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Abstract Lactobacillus brevis 3-A5 was isolated and
expected to produce mannitol efficiently by regulating
pH in batch and fed-batch fermentations. In 48 h batch
fermentations with free and constant pH, the optimal
pH for cell growth and mannitol production in the first
24 h of incubation was 5.5, whereas that for mannitol
production in the second 24 h of incubation was 4.5.
To achieve high cell density and mannitol yield
simultaneously, a dual-stage pH control strategy was
proposed based on the kinetic analysis of mannitol
production. The pH value was controlled at 5.5 for the
first 12 h of fermentation and subsequently shifted to
4.5 until the fermentation was completed. Under dual-
stage pH control fermentation, a 103 g/L yield of
mannitol with a volumetric production rate of 3.7 g/L/h
was achieved after 28 h. The dual-stage pH control fed-
batch fermentation strategy was further developed to
improve mannitol yield, wherein the yield increased by
109 % to 215 g/L after 98 h of fermentation. This value
is the highest yield of mannitol ever reported using
L. brevis.
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X Cell dry weight, g/L

Xm Maximum cell dry weight, g/L.

u Specific cell growth rate, 1/h

Hmax Maximum specific cell growth rate, 1/h

t Time, h

P Product concentration, g/L

Op Volumetric productivity of mannitol, g/L/h

o Growth associated constant for product
formation

p Non-growth associated constant for
product formation, 1/h

qp Specific mannitol formation rate, 1/h

qr Specific lactic acid formation rate, 1/h

qa Specific acetic acid formation rate, 1/h

qE Specific ethanol formation rate, 1/h

P/(L + A + E) Ratio of mannitol to organic acids (lactic
acid and acetic acid) and ethanol

S Substrate concentration, g/L

Yx/s Cell yield coefficient on substrate,
g biomass/g sugar

Yp/x Product yield coefficient on biomass,
g mannitol/g biomass

Yp/s Product yield coefficient on substrate,
g mannitol/g sugar

my Energy maintain constant, 1/h

qsr Specific fructose consumption rate, 1/h

qsc Specific glucose consumption rate, 1/h

Yupax Specific mannitol dehydrogenase
activity on the biomass, U/mg protein/
(g/L biomass)

NADH/NAD Ratio of NADH to NAD
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Introduction

Mannitol is a valuable polyol with many applications in
confectionery foods, oral care, pharmaceuticals, and
chemicals (Akinterinwa et al. 2008). Until now, the indus-
trial production of mannitol has been largely achieved
through catalytic hydrogenation (global market, 13.6
million kg/year; US $7.30/kg) (Saha and Racine 2011).
However, this chemical hydrogenation process has limita-
tions, including additional costs caused by harsh conditions
and separation of mannitol from sorbitol (Song and Vieille
2009). Thus, various alternatives to mannitol production
have been proposed and developed. As a promising method,
fermentation for mannitol production with lactic acid bac-
teria (LAB) has gained considerable attention for providing
a safer, more eco-friendly production process with
enhanced specificity (Ghoreishi and Shahrestani 2009).
LAB are industrially food-grade microorganisms that
consume glucose via either homofermentative or heterofer-
mentative pathways. Heterofermentative LAB are preferred
over homofermentative LAB for mannitol production because
they convert fructose to mannitol by one step (Rodriguez et al.
2012). Moreover, heterofermentative LAB produce mannitol
from fructose by an NADH-linked mannitol dehydrogenase
(MDH). The NADH is mainly formed via the heterofermen-
tative pathway (Ortiz et al. 2012). In the heterofermentative
pathway, 1 mol of glucose is metabolized to 1 mol of lactic
acid and 1 mol of acetic acid or ethanol. The organic acids
produced by LAB decrease pH, thereby significantly inhibit-
ing LAB growth and reducing fermentation end products.
Consequently, pH control serves as an approach to improve
mannitol yields. Saha and Racine reported that the optimal pH
for mannitol production by Lactobacillus intermedius NRRL
B-3693 in pH-controlled fermentation was 5.0 and the man-
nitol yield was approximately twice that in free pH fermen-
tation (Saha and Racine 2010; Saha and Racine 2011). The
effects of pH on microbial growth and product formation vary
in different microorganisms and culture conditions (Cao et al.
2012; Wu et al. 2010). The preferable pH for mannitol pro-
duction may not always be consistent with that for cell growth.
Thus, it may not be appropriate for maintaining a constant pH
throughout the fermentation process for effective mannitol
accumulation. Therefore, a pH stage-controlled fermentation
may be a valid strategy for improving mannitol production.
The genera Lactobacillus intermedius and Leuconostoc
mesenteroides of the heterofermentative LAB have been well
studied for mannitol production, while only a little attention
focused on the mannitol production by Lactobacillus brevis
owing to its low mannitol yield (von Weymarn 2002; Saha
2006; Patra et al. 2011). In our previous study, L. brevis M1
was selected for its ability to produce mannitol during a
screening of seven heterofermentative LAB strains belonging
to L. brevis, L. buchneri, and L. mesenteroides (Zhu et al.
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2009). After mutation of L. brevis M1, one mutant designated
as L. brevis 3-AS5, showed high mannitol productivity (Yue
et al. 2012). Given that pH plays a key factor in controlling
mannitol yield, we first investigated mannitol production by L.
brevis 3-A5 in batch fermentations with free and constant pH.
Subsequently, a dual-stage pH control strategy suitable for
strain 3-AS5 was developed. To obtain high mannitol yield and
circumvent the limitation that potential damage to the growth
of strain 3-A5 caused by high initial concentrations of fruc-
tose, a dual-stage pH control fed-batch fermentation strategy
was adopted. The mannitol yield of L. brevis 3-A5 was sig-
nificantly increased, reaching a value close to the maximum
production reported using LAB (Saha 2006).

Materials and methods
Microorganism and seed culture conditions

Lactobacillus brevis 3-AS is a mutant of L. brevis AS 1.7
obtained from China General Microbiological Culture
Collection Center (Beijing, China). Prior to being stored at
—80 °C, L. brevis 3-A5 was maintained in MRS medium
(composition: 10 g/L. bacto-peptone, 10 g/L beef extract,
5 g/L yeast extract, 20 g/L glucose, 2 g/LL ammonium cit-
rate, 5 g/l sodium acetate, 0.2 g/LL magnesium sulfate,
0.05 g/L. manganese sulfate, 2 g/L dipotassium phosphate,
and 1.0 mL/L Tween 80, pH 6.5) supplemented with
glycerol (13 % v/v). MRS medium was also used for seed
culture. The medium was sterilized by autoclaving at
121 °C for 15 min. The seed culture was incubated at
30 °C for 24 h with shaking at 150 rpm.

Batch and fed-batch trials

Batch and fed-batch trials were carried out in a 5 L bio-
reactor at 37 °C. The inoculum size was 10 % (v/v) to give
a final optical density of 0.4-0.5 at 600 nm. No aeration
was employed, and the agitation speed was fixed at
200 rpm. The pH was controlled by the automatic addition
of 10 M NaOH or 4 M HCL

Batch trials were performed with a working volume of
3 L in simplified production (SP) medium (composition:
20 g/L tryptone, 10 g/L yeast extract, 4 g/L. dipotassium
phosphate, 0.4 g/l magnesium sulfate, and 0.02 g/L man-
ganese sulfate) after sterilization. The carbon source was
composed of 100 g/L fructose and 50 g/L glucose. For the
dual-stage pH control experiment, pH was initially con-
trolled at 5.5 for 12 or 16 h. This value was decreased to
4.5 and then controlled at a constant value.

With the dual-stage pH control strategy, fed-batch
experiments were initiated with a 2 L working volume in
SP medium. The initial concentrations of fructose and
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glucose were 120 and 57 g/L, respectively. Additional
substrate (1 L) containing 480 g fructose, 228 g glucose,
80 g tryptone and 40 g yeast extract was added at a rate of
0.30, 0.45, or 0.60 mL/min after 8 h of inoculation.

All trials were performed twice, and data were reported
as mean values.

Analytical methods

To determine the cell dry weight (CDW), cells were harvested
and dried at 105 °C for 12 h. The concentrations of glucose,
fructose, and mannitol were determined by an HPLC equip-
ped with a pulsed amperometric detector (Dionex, USA) using
a PA-10 sugar analytic column (Dionex, USA) eluted with
18 mM NaOH at a flow rate of 1 mL/min. The column was
maintained at 30 °C. The concentrations of lactic acid and
acetic acid were determined by ion chromatography system
ICS 3000 (Dionex, USA) as previously described (Geng et al.
2008). Ethanol was determined using an automatic ethanol
analyzer SBA-40E (Biology Institute of Shandong Academy
of Sciences, China) equipped with an immobilized enzyme
electrode. MDH activity was determined as previously
described (Hahn et al. 2003). Cofactor recycling assay was
performed to determine intracellular concentrations of
NAD(H) as previously described (Zhou et al. 2011).

Calculation of kinetic parameters

The rate equation models for biomass (X) and mannitol
(P) were estimated from the experimental data of CDW
(g/L) and mannitol production (g/L).

Cell growth kinetics model: the logistic equation is
commonly used to describe cell growth rate (Ricklefs
1967; Zhu et al. 2012):

dX X
- d1-=1).X 1
dt :umax ( ) ( )

Product synthesis kinetics model: The Luedeking—Piret
equation is commonly used to describe the relationship
between product synthesis rate and cell growth rate
(Luedeking and Piret 1959):

dp ax

Z = X 2

i~ a P @
Substrate consumption kinetics model: Substrate

consumption is mainly driven by
maintenance, and product synthesis:

ds dXx 1 dP 1
w2 X 3
dr  dt YX/S+m5 T Yp/s (3)

cell growth, cell

The fitted data were obtained by Origin software
(Version 8.0).

Results and discussion

Mannitol production during fermentations with free
and constant pH

The effects of free pH (at an initial pH of 6.5) and constant pH
(pH 4.5, 5.5 and 6.5) on mannitol production by L. brevis
3-AS5 are demonstrated in Fig. 1. In the first 8 h of fermen-
tation with free pH, the pH dramatically decreased from 6.5
to 4.1 and then gradually decreased to 3.1 at the end of the
fermentation (Fig. 1A). This decrease in pH may be attrib-
uted to the organic acids (such as lactic acid and acetic acid)
produced from sugar during fermentation. A significant
decrease in pH during the fermentation probably affected
cell growth and mannitol production. This finding indicates
the importance of determining the effects of pH on mannitol
biosynthesis by L. brevis 3-AS.

After 48 hof incubation with free pH, 42.5 % of the initial
glucose and 32.1 % of the initial fructose were not con-
sumed. However, little sugar remained in the medium at the
end of the fermentation with constant pH. These findings
indicate that substrate consumption is affected by pH
increase or decrease, i.e., pH deviation from the ideal value
reduces carbohydrate metabolism. The kinetic parameters
were calculated based on Fig. 1. As shown in Table 1, X,,
(5.825 g/L) and piax (0.179/h) with free pH were the lowest.
However, the final mannitol yield on the biomass (Yp/y,
12.655 £ 0.615 g mannitol/g biomass) and the final man-
nitol yield on the sugar (Yps, 0.724 £ 0.098 g mannitol/g
sugar) with free pH were the highest for the assayed fer-
mentation conditions. Among constant pH fermentations, X,,,
(7.863 g/L) and ppax (0.199/h) were the lowest at pH 4.5.
However, Yp/x (11.587 & 1.771 g mannitol/g biomass), Yp/s
(0.613 £ 0.084 g mannitol/g sugar), and the volumetric
productivity of mannitol (Qp, 1.860 £ 0.103 g/L/h) were
the highest at pH 4.5. These data suggest that although low
pH (pH < 4.5) hampers cell growth, it (pH 4.5) seems to be
preferable for mannitol production. The optimum pH for
initial cell growth was found to be 5.5, as confirmed by the
highest fi.x (0.338/h) achieved at this pH. The Luedeking—
Piret model values of « and f with free pH were 9.701 and
0.111/h, respectively, indicating that the process was par-
tially growth coupled and that mannitol production was
mainly associated with cell growth. Under constant pH fer-
mentation conditions, the values of « were non-zero, whereas
those of f§ were close to zero, showing that these processes
were growth coupled. These results reveal that pH plays a
vital role in mannitol production and cell growth. Moreover,
the optimum pH for mannitol biosynthesis may be different
from that for cell growth. Similar results were reported in
rhamnolipids formation (Zhu et al. 2012), succinic acid
biosynthesis (Liu et al. 2008), and cyclic adenosine mono-
phosphate fermentation (Cao et al. 2012).
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Fig. 1 Time course of growth and mannitol production by L. brevis
with free and constant pH: A Free pH; B pH 4.5; C pH 5.5; D pH 6.5.
The symbols used: CDW (filled square), mannitol concentration

Lactobacillus brevis is a heterofermentative LAB that
uses glucose to produce lactic acid, CO,, and acetic acid
and/or ethanol in equimolar amounts through alternative
external electron acceptors (Wisselink et al. 2002). As an
electron acceptor, fructose is reduced to mannitol in a
single enzymatic conversion with an NADH-linked MDH,
leading to the conversion of acetyl phosphate into acetate
instead of ethanol, accompanied by the generation of ATP
(Zaunmiiller et al. 2006). Therefore, the MDH activities
and available NADH may be varied under different pH
conditions and thus affect the mannitol production. After
12 h of incubation, the highest specific MDH activity on
the biomass [Yypux, 0.415 & 0.088 U/mg protein/(g/L
biomass)] was obtained at pH 4.5, and the ratio of NADH
to NAD showed no significant difference under the
experimental conditions used (Table 2). The specific
mannitol formation rate (gp, 2.538/h) and ratio of man-
nitol to organic acids (lactic acid and acetic acid) and
ethanol [P/(L + A + E), 1.039] were the highest at pH
4.5. These data suggest that constant pH at 4.5 favors
mannitol production by L. brevis 3-A5 probably because
of high MDH activity. The highest specific fructose
consumption rate (gsp, 2.378/h), specific glucose con-
sumption rate (gsg, 1.118/h), specific mannitol formation
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(filled triangle), fructose concentration (filled inverted triangle),
glucose concentration (open square), pH (dash dot line)

rate (gp, 2.538/h), specific lactic acid formation rate
(gz, 0.581/h), and specific acetic acid formation rate
(g4, 0.393/h) were obtained at pH 4.5. This result indi-
cates that constant pH at 4.5 is applicable for substrate
consumptions and main product formations, and that the
substrate consumptions are mainly used for product for-
mation instead of cell growth. The highest specific cell
growth rate (u, 0.176/h) was achieved at pH 5.5, indi-
cating that constant pH at 5.5 was the optimum pH for
cell growth.

Although pH is important for mannitol production,
other factors (e.g., product concentration) also affect cell
growth, mannitol production, and sugar consumption. The
activities of some enzymes involved in the biosynthesis of
mannitol and biomass may be partially inhibited with
increasing product concentration. Similar results were
reported in sorbitol fermentation (Wang et al. 2009).
Mannitol production is closely related to cell growth, and
the optimum pH for mannitol formation and cell growth
may be different. Thus, simultaneously achieving high
biomass and mannitol yield may not be possible in the
fermentation with constant pH. A dual-stage pH control
strategy may accomplish the maximum accumulation of
mannitol.
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Table 1 Kinetic analysis of results at different fermentation culture conditions for mannitol production by L. brevis 3-A5 after 48 h

fermentations

Parameters Free pH pH 4.5 pH 5.5 pH 6.5

Xm (g/L) 5.825 7.863 8.706 8.975

Hmax (1/h) 0.179 0.199 0.338 0.325

o 9.701 11.818 9.847 8.809

p (1/h) 0.111 0.004 —0.016 0.001

Yp/x (g mannitol/g biomass) 12.655 £+ 0.615 11.587 + 1.771 9.382 £ 0.683 8.966 £ 0.809
Yp/s (g mannitol/g sugar) 0.724 £ 0.098 0.613 &+ 0.084 0.523 £+ 0.026 0.513 4+ 0.034
Op (g/L/h) 1.495 + 0.014 1.860 £ 0.103 1.670 £+ 0.034 1.641 % 0.068

Table 2 The effects of MDH activity and NADH/NAD on metabolism in L. brevis with free and constant pH after 12 h fermentations

Parameters Free pH pH 4.5 pH 5.5 pH 6.5
Yyprx (U/mg protein/(g/L biomass)) 0.322 £+ 0.068 0.415 4 0.088 0.262 £ 0.031 0.188 £ 0.008
NADH/NAD 1.083 £+ 0.016 1.071 £ 0.029 1.174 £ 0.029 1.079 £ 0.041
u (1/h) 0.125 0.156 0.176 0.176

qp (1/h) 1.552 2.538 0.908 0.998

qr. (1/h) 0.326 0.581 0.524 0.492

qa (1/h) 0.218 0.393 0.312 0.289

qr (1/h) 0.000 0.007 0.018 0.026

P/(L + A + E) (mol/mol) 0.998 1.039 1.009 0.962

qsr (1/h) 1.500 2.378 2.049 1.833

gsc (1/h) 0.653 1.118 0.846 0.830

Dual-stage pH control fermentations

The specific cell growth rate and yield of mannitol were
higher at pH 5.5 in the initial stage of incubation; however,
the mannitol yield was higher at pH 4.5 after 28 h of fer-
mentation (Figs. 1B, C). A dual-stage pH control strategy
was developed according to the above results. The pH was
maintained at 5.5 in the earlier fermentation period, and
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Fig. 2 Time course of growth and mannitol production by L. brevis
using dual-stage pH control strategy: A pH change at the 12th hour;
B pH change at the 16th hour. The symbols used: CDW (filled

then adjusted to 4.5 to rapidly reach the maximum man-
nitol yield. Two time points for pH change were selected
during the fermentation. At the 12th hour, the cell growth
rate reached the maximum at a constant pH of 5.5. At the
16th hour, the cell growth tended to stabilize at a constant
pH of 5.5 (Fig. 10).

As shown in Fig. 2, the maximum biomass values were
11.119 £ 0.243 g/L. (pH change at the 12th hour) and
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square), mannitol concentration (filled triangle), fructose concentra-
tion (filled inverted triangle), glucose concentration (open square)
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yield was 215.025 g/L, which was lower than 5.7 % of the
maximum production by LAB when the feeding flow rate
and fermentation time were 0.30 mL/min and 98 h,
respectively (Fig. 3). This study is the first to report such a
high mannitol yield by L. brevis, which seems to be a good
candidate for efficient mannitol production. A comparison
of mannitol production parameters with LAB was listed in
Table 3. Mannitol could be readily crystallized from fer-
mentation broth based on dual-stage pH control fed-batch
fermentation because its yield exceeded 180 g/L, which
facilitated the subsequent purification of mannitol.

Conclusions

The results of this study indicate that pH plays an important
role in mannitol production. A dual-stage pH control fer-
mentation strategy was developed to effectively improve
mannitol production. The mannitol yield reached
215.025 g/L in dual-stage pH control fed-batch fermenta-
tion, with the approximate maximum mannitol yield to
LAB described previously. This method is valid for
enhancing mannitol formation and may be used in large-
scale, highly efficient mannitol production.
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