ \(‘ Pyruvate = ———» Oxalacetate
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Py te
. ruva NAD+
NAD ADP Malate
NADH, ATP ATP  ADP l‘
Acetate + C02 Propionate 4— Succinate Fumarate
NAD NADH,
Table 2 The reductance degree of substrates or products al.)pe.ared .tO l?e an effective meal.ls of improving the pro-
pionic acid yield. Compared to single substrate fermenta-
Degree of Reference . .
tion, glycerol/glucose (4/1, mol/mol) co-fermentation not
reductance (yp) . > . 1
only produced higher propionic acid (21.9 g 17°), but also
Pyruvate 3.33 [16] gave higher propionic acid yield from substrate. Glycerol/
Succinate 3.5 [16] glucose co-fermentation produced 20% more propionic
Glucose 4 [16] acid than glycerol alone (0.572 vs. 0.475 g g~') and 89%
Acetate 4 [16] more propionic acid than glucose (0.572 vs. 0.303 g g~ 1)
Biomass 4.29 [10, 11] under the optimal conditions (4/1, mol/mol) (Table 1). The
Glycerol 4.67 [16] increased propionic acid production during co-fermentation
Propionate 4.67 [16] could be attributed to decreased byproduct production as
Propanol 6 [16] well as the high fraction of carbon recovered as propionic

Glycerol/Glucose Co-Fermentation Strategy
for Propionic Acid Production

In order to evaluate propionic acid fermentation by yield
and productivity parameters, the experiments were carried
out with glycerol/glucose mixtures (4/1, mol/mol) by using
a fermentative batch model. Glycerol and glucose were
found to be consumed almost simultaneously (Fig. 5). The
propionic acid yield and maximum DCW obtained with
glycerol fermentation were only 18.1 and 3.3 g17',
respectively, while a low propionic acid yield (11.5 g 17"
and the maximum DCW (6.8 g 171) were observed with
glucose fermentation (Table 1). Neither glycerol nor glu-
cose was the optimal carbon source in terms of propionic
acid production and cell growth. Thus, co-fermentation

acid.

Himmi et al. (2000) [7] reported that propanol produc-
tion by P. acidipropionici was higher from glycerol than
glucose, but the present results demonstrated that P. acid-
ipropionici CGMCC1.2225 could form propanol
(1.02 g 1"") from glycerol but not from glucose (Table 1).
In addition, propanol has never been detected during
glycerol/glucose co-fermentation, such that co-metabolism
of both substrates appears to avoid propanol formation; the
toxicity of propanol is thus avoided.

Acetic acid formation by P. acidipropionici was about
80% lower with glycerol as a substrate than glucose
(Fig. 1). It is well known that glycerol and propionic acid
have essentially the same redox state (reductance degree,
4.67), and thus can maintain a redox balance without pro-
duction of another compensating metabolite [6]. In contrast,
propionic acid production from glucose necessarily leads to

@ Springer
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Fig. 3 Time course of propionic acid production and biomass during
batch cultures of P. acidipropionici. Glycerol (closed square),
glucose (open square), molar ratio of glycerol/glucose was 4/1 (open
circle), 2/1 (closed triangle), and 1/1 (closed circle), respectively; pH
6.5 controlled by NaOH addition; error bars data range about mean
(n>2)

formation of a more oxidized co-metabolite, such as acetic
acid (reductance degree, 4.0) to achieve the redox balance;
thus, a portion of the carbon flow is directed towards acetic
acid formation from glucose, resulting in lower propionic
acid yields [7]. During glycerol/glucose co-fermentation,
glucose was often used as a hydrogen donor substrate to
provide both reducing equivalents and ATP for biomass
formation; nevertheless, glycerol was mainly used for
propionic acid production. Using both substrates in co-
fermentation, a low concentration of acetic acid
(0.87 g 17" and a high propionate/acetate molar ratio (P/
A) of 20.4 were obtained. This favorable co-fermentation
could significantly increase the propionic acid yield, and
thus further favoring the downstream processing of the
products, as the efficiency of propionic acid extraction and

@ Springer

purification by distillation and ion exchange is strongly
limited by the presence of acetic acid [1].

Metabolic stoichiometric analysis (MSA) showed that,
here, NADH and pyruvate may have played a key role in
controlling or limiting propionic acid production. Pyruvate
was found to be a common intermediate in the metabolic
pathway going from glycerol or glucose to propionate as it
could be disproportionated to propionate and acetate with
NADH availability (Fig. 2). Insufficient supply of reducing
equivalents would lead to a metabolic pathway shift toward
acetate formation while, in contrast, an adequate supply of
reducing equivalents would lead to a shift toward propio-
nate formation. Moreover, when pyruvate is supplied in
excess as an electron acceptor, that pyruvate is not only
used as an electron acceptor but also oxidized to acetate
[17]. Glycerol/glucose co-fermentation resulted in lower
amounts of NADH and ATP required for the biomass
formation [18], and thereby maintained an adequate supply
of intracellular NADH. Thus, the present experimental
results and metabolic stoichiometric analysis indicated a
metabolic shift toward propionate formation, resulting in a
significant increase of propionic acid production obtained
in glycerol/glucose co-fermentation, compared to glucose
or glycerol.

Furthermore, propionic acid production with this co-
fermentation strategy could also shorten the fermentation
period from 168 to 144 h, a clear advantage for propionic
acid production (Table 1).

Fed-Batch Fermentation of Propionic Acid
with Glycerol/Glucose Co-Fermentation Strategy

Fed-batch culture by feeding glycerol/glucose mixtures
(4/1, mol/mol) was performed to maintain an approximate
constant substrate concentration (10 glfl) (Fig. 6). At the
end of the fermentation period (192 h), the propionic acid
yield and substrate conversion efficiency were 29.2 gl™*
and 54.4%, respectively.

Conclusion

An effective co-fermentation strategy was employed to
improve propionic acid production by P. acidipropionici.
The optimal molar ratio of glycerol/glucose at 4/1 (w/w)
enhanced this production, with propionic acid yield and
productivity increased 20% and 21%, respectively, com-
pared with optimal results from sole carbon sources (glyc-
erol). Fed-batch results showed that the maximal propionic
acid yield and substrate conversion efficiency could reach
29.2 gl " and 54.4%, respectively. The enhanced propionic
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Fig. 5 Time course of glycerol/glucose co-fermentation and propi-
onic acid production by P. acidipropionici. Biomass (closed triangle),
glucose (open circle), glycerol (closed circle), propionic acid (closed
square), succinic acid (open triangle), and acetic acid (open square);
pH 6.5 controlled by NaOH addition; error bars data range about
mean (n > 2)

acid production and decreased byproducts formation
obtained by using glycerol/glucose mixtures have the
potential to facilitate simple and inexpensive downstream
processing. This study offers an excellent alternative to
conventional propionic acid fermentation. Nevertheless, it
must be emphasized that further research is needed and is

Fig. 6 Fed-batch fermentation of glycerol/glucose (4/1, mol/mol)
using P. acidipropionici. Biomass (closed triangle), glucose (open
circle), glycerol (closed circle), propionic acid (closed square),
succinic acid (open triangle), and acetic acid (open square); pH 6.5
controlled by NaOH addition; error bars data range about mean
(n>12)

underway, such as regulation of the NADH supply and its
impacts on fermentation.
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