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CRL 1101 is attained at constant pH using a simplified culture
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Abstract Mannitol is a natural polyol with multiple industrial
applications. In this work, mannitol production by Lactobacillus
reuteri CRL 1101 was studied at free- and controlled-pH
(6.0–4.8) fermentations using a simplified culture medium
containing yeast and beef extracts and sugarcane molasses.
The activity of mannitol 2-dehydrogenase (MDH), the enzyme
responsible for mannitol synthesis, was determined. The effect
of the initial biomass concentration was further studied.
Mannitol production (41.5 ± 1.1 g/l), volumetric productivity
(QMtl 1.73 ± 0.05 g/l h), and yield (YMtl 105 ± 11 %) were
maximum at pH 5.0 after 24 h while the highest MDH activity
(1.66 ± 0.09 U/mg protein) was obtained at pH 6.0. No corre-
lation between mannitol production and MDH activity was
observed when varying the culture pH. The increase (up to
2000-fold) in the initial biomass concentration did not improve
mannitol formation after 24 h although a 2-fold higher amount
was produced at 8 h using 1 or 2 g cell dry weight/l comparing
to the control (0.001 g cell dry weight/l). Finally, mannitol
isolation under optimum fermentation conditions was achieved.
The mannitol production obtained in this study is the highest
reported so far by a wild-type L. reuteri strain and, more inter-
estingly, using a simplified culture medium.

Keywords Polyol . Lactic acid bacteria . Sugarcane
molasses . Fermentation . Sugar alcohol

Introduction

Mannitol is a natural sugar alcohol or polyol produced by
certain bacteria (Kets et al. 1996), several fungi (Stoop and
Mooibroek 1998; Voegele et al. 2005), algae (Iwamoto and
Shiraiwa 2005; Rousvoal et al. 2011), and plants (Stoop et al.
1996). This polyol is industrially used for chemical, medical,
and pharmaceutical applications (Monedero et al. 2010; Saha
and Racine 2011; Vrancken et al. 2010). Mannitol, which is
about half as sweet as sucrose, is used as low-calorie sweet-
ener in the food industry. As it is a non-metabolizable com-
pound, it can be applied in food products for diabetic patients
(Livesey 2003). As food ingredient, it is also used as a textur-
ing agent or in Bbreath-freshening^ products due to its positive
enthalpy of dissolution [120.9 kJ/kg; (Lawson 1997)]. Also,
mannitol is used in the manufacture of different pharmaceuti-
cal products because of its capability to mask undesirable
tastes of many compounds. In addition, it has been claimed
to display health-promoting (antioxidant and anticariogenic)
effects (Shen et al. 1997).

Current industrial mannitol synthesis is made by a catalytic
hydrogenation of a 50/50 glucose/fructose mixture at high
temperatures (100–130 °C) and pressures (14–55 bar) using
Raney-nickel catalyst (Wisnlak and Simon 1979). The strong
temperature and pressure conditions used as well as the re-
quirement of pure substrates are the main disadvantages of
this process, contributing to increase the global cost of the
product. Moreover, the low purity and yield associated with
this process due to the poor selectivity of the catalyst used is
another negative feature. Purification steps are necessary as,
typically, a 30/70 mannitol/sorbitol final mixture is obtained
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(Soetaert et al. 1999; Wisnlak and Simon 1979) making this
chemical process expensive and time-consuming.

Lactic acid bacteria (LAB) have been historically used
for their capacity to acidify different food matrices, thus
preserving them from spoilage. In addition, LAB impart
unique signature flavors besides other health-promoting
benefits which may be desirable for consumers. Besides
lactic acid, some LAB can produce other metabolites such
as ethanol, acetic and formic acids, aroma compounds
(acetoin and diacetyl), exopolysaccharides, vitamins, and
polyols (Hugenholtz 2008). Among this bacterial group,
heterofermentative lactobacilli are efficient mannitol pro-
ducers from fructose due to the action of the mannitol
2-dehydrogenase (MDH) enzyme (Hahn et al. 2003; Korakli
and Vogel 2003; Ortiz et al. 2013; Ortiz et al. 2012; Saha 2004;
Sasaki et al. 2005). The conversion of fructose into mannitol
increases the ATP yield by leading acetyl-phosphate towards
acetate rather than ethanol (Axelsson 1998); thus, mannitol-
producing strains display higher growth rates than non-
producing ones (Wisselink et al. 2002) (Fig. 1). A complete
conversion of fructose into mannitol without co-formation of
side-products like sorbitol, mild production conditions, and no
requirement of highly purified substrates are some advantages
of the fermentative process comparing to its chemical synthesis
(Soetaert et al. 1995; von Weymarn et al. 2002).

To achieve an efficient and competitive mannitol biotech-
nological productive process, low-cost culture media and op-
timized culture conditions are needed. Molasses, one of the
main by-products of the sugarcane industry, is typically com-
posed of carbohydrates, as main components, and a wide
range of substances such as metallic ions, nitrates, sulfates,
amino acids, vitamins, gums, dextrans, and ashes. Among
carbohydrates, molasses contains mainly sucrose that could
not be crystallized during the sucrose refining process, and
glucose and fructose as free monosaccharides originated
from sucrose hydrolysis (Castillo and Forero 2007). The
range of applications of molasses in different productive
processes is constantly expanding as in the production of
ethanol (Mukhtar et al. 2010; Sheoran et al. 1998), bacte-
rial cellulose (Bae and Shoda 2004), ergosterol (He et al.
2007), and lactic acid (Dumbrepatil et al. 2008; Wee et al.
2004) constituting an important carbon source for the pro-
duction of valuable compounds.

In a previous study (Ortiz et al. 2012), we showed that
Lactobacillus reuteri CRL 1101 produced mannitol in a
rich culture medium containing sugarcane molasses as car-
bon source. Mannitol production was evaluated in free-pH
cultures during 48 h using different molasses concentra-
tions (3–10 %, w/v), temperatures (30 and 37 °C), and
under static or agitating conditions. The Lactobacillus
strain converted glucose into lactic acid, acetic acid, and
ethanol while fructose was used as an alternative electron
acceptor and was reduced into mannitol. Maximum

mannitol concentrations of 178–184 mM (33–34 g/l) were
attained using 7.5 % or 10 % (w/v) of total sugars at
37 °C after 24 h of incubation. Under agitated cultures,
high mannitol values (145 ± 40 mM = 26 ± 7 g/l) were
achieved at 8 h of fermentation as compared to the static ones
(6 ± 3mM= 1.1 ± 0.5 g/l). The highest mannitol concentration
value attained was 211 ± 16 mM (38 ± 3 g/l) after 24-h
fermentation period.

In this work, we aimed to achieve an efficient mannitol
production by the wild-type strain L. reuteri CRL 1101 using
a simplified, and hence more economical, culture medium.
Constant-pH fermentations in a range between 6.0 and 4.8
were performed; the effect of the initial biomass concentration
on mannitol formation was also studied.

Materials and methods

Bacterial strain and growth conditions

L. reuteriCRL1101 (Culture Collection of Centro deReferencia
para Lactobacilos (CERELA), San Miguel de Tucumán,
Argentina) was previously selected for its ability to produce
mannitol. Stock cultures were maintained at −20 °C in 10.0 %
reconstituted skim milk supplemented with 0.5 % yeast extract,
1.0 % glucose, and 10.0 % glycerol (w/v).

Prior to experimental use, cultures were propagated (2%, v/v)
twice in MRS broth (g/l; peptone, 10.0; yeast extract, 5.0; beef
extract, 10.0; glucose, 20.0; dipotassium phosphate, 2.0; sodium
acetate, 5.0; triammonium citrate, 2.0; magnesium sulfate
heptahydrate, 0.2; manganese sulfate monohydrate, 0.05; and
Tween-80, 1.0 ml/l) and incubated for 10–15 h at 37 °C.
Cultures were washed twice with cold 50 mM buffer sodium
phosphate pH 7.0 and then used as inoculum. For each experi-
ment, media were inoculated with cells to reach an optical den-
sity at 600 nm (OD600)= 0.07 ± 0.03.

Bacterial growth and mannitol production in a simplified
culture medium

In preliminary experiments (data not shown), we evaluated the
effect (by omission or addition) of each MRS component on
cell growth (OD600) of L. reuteri CRL 1101 at free-pH fer-
mentations at 37 °C for 24 h. Based on the obtained results,
mannitol production was evaluated using a simplified culture
medium formulated with thoseMRS components necessary to
support growth, but replacing glucose by sugarcane molasses.
The culture medium contained (%, w/v) total molasses sugars,
7.5; yeast extract, 0.5; and peptone, soy peptone, or beef ex-
tract, 1.0. L. reuteriCRL 1101 was cultured using these media
(namely, A to D, Table 1) under free-pH conditions at 37 °C
for 24 h. As L. reuteriCRL 1101 was not able to grow in these
simplified media without yeast extract (data not shown), this
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component was always included. Molasses-supplemented
MRS broth (MRS-molasses), where glucose was replaced by
sugarcane molasses, was used as control.

Molasses used in this work was obtained from a local sugar
factory. A stock solution of sugarcane molasses was prepared
as described previously (Ortiz et al. 2012) and was added to
the medium to reach a final total sugar concentration of 7.5 %
(w/v). This sugar concentration was selected considering that
higher concentration (10.0 %,w/v) did not lead to a significant
increase in mannitol synthesis (Ortiz et al. 2012). As the com-
position of sugarcane molasses varies depending on its origin,
sugar content was determined prior to experimental use.
Molasses used in this study contained 49.5 % (w/w) total
sugars: 38.7 % sucrose, 4.9 % fructose, and 5.9 % glucose.

Cell growth was determined by cell count (colony-forming
units per ml, CFU/ml) as the presence of molasses interfered

with OD measurements. Cell count was done plating diluted
samples prepared in physiological solution (0.85 %NaCl, w/v)
in MRS agar (12 g agar/l). Cell growth, maximum specific
growth rate (μmax, h

−1), and pH were evaluated in 100-ml-
containing flasks at free-pH fermentations. Fructose consump-
tion, mannitol formation, and yield were determined at 24 h.
All assays were carried out in triplicates; values represent the
means ± SD. The culture medium where mannitol production
was the highest (Table 1 line D) was selected for optimization
studies.

Mannitol production under controlled-pH fermentations

To evaluate mannitol production by L. reuteri CRL 1101,
controlled-pH fermentations using the selected simplified me-
dium were performed in a 2-l fermentor (New Brunswick

Fig. 1 Proposed pathway for
hexose metabolism of
heterofermentative LAB.
(1) Glucose permease; (2)
fructose permease; (3)
glucokinase; (4) glucose
6-phosphate dehydrogenase;
(5) 6-phosphogluconate
dehydrogenase; (6) epimerase;
(7) phosphoketolase; (8) glucose
phosphate isomerase; (9)
fructokinase; (10) mannitol
2-dehydrogenase; (11)
glyceraldehyde 3-phosphate
dehydrogenase and
phosphoglycerate kinase; (12)
phosphoglyceromutase and
enolase; (13) pyruvate kinase;
(14) lactate dehydrogenase; (15)
phosphate acetyltransferase; (16)
acetaldehyde dehydrogenase and
alcohol dehydrogenase; (17)
acetate kinase; question mark
indicates unknown mannitol
transport system. Modified from
Wisselink et al. (2002)
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Scientific Co. Inc., Edison, USA) under gentle agitation
(100 rpm) at 37 °C for 24 h. The culture pH was kept constant
by the automatic addition of sterile 5 M NaOH. The effect of
different constant pH values (6.0, 5.8, 5.6, 5.4, 5.2, 5.0, and
4.8) on cell growth (cell count), sugar consumption, organic
acid, and mannitol production were determined at 0, 4, 8, and
24 h of incubation. Mannitol volumetric productivities and
yields were calculated at 24 h. All assays were carried out in
triplicates; values represent the means ± SD. Free-pH fermen-
tation values were used as control.

Analytical methods

Determination of residual carbohydrates (glucose, fructose,
and sucrose), mannitol, organic acids (lactic and acetic acids),
and ethanol concentrations was carried out by high-
performance liquid chromatography (HPLC) as described pre-
viously (Ortiz et al. 2012). Briefly, all measurements were
done using a Smartline pump 100, a WellChrom K-2301 re-
fractive index (RI) detector, a Smartline autosampler 3800
Plus (Knauer GmbH & Co., Berlin, Germany), and a ZC-90
oven (Zeltec, Buenos Aires, Argentina). An Aminex HPX-
87P column (Bio-Rad Laboratories Inc., Hercules, CA,
USA) at 85 °C with MilliQ water as mobile phase (flow rate
0.6 ml/min) was used for determining carbohydrates and man-
nitol, and a Rezex ROA-Organic Acid H+ (8%) (Phenomenex
Laboratories Inc., Torrance, CA, USA) column at 41 °C with
5 mM H2SO4 as mobile phase (flow rate: 0.6 ml/min) was
used to determine organic acids (lactic and acetic acids) and
ethanol.

Volumetric productivities of mannitol (QMtl, g/l h) were
calculated as the increase in mannitol concentrations in a de-
fined period of time. Specific productivities (QX, g mannitol/g
cell dry biomass) were calculated as the amount of mannitol
produced per gram of biomass in a specific period of time.
Yields (YMtl, mol/mol*100) represent the conversion efficien-
cies of fructose into mannitol calculated as the ratio between
mannitol increase and total fructose (free fructose plus fruc-
tose from sucrose hydrolysis) consumption in a defined time
interval × 100 (von Weymarn 2002).

Measurement of mannitol 2-dehydrogenase activity

MDH is the enzyme responsible for the one-step conversion
of fructose into mannitol. For determining the intracellular
MDH activity in L. reuteri CRL 1101, cells were harvested
(4000×g, 10 min, 4 °C) at 8 h of incubation and washed
three times with cold 50-mM sodium phosphate buffer
(pH 5.5). Pellets were mixed with glass beads (acid-washed,
150–212 μm, Sigma-Aldrich Chemical Co., USA) in a 1:2:1
cells/buffer/beads ratio, and cells were disrupted using a Mini
Bead Beater-8 (Biospec Products) for 10 min at maximum
speed (with 2-min interruption on ice after each 2-min cycle).T
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Cell debris, unbroken cells, and glass beads were removed by
centrifugation (14,500×g, 5 min, 4 °C), and the supernatants
were immediately used for enzyme assays.

MDH activity was determined according to the method
described previously (Ortiz et al. 2012); only slight modifica-
tions were done. Briefly, MDH was measured spectrophoto-
metrically on a Cary 50 MPR microplate reader (Varian Inc.,
USA); the disappearance of NADPH (Sigma-Aldrich
Chemical Co.) was monitored by measuring the absorbance
at 340 nm (ε340, 6220/M cm) for 5 min. The protein concen-
tration of cell-free extracts was measured using the Bio-Rad
dye reagent concentrate (Bio-Rad Laboratories, USA) follow-
ing the manufacturer’s instructions and using bovine serum
albumin as standard. Cell-free extract samples were diluted
to obtain a protein concentration of 0.5 mg prot/ml.

The enzymatic assay was done in a 200-μl volume; the
reaction mixture contained 50 μl 200 mM sodium phosphate
buffer (pH 5.5), 50 μl 2 mM NADPH, 50 μl of MilliQ water,
and 10μl of diluted cell-free extract. The reactionmixture was
maintained at 37 °C for 2 min, and the reaction was started by
adding 40 μl of 1 M fructose (Sigma-Aldrich Chemical Co.).
One unit (U) of MDH activity was defined as the amount
of enzyme required to catalyze the disappearance (fructose
reducing direction) of 1 μmol of NADPH per minute
under the experimental conditions used. Specific MDH
activity was expressed in units per milligram of cell pro-
tein. All enzyme assays were done in duplicate of two
independent experiments.

Effect of initial biomass concentration on mannitol
production

Previous experiments were performed using an initial biomass
concentration of about 0.001 g cell dry weight/l, correspond-
ing to an initial cell count of 1 × 106 CFU/ml. To study the
effect of the initial biomass concentration onmannitol produc-
tion, fermentations were carried out using the simplified cul-
ture medium previously selected under optimized conditions.
Ten-, 100-, 1000-, and 2000-fold (corresponding to 0.01, 0.1,
1.0, and 2.0 g cell dry weight/l, respectively) increase in the
biomass concentration, as compared to that used in previous
assays (0.001 g/l), were evaluated. Cells were grown for
8 h (log growth phase) and harvested by centrifugation
(10,000×g, 10 min) from a given volume of fermented
medium necessary to obtain the desired biomass amount
as determined previously. Cells were resuspended in
simplified culture medium and transferred into the bioreactor.
Cell dry weight determinations were carried out using the
thermogravimetric infrared humidity analyzer MA100C-
000230 V1 (Sartorius AG, Goettingen, Germany). Biomass
concentration assays were performed in duplicate in indepen-
dent experiments. Culture grown under optimized conditions
with an initial biomass of 0.001 g/l was used as control.

Mannitol isolation

Twenty-four-hour fermentations were carried out culturing
L. reuteriCRL 1101 under optimized culture conditions using
the selected simplified medium. Cells were removed by cen-
trifugation (10,000×g, 20 min, 4 °C) and supernatants were
five-fold concentrated for mannitol precipitation. To prevent
foaming during the concentration step, 0.5 ml of a 50 %
(v/v; 1/800 final dilution) food-grade antifoam solution
(RE806, Biochemical S.A., Buenos Aires, Argentina) were
added to 200 ml of culture supernatant. Medium concen-
tration was done by evaporation at 50 °C, 50 rpm for
50 min using a rotary evaporator Hei-VAP Advantage
(Heidolph, Schwabach, Germany). The concentrated super-
natant was cooled down to 4 °C to induce crystallization
and held at that temperature for 48 h. Given that mannitol
precipitates in a concentration greater than 180 g/l at 4 °C,
a pure mannitol solution of 190 g/l was used as crystallization
control. To recover the formed crystals, a funnel with a filter
paper (Double Rings 102 Medium Qualitative Flow) was
used. Filtration was carried out immediately after the cooling
step to prevent crystal dissolution.

Statistical analysis

Comparisons among different conditions for each studied
parameter were performed using one-way ANOVA (analy-
sis of variance) followed by Tukey’s honest significant
difference (HSD) test. A value of p < 0.05 was considered
to be statistically significant.

Results

Growth and mannitol production by L. reuteri CRL 1101
in a simplified culture medium at free-pH

Different nitrogen (soy peptone, peptone, or beef extract)
sources were added to a simplified medium containing carbon
(sugarcane molasses) and vitamin (yeast extract) sources
(Media A-D, Table 1) to evaluate cell growth and mannitol
production by L. reuteri CRL 1101. These media components
were earlier selected based on preliminary studies (data not
shown). Cell growth, carbohydrate consumption, mannitol
production, and yields by the Lactobacillus strain incubated
under free-pH fermentations at 37 °C for 24 h are shown in
Table 1. L. reuteri CRL 1101 displayed complex amino acid
requirements for cell growth since it was not able to ferment
glucose in presence of soy peptone as sole protein source
(Medium C) but it grew well when animal protein was present
in the culture medium (media B and D, Table 1). As mannitol
production by L. reuteri CRL 1101 is growth-associated, the
presence of animal protein is needed for polyol formation. The
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highest cell viability (log CFU/ml 8.80 ± 0.07),Δ cell viability
(log CFU/ml: 2.26 ± 0.34), and μmax (0.85 ± 0.02 h−1) values
were found in medium D, these values being similar to those
obtained in MRS-molasses (log CFU/ml 9.06 ± 0.03; Δ log
CFU/ml 2.35 ± 0.08; μmax 0.87 ± 0.09 h−1). Also, the highest
mannitol production value (148 ± 7 mM = 26.96 ± 1.28 g/l)
was obtained in medium D after 24 h. Although this amount
was statistically lower than that achieved in the control medi-
um (184 ± 10 mM = 33.52 ± 1.82 g/l), the simplified medium
D was selected for further studies.

Fermentation kinetics of growth, mannitol production, and
end-product formation by L. reuteri CRL 1101 in medium D
at free-pH are shown in Fig. 2. The strain grew well
and reached the stationary phase at 8 h of incubation
(log CFU/ml 8.65 ± 0.22); a final cell count of log
CFU/ml 8.91 ± 0.04 was obtained at 24 h. Lactic acid
production was growth-associated, a concentration of
110 ± 6 mM was produced at 24 h (Fig. 2a); this value
being 1.5-fold greater than the acetic acid concentration
(73 ± 2 mM), while a scarce ethanol production (13 ± 5 mM)
was observed. Carbohydrates present in the culture medium
were not completely depleted after the 24-h fermentation
period; moreover, the concentration of free glucose remained
constant until the end of the fermentation (t0 48 ± 3 mM,
t24 43 ± 4 mM) (Fig. 2b). In contrast, free fructose concen-
tration decreased approximately 80 % from 60 ± 7 mM (t0)
to 12 ± 3 mM (t24) while sucrose consumption was around
67 % (from 144 ± 16 mM at t0 to 48 ± 8 mM at t24).
Mannitol formation started at 4 h of incubation with the
concomitant fructose consumption, mannitol concentration
being maximum (148 ± 7 mM = 26.96 ± 1.28 g/l) at 24 h.
At this time point, 100 % of consumed fructose
(151 ± 13 mM = 27.20 ± 2.34 g/l) was converted into
mannitol (YMtl 98 ± 3 %), indicating that fructose was ex-
clusively used as an alternative electron acceptor.

Mannitol production under controlled-pH fermentations

To improve mannitol production, controlled-pH fermentations
in a pH range between 6.0 and 4.8 at 37 °C for 24 h were
carried out. Free-pH fermentation condition was used as

control. Representative fermentation kinetics of pH 6.0
(Fig. 3a, b), 5.0 (Fig. 3c, d), and 4.8 (Fig. 3e, f) are shown
as similar fermentation patterns were obtained at different pH
cultures.

Under controlled-pH conditions, similar growth kinetics
for L. reuteri CRL 1101 were observed (Fig. 3a, c, e).
Stationary growth phase was attained at 8 h of incubation
while cell count values between log CFU/ml 8.98 ± 0.05
(pH 6.0) and 9.52 ± 0.20 (pH 5.2) were reached at 24 h
(Table 2); these values were similar to that at free pH
(log CFU/ml, t24 8.91 ± 0.04). Conversely to free-pH
fermentations, all carbohydrates present in the culture medium
were almost depleted after 24 h. In all cases, consumption of
sucrose and free-fructose as well as the concomitant mannitol
production started after 4 h of incubation. Interestingly, manni-
tol production was markedly improved (166–228 mM) under
constant-pH fermentations as compared to free-pH cultures
(148 ± 7 mM) (Table 2), the highest mannitol production
(228 ± 6 mM = 41.5 ± 1.1 g/l), yield (105 ± 11 %), and volu-
metric productivity (1.73 ± 0.05 g/l h) values being achieved at
pH 5.0 after 24 h (Fig. 3d, Table 2). Decreasing the pH values
from 6.0 to 5.0 led to increased mannitol formation and yields.
At pH 6.0 (Fig. 3b), 5.8 and 4.8 (Fig. 3f) fructose was partially
converted into mannitol; the strain only used 77 % (pH 6.0 and
5.8) and 79 % (pH 4.8) of total consumed fructose (216 ± 8,
231 ± 12, and 224 ± 7mM, respectively) for mannitol synthesis
(166 ± 8, 178 ± 5, and 177 ± 6 mM, respectively) reaching
volumetric productivities of 1.26 ± 0.02, 1.35 ± 0.01, and
1.34 ± 0.03 g/l h, respectively (Table 2). The partial conversion
of fructose into mannitol indicates that fructose was used both
as electron acceptor for mannitol production and as substrate
fermentation. At pH values between 5.6 and 5.0―and similarly
to what occurred in free-pH fermentations―the consumed
fructose (207 ± 8 and 220 ± 19 mM, respectively) was mainly
used as an external electron acceptor and converted into man-
nitol (194 ± 9 and 228 ± 6 mM, respectively), reaching yield
values of 91 ± 6 % (pH 5.4) and 105 ± 11 % (pH 5.0) (Table 2).

Regarding organic acids and ethanol production, lactic
acid was produced in greater concentration than acetic
acid, and both organic acids were formed in larger
amounts than ethanol at all pH values assayed (Table 2).

Fig. 2 Cell growth and
fermentation profile of L. reuteri
CRL 1101 grown in a molasses-
based simplified culture medium
at free-pH fermentation for 24 h. a
Growth kinetics and organic acids
and ethanol production,
b carbohydrate consumption and
mannitol production
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At pH 5.4, maximum organic acids (lactic acid 236 ± 14
and acetic acid 127 ± 12 mM) and ethanol (95 ± 18 mM)
concentrations were attained after 24 h of incubation. No
ethanol production was detected until an 8-h incubation
period.

Mannitol 2-dehydrogenase activity

To evaluate the correlation between mannitol production and
MDH activity at all assayed pH values, enzyme activity mea-
surements were done in cell-free extracts from 8-h cultures
(Fig. 4). The highest MDH activity value 1.66 ± 0.09 U/mg
cell protein was found in cells grown at pH 6.0 being this
value not statistically different from those attained at the other

studied pH, except for that at pH 4.8 (1.00 ± 0.24 U/mg prot),
which was the lowest one observed.

Effect of initial biomass concentration on mannitol
production

Previous experiments were performed using an initial biomass
concentration of about 0.001 g cell dry weight/l corresponding
approximately to an initial cell count of 1 × 106 CFU/ml. The
effect of increasing the initial biomass concentration on manni-
tol production by L. reuteri CRL 1101 using the simplified
medium at optimized culture conditions (pH 5.0, 100 rpm,
37 °C and 24 h) was aimed here. Ten-, 100-, 1000-, and 2000-
fold increases in the biomass concentration (corresponding to

Fig. 3 Representative
fermentation profiles and cell
growth of L. reuteri CRL 1101
grown in a molasses-based
simplified culture medium at
controlled-pH fermentation for
24 h. a, b pH 6.0, c, d pH 5.0, and
e, f pH 4.8
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0.01, 0.1, 1.0, and 2.0 g/l, respectively) were evaluated. Results
are shown in Table 3 and Fig. 5. The increase in the initial
biomass concentration caused a decrease in cell growth and final
cell viability after 24 h comparing to the cultures with 0.001 g
cell dry weight/l of initial biomass (control) (log CFU/ml:
9.34 ± 0.11, Fig. 3c; Δlog CFU/ml 2.91 ± 0.33, Table 3). This
fact was specially noted in the culture inoculated with 2 g cell
dry weight/l (log CFU/ml 8.82 ± 0.34, Fig. 5g; Δlog CFU/ml
0.33 ± 0.12, Table 3) after 24 h. In all cases, cells exhibited an
intense metabolic activity showing a high glucose (238–
324 mM) and fructose (220–336 mM) uptake up to 24 h of
incubation (Table 3) due to the growth stage (logarithmic phase)
of the inoculum. Sugar consumption was more pronounced
when a larger number of cells were used. All carbohydrates

were exhausted at the end of fermentation in cultures inoculated
with 1 or 2 g cell dry weight/l (Fig. 5f, h, respectively). In these
two cultures and at 8 h of incubation, mannitol production
(132 ± 8 and 132 +- 21 mM, respectively) and the volumetric
productivity values (QMtl 3.01 ± 0.14 and 2.98 ± 0.27 g/l h,
respectively) were higher than the control (61 ± 17 mM and
1.73 g/l h, respectively, Fig. 3d) although yields were lower
(data not shown by Table S1). The highest mannitol pro-
duction (228 ± 6 mM, 42 g/l) was obtained in the culture
inoculated with 0.001 g cell dry weight/l (control) after
24 h. Also, increasing the initial biomass (i.e., up to 1 or
2 g cell weight/l) caused a decrease in mannitol yield (59
and 65 %, respectively) and volumetric productivities (1.50
and 1.54 g/l h, respectively) compared to the control
(105 %; 1.73 g/l h). At 24 h, the specific productivity
values (Table S1) were similar in all cultures and higher
than those obtained at 8 h. The results obtained suggest that
increasing the initial biomass did not improve mannitol pro-
duction after 24 h. At 8 h, an opposite effect of the initial
biomass was observed; however, the largest mannitol pro-
duction value was half of that obtained at 24 h.

Mannitol isolation

Fermentations were carried out in the simplified culture
medium at pH 5.0, 100 rpm, with an initial biomass con-
centration of 0.001 g/l, 37 °C for a 24-h incubation.
Under these conditions, L. reuteri CRL 1101 produces
approximately 42 g mannitol/l (Table 3). Since mannitol
crystallizes at concentrations higher than 180 g/l at 4 °C,
it was necessary to concentrate five times the cell-free
fermented culture. Mannitol formation was observed as
small needle-shaped crystals in the filtered concentrated
supernatant after keeping at 4 °C for 48 h (Fig. 6a) and by
optical microscopy (objective ×40, ocular ×10) (Fig. 6b). The

Table 2 Growth parameters and mannitol production by L. reuteri CRL 1101 grown in molasses-based simplified culture medium at controlled-pH
fermentations at 37 °C for 24 h. Data represents the mean ± standard deviation (SD)

pH value Cell viability
(log CFU/ml)

Lactic acid
(mM)

Acetic acid
(mM)

Ethanol
(mM)

Fructose
consumption (mM)

Mannitol production YMtl (mol/mol*100) QMtl (g/l h)

mM g/l

6.0 8.98 ± 0.05 163 ± 6 81 ± 7 62 ± 8 216 ± 8 166 ± 8 30.2 ± 1.5 de 77 ± 5 b 1.26 ± 0.02 ef

5.8 9.33 ± 0.12 220 ± 7 108 ± 12 81 ± 9 231 ± 12 178 ± 5 32.4 ± 0.9 cd 77 ± 3 b 1.35 ± 0.01 de

5.6 9.45 ± 0.09 232 ± 16 120 ± 14 51 ± 18 207 ± 8 194 ± 9 35.3 ± 1.6 bc 94 ± 8 ab 1.47 ± 0.05 cd

5.4 9.51 ± 0.33 236 ± 14 127 ± 12 95 ± 18 225 ± 5 204 ± 7 37.2 ± 1.3 b 91 ± 6 ab 1.55 ± 0.04 bc

5.2 9.52 ± 0.20 198 ± 2 107 ± 5 87 ± 20 238 ± 4 219 ± 5 39.9 ± 0.9 ab 92 ± 4 ab 1.66 ± 0.03 ab

5.0 9.31 ± 0.08 229 ± 11 123 ± 7 87 ± 6 220 ± 19 228 ± 6 41.5 ± 1.1 a 105 ± 11 a 1.73 ± 0.05 a

4.8 9.19 ± 0.48 206 ± 2 121 ± 4 67 ± 2 224 ± 7 177 ± 6 32.2 ± 1.1 cd 79 ± 5 b 1.34 ± 0.03 d

Free-pH 8.91 ± 0.04 110 ± 6 73 ± 2 13 ± 5 145 ± 17 148 ± 7 27.0 ± 1.3 e 98 ± 3 ab 1.13 ± 0.05 f

a–fMeans with different letters are significantly different (p < 0.05). Comparisons among different pH conditions for mannitol production, yield (YMtl)
and volumetric productivity (QMtl) were performed using one-way ANOVA followed by Tukey’s HSD test

Fig. 4 Mannitol 2-dehydrogenase activity in cell-free extracts from 8 h-
cultures of L. reuteri CRL 1101 grown in a molasses-based simplified
culture medium under constant-pH. Data represent the mean ± standard
deviation (SD). a, b Means with different letters are significantly different
(p < 0.05); comparisons among different MDH activity values were
performed using one-way ANOVA followed by Tukey’s HSD test
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obtained crystals were dissolved in water and further analyzed
by HPLC. Mannitol was detected as the main component of
the crystals although a small contamination with sucrose, glu-
cose, and fructose, derived from the culture medium, was
observed (data not shown).

Discussion

One of the main challenges for the optimization of the pro-
ductive process of an interesting compound is the replacement
or reduction of expensive components of the culture medium
allowing optimal product formation at lower cost. In this
work, a simplified culture medium was used at free- and
controlled-pH conditions to evaluate mannitol production by
L. reuteri CRL 1101. The correlation between MDH activity
and mannitol production when varying the culture pH was
studied. Finally, the effect of the initial biomass concentration
on mannitol synthesis and mannitol isolation was assayed.

The substitution of peptone or beef extract by soy peptone
as a low-cost nitrogen source in a simplified culture medium
for growth and mannitol production by L. reuteri CRL 1101
was studied; although the strain could grow well in the soy
peptone containing medium, mannitol production was practi-
cally null. Amino acids in animal protein are present in differ-
ent amounts comparing to vegetable protein. Ala, Lys, Met,
and Tyr can be found in higher concentrations (between two-
and three-fold) in beef extract than in soy peptides (Ikeda et al.
2011; Storcksdieck et al. 2007). These amino acids play fun-
damental roles for cell growth, while Ala and Lys are part of
the peptidoglycan of the bacterial cell wall, all protein synthe-
sis begins with Met (or formyl-methionine in bacteria), and
Tyr constitutes the main catalytic residue of the enzyme topo-
isomerase (Champoux 2001) that catalyzes the DNAwinding
and unwinding during cell replication and protein synthesis.

In preliminary studies, it was shown that manganese sulfate
was a necessary salt for growth of L. reuteri CRL 1101; how-
ever, its omission did not affect cell viability or mannitol for-
mation by the strain when glucose was replaced by sugarcane

molasses as carbon source (data not shown); this fact suggests
that molasses may contain Mn2+ ions or another component
displaying the same positive effect. Therefore, this salt was
not included in the formulation of molasses-based culture me-
dia. Saha (2006) usedmolasses and fructose syrup as inexpen-
sive carbon sources to replace pure and expensive glucose and
fructose for mannitol production by L. intermedius NRRL
B-3693. Moreover, alternative organic and inorganic inexpen-
sive nitrogen sources were assayed to replace peptone and
yeast extract. The strain L. intermedius NRRL B-3693 pro-
duced 105 g mannitol/l using both molasses and fructose-rich
syrup (in a 1:1 molasses:syrup ratio, 150 g/l total sugars, and a
4:1 fructose:glucose ratio) and soy peptone (5 g/l instead of
peptone) after 22 h of incubation. Fontes et al. (2009) used
cashew apple juice as alternative substrate to evaluate manni-
tol production by LAB. Cashew apple juice is an industrial
waste rich in fructose and glucose, fibers, vitamins, and salts
(Campos et al. 2002). This substrate―alone or mixed with
sucrose―was evaluated for mannitol production by
Leuconostoc mesenteroides B-512F in a two-step process,
which consisted in growing the strain first at pH 6.5 for 8 h
and then at free-pH. The addition of sucrose enhanced man-
nitol yield (85 %) but decreased the volumetric productivity
(1.6 g/l h) as compared with the values obtained using cashew
apple juice only (70 % and 2.2 g/l h, respectively). Maximal
mannitol production (18 g/l), yield (67 %), and volumetric
productivity (1.8 g/l h) were obtained combining cashew ap-
ple juice and sucrose after 10 h of incubation. In another study,
Carvalheiro et al. (2011) used carob syrup to evaluate growth
and mannitol production by eight mannitol-producing LAB
strains. Carbohydrates typically present in carob syrup are
sucrose (>50 % of total sugars), fructose, and glucose. To
increase free fructose and glucose content, sucrose hydrolysis
was performed; the studied LAB strains produced mannitol
with relatively high efficiency (0.7 g mannitol/g fructose). The
best mannitol production (43.7 g/l), volumetric productivity
(2.36 g/l h), and conversion efficiency (yield, 100 %) were
exhibited by the L. fructosum NRRL B-2041 strain after
30 h of incubation. These results are similar to those

Table 3 Effect of initial biomass concentration on cell viability and mannitol production by L. reuteri CRL 1101 in simplified culture medium grown
at 37 °C and pH 5.0 for 24 h. Data represents the mean ± standard deviation (SD)

Initial biomass
(g cell dry weight/l)

Δ Cell viability
(Δ log CFU/ml)

Glucose consumption
(mM)

Fructose consumption
(mM)

Mannitol YMtl (%) QMtl (g/l h)

mM g/l

0.001 2.91 ± 0.33 238 ± 8 220 ± 19 228 ± 6 42 ± 1 a 105 a 1.73 ± 0.05 a

0.01 2.05 ± 0.11 292 ± 1 231 ± 7 135 ± 5 25 ± 1 c 58 c 1.04 ± 0.02 d

0.1 0.90 ± 0.06 296 ± 2 240 ± 6 146 ± 6 27 ± 1 c 49 d 1.12 ± 0.04 c

1 0.48 ± 0.23 324 ± 12 336 ± 10 199 ± 15 36 ± 3 b 59 c 1.50 ± 0.01 b

2 0.33 ± 0.12 311 ± 14 324 ± 9 202 ± 9 37 ± 2 b 65 b 1.54 ± 0.03 b

a–dMeans with different letters are significantly different (p < 0.05). Comparisons among different initial biomass conditions for mannitol production,
yield (YMtl) and volumetric productivity (QMtl) were performed using one-way ANOVA followed by Tukey’s HSD test
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obtained in our study (mannitol production 41.6 ± 1.1 g/l;
YMtl 105 ± 11 %) except for the volumetric productivity,
which was lower (1.73 ± 0.05 g/l h). Interestingly, our
results were reached using a simplifiedmolasses-based culture
medium in a shorter fermentation period (24 h) instead of a
supplemented-MRS (rich) medium after 30 h. Moreover, the

molasses (sucrose) hydrolysis step was not necessary since
L. reuteriCRL 1101 was capable to hydrolyze it as previously
reported (Bae and Shoda 2004; Dumbrepatil et al. 2008).

Recently, Papagianni and Legisa (2014) optimized manni-
tol production by a L. reuteri strain through a metabolic engi-
neering strategy. A truncated version of the tpfkA gene

Fig. 5 Microbial growth (cell
viability and dry weight), sugar
consumption, and mannitol
production of L. reuteri CRL
1101 grown in molasses-based
simplified culture medium at
37 °C for 24 h using higher initial
biomass. a–b 0.01 g biomass/l,
c–d 0.1 g biomass/l, e–f 1 g bio-
mass/l, and g–h 2 g biomass/l
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(encoding 6-P-1-fructokinase from Aspergillus niger NRRL
2270) into the mannitol producer strain L. reuteri ATCC
55730 was introduced. The transformant strain had an en-
hanced carbon flux through the Embden–Meyerhof pathway
and was able to deal with an elevated glucose concentration
(75 g/l). The NADH cofactor demand was satisfied, allowing
fructose to be used more efficiently as an electron acceptor,
being exclusively transformed into mannitol. An enhanced
mannitol production (56 g/l compared to 10 g/l by the parental
strain) was achieved from fructose (75 g/l) by the transformant
strain after 102 h of fermentation.

Organic acid production, mainly lactic acid, by LAB dur-
ing growth decreases environmental pH inhibiting cell growth
and reducing end-product formation. Consequently, a
controlled-pH strategy is useful to improve microbial viability
and mannitol synthesis, which it has been established to be
cell growth-associated for L. reuteri CRL 1101. In this work,
controlled-pH fermentations using the formulated simplified
medium were applied to enhance mannitol production by
L. reuteri CRL 1101. The highest mannitol production
(228 ± 6 mM = 41.5 ± 1.1 g/l), yield (105 ± 11 %), and
volumetric productivity (1.73 ± 0.05 g/l h) were reached at
pH 5.0. This fact was observed for this strain and for
L. fermentum CRL 573 in a modified MRS medium contain-
ing a glucose/fructose mixture (1:6.5) as carbon source
(Rodriguez et al. 2012); however, mannitol production was
much lower as a value of 122 ± 6 mM = 22.2 ± 1.1 g/l was
attained after 24 h of incubation. Coincidentally, Saha and
Racine (2010) reported an optimal pH value of 5.0 for man-
nitol production by L. intermedius NRRL B-3693.

LAB are acid-tolerant fermentative bacteria capable to
grow at pH values ranging from neutral to pH of 3.5
(Kashket 1987; McDonald et al. 1990; Russell 1991). A par-
ticular feature of these bacteria is the ability to decrease its
internal pH (pHin) as the external pH (pHex) decreases during
growth (Cook and Russell 1994; Nannen and Hutkins 1991)
maintaining a constant ΔpH between inside and outside the
cell rather than a constant pHin. Siegumfeldt et al. (2000)
found that different LAB species incubated at pHex 5.0
showed pHin values of around 5.5, resulting in a ΔpH of
0.5–0.8 pH units. As the optimal pH reported for MDH

enzyme activity of L. reuteri ATCC 53608 is 5.4 (Sasaki
et al. 2005) and 5.5 for L. intermedius NRRL B-3693 (Saha
2004), MDH enzymes may operate at their optimum pH (pHin

around 5.5–5.8) when these LAB are incubated at pH 5.0,
explaining thus the high mannitol production obtained at this
pH value. Conversely, Yue et al. (2013) found that the highest
specificMDH activity (0.42 ± 0.09U/mg protein) and specific
mannitol formation rate (2.54 h−1) were obtained at pH 4.5
using the mutant strain L. brevis 3-A5; the authors suggested
that a constant pH 4.5 promoted mannitol synthesis probably
due to the high MDH activity attained at this pH value and
concluded that at both free- and controlled-pH fermentations
mannitol production was mainly associated to cell growth.

With respect to pH, four pH values that do not necessarily
coincide should be distinguished: (i) the pH of maximum mi-
crobial growth, (ii) the pH of maximum enzyme production,
(iii) the pH of maximum enzyme stability, and (iv) the pH of
maximum enzyme activity (García Garibay et al. 2004).
Regulation of a particular pH value during fermentation is
often required to ensure maximum metabolite production
and to avoid changes that may affect the enzymatic activity.
In some cases, the pH of optimum microbial growth and en-
zyme production, especially for intracellular enzymes, do not
match with the pH value of maximum activity. For example,
dextransucrase from L. mesenteroides is secreted with high
productivity at pH 6.5, suitable for bacterial growth, being
the pH of maximum enzyme activity and stability at 5.2
(García Garibay et al. 2004). In our study, the MDH activity
was similar at all assayed pH values (except for pH 4.8),
probably indicating that the enzyme production was similar
under all assayed conditions; however, depending on the pHin,
the enzyme activity was higher or lower explaining differ-
ences in mannitol production among the different assessed
pH values.

Acid is an important environmental stress, which occurs
during industrial fermentation and processing using LAB. In
response to acid stress, LAB employ different strategies to
prevent acid damage, including the maintenance of pHin

homeostasis. The induction of the proton-translocating
ATPase is the most important mechanism used by
LAB to regulate the pHi (De Angelis and Gobbetti 2004;

Fig. 6 Mannitol crystals formed
from culture supernatants of
L. reuteri CRL 1101, incubated at
4 °C for 48 h. aMannitol crystals
filtered on paper; b mannitol
crystals of L. reuteri CRL 1101
seen by optical microscopy, total
magnification: 400 times
(objective ×40, ocular ×10)
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Wu et al. 2013). The activity of this enzyme was found to be
optimal at pH values between 5.0 and 5.5 (Bender and
Marquis 1987); this could be a reason why L. reuteri CRL
1101 can successfully deal against acid stress at pH 5.0.
Another strategy to manage acid stress is through the regula-
tion of the aspartate and arginine metabolism; some LAB shift
the metabolic pathway by increasing the flux from aspar-
tate to arginine (arginine deiminase pathway, ADI) and
decreasing the flux from aspartate to asparagine. The
ADI system has been identified as another acid-stress re-
sponse mechanism to protect cells in a several bacteria
(Matsui and Cvitkovitch 2010; Mols and Abee 2011;
Vrancken et al. 2009). The increase in the acid resistance
of lactobacilli may be due to the restoration of the optimal
pHin through arginine catabolism and the concomitant pro-
duction of NH4

+ (De Angelis and Gobbetti 2004). Some
enzymes of the ADI system were upregulated in fermen-
tations at pH 5.0 of L. reuteri CRL 1101, as detected in
proteomic studies (unpublished data).

The increase in the initial biomass concentration did not
enhance mannitol production and the specific productivity
after 24 h under the studied conditions. In contrast, the volu-
metric productivity (QMtl) values were higher at 8 h than at
24 h in cultures inoculated with high biomass concentra-
tion (1 and 2 g of cell dry weight/l). However, preparation
and centrifugation of large volumes of culture medium
(1.5 l at laboratory scale) are needed to obtain the cell
pellet required for fermentations with high biomass con-
centration, limiting microbial application at industrial scale.
Thus, we conclude that increasing the initial inoculum neither
improves mannitol production nor accelerates its synthesis by
L. reuteri CRL 1101 under the assayed conditions.

In this work, a simplified culture medium containing sug-
arcane molasses as carbon source, yeast extract, and beef ex-
tract for mannitol production by L. reuteriCRL 1101was used
to efficiently produce mannitol at a constant pH of 5.0. Partial
isolation of mannitol crystals was also achieved. To our
knowledge, this is the highest mannitol production obtained
by a wild-type L. reuteri strain. The application of an inexpen-
sive and more competitive culture medium for the biotechno-
logical production of mannitol by L. reuteri CRL 1101 repre-
sents an important step for its previous synthesis at pilot scale.
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