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Abstract A whole-cell biotransformation system for the
conversion of D-fructose to D-mannitol was developed in
Escherichia coli by constructing a recombinant oxidation/
reduction cycle. First, the mdh gene, encoding mannitol
dehydrogenase of Leuconostoc pseudomesenteroides
ATCC 12291 (MDH), was expressed, effecting strong
catalytic activity of an NADH-dependent reduction of D-
fructose to D-mannitol in cell extracts of the recombinant
E. coli strain. By contrast whole cells of the strain were
unable to produce D-mannitol from D-fructose. To provide
a source of reduction equivalents needed for D-fructose
reduction, the fdh gene from Mycobacterium vaccae N10
(FDH), encoding formate dehydrogenase, was functionally
co-expressed. FDH generates the NADH used for D-
fructose reduction by dehydrogenation of formate to
carbon dioxide. These recombinant E. coli cells were
able to form D-mannitol from D-fructose in a low but
significant quantity (15 mM). The introduction of a further
gene, encoding the glucose facilitator protein of Zymomo-
nas mobilis (GLF), allowed the cells to efficiently take up
D-fructose, without simultaneous phosphorylation. Resting
cells of this E. coli strain (3 g cell dry weight/l) produced
216 mM D-mannitol in 17 h. Due to equimolar formation
of sodium hydroxide during NAD+-dependent oxidation
of sodium formate to carbon dioxide, the pH value of the
buffered biotransformation system increased by one pH
unit within 2 h. Biotransformations conducted under pH
control by formic-acid addition yielded D-mannitol at a
concentration of 362 mM within 8 h. The yield YD-mannitol/

D-fructose was 84 mol%. These results show that the
recombinant strain of E. coli can be utilized as an efficient
biocatalyst for D-mannitol formation.

Introduction

D-Mannitol is used commercially in pharmaceutical
products and in the food industry as a sweetener, also
for diabetic confectionery. Its clinical applications include
as an osmotic diuretic and an inert excipient for medical
agents, while its derivative D-mannitol hexanitrate is used
as a vasodilator (Johnson 1976). The annual production of
D-mannitol is in the range of 40,000 tons. In the industrial
large-scale production of D-mannitol, mixtures of glucose
and fructose are reduced by catalytic hydrogenation on
activated nickel catalysts. Due to the poor selectivity of the
reaction, besides D-mannitol D-sorbitol is formed as a by-
product in three-fold excess, thus requiring expensive
downstream processing of the product (Makkee et al.1985;
Soetaert et al. 1999). Therefore, during the past few years
a number of investigations on enzymatic D-mannitol
production have been carried out. Enzyme-catalyzed
processes employing purified mannitol dehydrogenases
from different sources in combination with a cofactor-
regenerating system were shown to be far more efficient
with respect to reaction selectivity and yield (Haltrich et al.
1996; Nidetzky et al. 1996; Slatner et al. 1998a, b).
Utilizing purified mannitol dehydrogenase from Pseudo-
monas fluorescens and formate dehydrogenase from
Candida boidinii, the batchwise reduction of D-fructose
resulted in a final concentration of D-mannitol of 72 g/l
and a fructose conversion of 80% (Slatner et al. 1998b).
Furthermore, efforts have been made to establish microbial
production systems for D-mannitol with heterofermenta-
tive lactic acid bacteria, e.g. Leuconostoc mesenteroides
ATCC 9135 and L. pseudomesenteroides ATCC 12291. In
these processes, mixtures of D-glucose and D-fructose were
used as substrates, either with growing cultures or with
resting cells in cell-recycle cultures (Soetaert et al. 1995;
von Weymarn et al. 2002). About 95% of the initial D-
fructose was converted to D-mannitol whereas D-glucose
served as the carbon and energy source for growth and
provided the reducing equivalents for reduction of D-
fructose. Glucose was metabolized to lactic acid, acetic
acid, and ethanol as by-products.
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The present report describes a novel approach to setting
up a recombinant oxidation/reduction cycle in Escherichia
coli for D-mannitol formation. Formate dehydrogenase
generates NADH from the intracellular NAD+-pool by
oxidizing formate to volatile carbon dioxide, without any
formation of further by-products. The NADH obtained is
subsequently oxidized by an NAD-dependent mannitol
dehydrogenase, thereby reducing D-fructose to D-mannitol.
Introduction of a gene encoding a transporter for D-
fructose enabled the cells to import D-fructose (Fig. 1).
Resting batch and fed-batch cultures of this E. coli strain
and strains expressing different combinations of recombi-
nant genes were tested for their ability to form D-mannitol.

Material and methods

Bacterial strains, plasmids, media, and growth conditions

E. coli strains were transformed by the method described by
Hanahan (1983) and cultivated in Luria-Bertani (LB) medium or on
agar plates (Miller 1972). E. coli DH5α (Hanahan 1983) was used
for cloning purposes and E. coli BL21 Star (DE3) (Invitrogen,
Karlsruhe, Germany) for gene expression and whole-cell biotrans-
formation. Plasmids were selected by adding antibiotics to the
medium at a final concentration of 200 μg ampicillin/ml or 50 μg
carbenicillin/ml (pLmdh, pMcFDH), 50 μg kanamycin/ml (pET24a
(+), pET24Lmdj, pET24[fdhmdh]), and 25 μg chloramphenicol/ml
(pZY507glf). For construction of recombinant E. coli harboring
pET24[fdhmdh] and pZY507glf, pET24[fdhmdh] was first trans-
formed. After selection of a positive transformant, competent cells
were prepared and pZY507glf was co-transformed. The resulting
transformants were selected for both plasmids. Basal expression
from pET24a(+) vectors before IPTG induction was repressed by
adding 0.4% (w/v) D-glucose. Expression from plasmid pZY507glf
was regulated by a lacIq-tac promoter system and was also induced

with IPTG (Weisser et al. 1995). Expression parameters were
optimized for maximum formate and mannitol dehydrogenases
activities with respect to inoculation, IPTG concentration, cell
density at induction, and expression time. The different strains of
recombinant E. coli BL21 (DE3) carrying any of the plasmids listed
in Table 1, or combinations of them, were cultivated by inoculating
a single colony of each strain into 20 ml LB medium with the
appropriate additions as described above. These precultures were
grown over-night at 30°C and 130 rpm and were used to inoculate
the main cultures to an OD600 of 0.1. Main cultures were grown in
LB medium in the presence of the appropriate additions (see above)
at 30°C and 250 rpm to an OD600of 0.5, induced with 0.7 mM
IPTG, and incubated at 27°C and 200 rpm for 4–5 h.
Plasmids pMcFDH and pZY507glf were the kind gifts of N. Esaki

(Japan) and G.A. Sprenger (Germany), respectively.

Cloning and DNA techniques

For DNA manipulation, standard methods were used as described by
Sambrook et al. (1989). Gene amplification and modification were
done by standard PCR. mdh of Leuconostoc pseudomesenteroides
was amplified from plasmid pLmdh with oligonucleotide primers
forward 5′-CGAACATATGGAAGCACTTGTGTTAACTGGTAC –
3′ and reverse 5′–ACAGCTCGAGTTATGCCTCTTCGCCAC-
CAACC–3′. The resulting PCR product was cloned into pET24a
(+) via a 5′ NdeI site and a 3′ XhoI site (italics) leading to plasmid
pET24Lmdh (Hahn et al. 2003). Plasmid pET24[fdhmdh] was
constructed by cloning mdh of L. pseudomesenteroides together
with its wild-type ribosome binding site into pET24a(+) using a 5′
SacI and a 3′ XhoI site (italics) with oligonucleotide primers forward
5′-CGATGAGCTCAAAAGGAGAACAAACATGGAAG-
CACTTGTGTTAACT–3′ and reverse 5′-ACAGCTCGAGT-
TATGCCTCTTCGCCACCAACC-3′ in a PCR reaction with
pLmdh vector DNA as template. After selection of a positive
plasmid bearing mdh, fdh ofMycobacterium vaccae N10 was cloned
upstream of mdh using a 5′ NdeI and a 3′ BamHI site (italics) with
oligonucleotide primers forward 5′-CGATCATATGG-
CAAAGGTCCTGTGCGTTCTTTACGATGATCCG-3′ and reverse
5′-GCTAGGATCCTCAGACCGCCTTCTT-

Fig. 1 A recombinant oxida-
tion/reduction cycle in Escheri-
chia coli for D-mannitol forma-
tion

Table 1 Plasmids used in this
work

aPlasmid pLmdh corresponds to
plasmid pUC18 harboring a 4.2-
kbEcoRI fragment of genomic
DNA from L. pseudomesenter-
oides containing mdh

Plasmids Encoded genes Purpose References

pMcFDH fdh; bla PCR template; expression (Galkin et al. 1995)
pZY507glf glf; cat; lacI Expression (Weisser et al. 1995)
pLmdha mdh; bla PCR template (Hahn et al. 2003)
pET24a(+) KanR; lacI Empty vector Novagen
pET24 Lmdh mdh: KanR; lacI Expression (Hahn et al. 2003)
pET24[fdhmdh] fdh; mdh; KanR;lacI Expression This work

Fig. 2 Genetic arrangement of the recombinant operon cloned into plasmid pET24a(+), containing the formate dehydrogenase gene from
M. vaccae (fdh) and the mannitol dehydrogenase gene from L. pseudomesenteroides (mdh). lac O, lac operator; rbs, ribosome binding sites
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GAACTTGGCGGCCTCTTC-3′ in a PCR reaction with pMcFDH
vector DNA as template (Fig. 2). Oligonucleotides were obtained
from MWG Biotech (Ebersberg, Germany). DNAwas sequenced by
SeqLab (Göttingen, Germany).

Cell-free extract and enzyme assays

The cells were harvested by centrifugation (10,000 g and 4°C for
10 min), followed by a washing step with 100 mM potassium
phosphate buffer, pH 6.5. Cells were disrupted by sonication (4 min,
4°C) and crude extracts were centrifuged at 20,000 g for 1 h at 4°C.
The supernatants were used as cell-free extracts. The activity of
formate dehydrogenase was determined photometrically in an assay
mixture of 200 mM sodium formate, 2 mM NAD, and 100 mM
potassium phosphate buffer, pH 7.0 (Schütte et al. 1976). The assay
for mannitol dehydrogenase contained 200 μM NADH and 200 mM
D-fructose in 100 mM potassium phosphate buffer, pH 6.0 (Hahn et
al. 2003). One unit of enzyme activity (U) was defined as the
amount of enzyme catalyzing the conversion of 1 μmol pyridine
nucleotide per min at 30°C. Protein concentrations were determined
by the method of Bradford (1976) using bovine serum albumin as
the standard.

Whole-cell biotransformation

Cells from 400 ml culture medium (growth conditions, see above)
were taken for each biotransformation. The cells were harvested by
centrifugation (5,000 g for 5 min) and washed with 100 mM
potassium phosphate buffer, pH 6.5. Twenty g cell wet weight/l
(corresponding to 3 g cell dry weight/l) were resuspended in reaction
solution containing 500 mM D-fructose and 500 mM sodium
formate in 100 mM potassium phosphate buffer, pH 6.5. The
reaction temperature was 30°C. For pH-static conditions, the
suspension was incubated in a glass vessel with automatic pH
control (titration with 3 M formic acid) at pH 6.5 with 120 rpm
stirring. Incubation times were as indicated in the text. Samples of
the biotransformation system were centrifuged, filtrated, and the
resulting supernatants were analyzed by HPLC.

HPLC analysis

D-mannitol and D-fructose were quantified with a Biorad HPX-87C
300×7.8 mm column at 85°C and using H2O as the eluent.
Substances were detected photometrically at 190 nm. Retention
times for D-mannitol and D-fructose were 15.80 and 12.50 min,
respectively. Formate was quantified on a Biorad HPX-87H
300 ×7.8 mm column at 65°C and using 6 mM H2SO4 as the
eluent. Under these conditions, the retention time of formate was
12.80 min. Flow rates were 0.6 ml/min.

Nucleotide sequence accession numbers

The nucleotide sequences of the genes used in this work are
available under GenBank accession numbers:mdh: AJ486977 (Hahn
et al. 2003); fdh: AB072394 (Galkin et al. 1995); glf: M37982
(Barnell et al. 1990).

Results

E. coli pET24Lmdh, expressing mannitol
dehydrogenase from Leuconostoc
pseudomesenteroides

In order to engineer an E. coli strain containing mannitol
dehydrogenase activity, strain E. coli pET24Lmdh was
constructed carrying mdh, which encodes mannitol dehy-
drogenase from the heterofermentative lactic acid bacte-
rium L. pseudomesenteroides (Hahn et al. 2003). Cell-free
extracts of induced E. coli pET24Lmdh cultures exhibited
a high specific mannitol dehydrogenase activity of 70 U/
mg protein. However, whole cells of strain E. coli
pET24Lmdh did not form D-mannitol when tested as
catalysts in a biotransformation assay containing 500 mM
each of formate and D-fructose in 100 mM potassium
phosphate buffer, pH 6.5 (Table 2). This led to the
conclusion that the strain was not able to provide a
sufficiently high reduction state of the pyridine nucleotide
pool to drive the MDH-catalyzed reduction of D-fructose
to D-mannitol. Therefore, an enzyme-catalyzed, electron-
donating, cofactor NADH regenerating reaction was
implemented in strain E. coli pET24Lmdh.

E. coli pET24[fdhmdh], expressing mannitol
dehydrogenase from L. pseudomesenteroides and
formate dehydrogenase from Mycobacterium vaccae

For the construction of a recombinant oxidation/reduction
cycle, the formate dehydrogenase-catalyzed, NAD+-de-
pendent oxidation of formic acid to carbon dioxide was
chosen as the cofactor regeneration system. fdh, encoding
formate dehydrogenase from Mycobacterium vaccae N10
(Galkin et al. 1995), was first expressed with an activity of
1.0 U/mg cell-free protein in E. coli pMcFDH (Table 1). In
order to construct E. coli pET24[fdhmdh] expressing
formate dehydrogenase and mannitol dehydrogenase from
a recombinant operon, mdh and fdh were amplified by
PCR reactions with plasmid pLmdh and plasmid pMcFDH
as templates and cloned successively into plasmid pET24a
(+) (Fig. 2). In this recombinant operon the genes were
transcribed via the T7 promoter and transcription was
regulated by lac repressor binding to the lac operator. AT7
transcription terminator was located downstream of mdh.
Translation of the transcribed genes was achieved using
ribosome binding sites that originated from plasmid
pET24a(+) for fdh, and from wild-type L. pseudomesen-
teroides for mdh. In expression studies with E. coli pET24
[fdhmdh], cell-free extracts of induced cells had activities

Table 2 D-Mannitol formation
by different recombinant E. coli
strains. Biotransformation sys-
tems were as described in Ma-
terial and methods

Recombinant
E. coli BL21 (DE3)

Formate consumed
(mM)

D-Fructose consumed
(mM)

D-Mannitol produced
(mM)

pET24Lmdh 35 57 0
pET24[fdhmdh] 159 61 15
pET24[fdhmdh] pZY507glf 411 251 216
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for FDH of 1.0 U/mg protein and for MDH of 14.0 U/mg
protein. Biotransformation experiments with this strain
yielded D-mannitol in concentrations of 15–20 mM from
D-fructose and sodium formate, each at initial concentra-
tions of 500 mM (Table 2). It was presumed that the low
biotransformation efficiency of E. coli pET24[fdhmdh]
was due to an insufficient import of free D-fructose into the
cells. As in E. coli the uptake of D-fructose is catalyzed by
phosphoenolpyruvate/ glucose phosphotransferase uptake
systems (Kornberg 2001) a phosphoryl moiety from
phosphoenolpyruvate is transferred to the sugar molecule,
forming inside the cell either 1-phosphofructose (fructose
II′BC-IIAMH) or 6-phosphofructose (mannose IIAB-IIC-
IID) (Kornberg 2001).

E. coli pET24[fdhmdh] pZY507glf, expressing
mannitol dehydrogenase from L.
pseudomesenteroides, formate dehydrogenase fromM.
vaccae, and glucose facilitator protein from
Zymomonas mobilis

To allow for efficient transport of free D-fructose into the
E. coli cell, glf, encoding a glucose facilitator transport
protein (GLF) of Zymomonas mobilis (Parker et al. 1995;
Weisser et al. 1995) was additionally expressed in E. coli
pET24[fdhmdh] by introducing plasmid pZY507glf. The
resulting strain, E. coli pET24[fdhmdh] pZY507glf,
showed MDH activities of 13.0 U/mg cell-free protein
and FDH activities of 1.0 U/mg cell-free protein. In a
biotransformation experiment this strain produced
216 mM D-mannitol, thus confirming the necessity of
the presence of recombinant GLF (Table 2). Also essential
was the presence of formate dehydrogenase catalyzing the
electron-donating, cofactor NADH regenerating reaction,
as could be seen from the comparison of biotransformation
results of strains E. coli pET24[fdhmdh] pZY507glf
(216 mM D-mannitol) and E. coli pET24Lmdh pZY507glf
(20 mM D-mannitol). The inherent capacity of strain E.
coli pET24Lmdh pZY507glf to reduce D-fructose to D-
mannitol was only 10% of that of strain E. coli pET24
[fdhmdh] pZY507glf (Table 2). In conclusion, the
activities of formate and mannitol dehydrogenases and
the D-glucose (D-fructose) transporter GLF are required for
efficient operation of the recombinant oxidation/reduction
cycle in E. coli cells.

Whole-cell biotransformations

Biotransformation without pH-control

E. coli pET24[fdhmdh] pZY507glf expressing all three
recombinant genes, fdh, mdh and glf, appeared to be a
promising biocatalyst for D-mannitol formation. Therefore,
a more detailed study of the time course of D-mannitol
formation by this E. coli strain was conducted (Fig. 3).
Although the biotransformation was carried out in a
100 mM potassium phosphate buffer at pH 6.5, an increase

of pH from 6.5 to 7.5 occurred during the first 2 h in this
biotransformation system. The change of pH resulted from
the formation of sodium hydroxide from sodium formate
when formic acid was oxidized to carbon dioxide. After
8 h, about 210 mM of D-mannitol was formed from
230 mM D-fructose with a yield YD-mannitol/D-fructose of 92
(mol%). Within the first 2 h, a high D-mannitol formation
rate of 3.3 g·(g cell dry weight·h)–1 was observed, slowing
down to 1.0 g·(g cell dry weight·h)–1 in the following time
period (Fig. 3).

Biotransformation with pH-control

To overcome the problem of increasing pH, the biotrans-
formation was carried out under pH-static conditions. The
pH was kept constant at 6.5, with formic acid serving at
the same time as a substrate for FDH. Under this
condition, efficient D-mannitol formation with high
production rates of 4.1 g·(g cell dry weight·h)–1 was

Fig. 3 D-Mannitol formation (◆) by E. coli BL21 (DE3) pET24
[fdhmdh] pZY507glf. □ D-Fructose consumption, ▲ pH. The time
course of D-mannitol formation was determined by averaging the
values of two independent biotransformations

Fig. 4 D-Mannitol formation (◆) by E. coli BL21 (DE3) pET24
[fdhmdh] pZY507glf. The biotransformation system contained
500 mM D-fructose and 250 mM sodium formate in 50 mM
potassium phosphate buffer, pH 6.5. The pH value was kept constant
by titration with 3 M formic acid. □ D-Fructose consumption, ▲ pH.
The time course of D-mannitol formation was determined by
averaging the values of four independent biotransformations
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maintained during the first 3–4 h (Fig. 4). After that time
the specific productivity decreased to 1.3 g·(g cell dry
weight·h)–1. After 8 h, 362 mM D-mannitol had been
formed from 433 mM D-fructose with a yield YD-mannitol/D-

fructose of 84 (mol%). Only 67 mM D-fructose of the initial
500 mM D-fructose was left in the reaction buffer. The
activities of FDH and MDH remained constant in cell-free
extracts of samples taken after 8 h and 17 h from the
biotransformation.

To achieve higher product concentrations a fed-batch of
D-fructose was conducted in a further pH-static biotrans-
formation. After 9 h, when the D-fructose concentration
had decreased from 500 mM to 26 mM, 8 ml of a 3 M D-
fructose solution were added to the biotransformation
system (100 ml) to a final concentration of 260 mM. This
resulted in a D-mannitol concentration of 500 mM and a
residual D-fructose concentration of 100 mM after 23 h,
thus pointing to the applicability of fed-batch techniques
for this biotransformation process.

Discussion

A variety of whole-cell biotransformations with wild-type
microorganisms have been developed, e.g. for the
production of the chiral ephedrine-precursor (R)-phenyla-
cetylcarbinol (Budesinsky and Protiva 1961; Bringer-
Meyer and Sahm 1988; Rogers et al. 1997), steroid
biotransformation (Murray and Petersen 1952; Mahato and
Garei 1997) and regioselective oxidations of sugars and
sugar alcohols with Gluconobacter oxydans (Reichstein
and Grüssner 1934; Schedel 2000). With emerging
recombinant DNA technology, biotransformation systems
have been developed in which the genes encoding the
desired enzymes are overexpressed in a host organism.

Industrially interesting products e.g. chiral alcohols and
optically active amino acids synthesized from oxidized
precursors require cofactors such as NADH and NADPH.
Microbial conversions utilizing recombinant E. coli cells
and different cofactor regeneration systems have been
described (Endo and Koizumi 2001). The asymmetric
reduction of ethyl 4-chloro-3-oxobutanoate to (R)-4-chlo-
ro-3-hydroxybutanoate was achieved by using resting cells
of recombinant E. coli overexpressing an aldehyde
reductase gene and a glucose dehydrogenase gene as
catalyst (Kataoka et al.1997). L-Amino acids were
produced from α-keto acids with E. coli overexpressing
heterologous genes of L-amino acid dehydrogenase, ala-
nine dehydrogenase, and formate dehydrogenase using the

intracellular pool of NAD+ for the regeneration of NADH
(Galkin et al. 1997). These examples demonstrate the
potential of whole-cell biotransformations for manufactur-
ing a great variety of compounds.

In the present work, D-mannitol production from D-
fructose by means of reductive whole-cell biotransforma-
tion with resting cells of a recombinant strain of E. coli
was shown to be an efficient process. Engineering of the
production strain comprised the introduction of three
plasmid-encoded genes, mdh, fdh and glf. Resting cells of
strain E. coli pET24[fdhmdh], which lack the glucose
facilitator gene, also carried out biotransformation of D-
fructose and formate to D-mannitol and carbon dioxide, but
produced only a low quantity of 15 mM D-mannitol. Since
E. coli uses the phosphoenolpyruvate-dependent phospho-
transferase system (PTS) for fructose uptake (Kornberg et
al. 2000), the transport mechanism of D-fructose without
phosphorylation into the cells was unclear. However,
considering the high concentration of D-fructose (500 mM)
in the biotransformation an unspecific transport of free
fructose into the cell could be hypothesized for biotrans-
formations with E. coli pET24[fdhmdh] as catalyst. The
ethanologenic bacterium Zymomonas mobilis possesses a
facilitator-type transport system (GLF) for glucose and
fructose (Parker et al. 1995; Weisser et al. 1995).
Expression of glf, encoding the glucose facilitator protein
from Z. mobilis from the low-copy plasmid pZY507glf in
E. coli pET24[fdhmdh] allowed efficient transport of D-
fructose into the cell without coupled phosphorylation
(Parker et al. 1995; Weisser et al. 1995) and brought about
a strong increase in the biotransformation efficiency
[4.1 g·(g·h)–1] of the cells, which subsequently produced
362 mM D-mannitol under pH- control by formic-acid
titration. A further increase in product concentration
(500 mM) was achieved by pH-static and fed-batch
addition of D-fructose to the biotransformation system.

Wild-type E. coli strains can grow with D-fructose in the
growth medium at concentrations <2 mM. At these low
concentrations, D-fructose is taken up and predominantly
phosphorylated to fructose 1-phosphate via two mem-
brane-associated proteins specified by fruA and fruB. At
concentrations >2 mM, D-fructose is also taken up and
phosphorylated (but to fructose 6-phosphate) via the
membrane-associated uptake system for mannose, speci-
fied by manXYZ (Kornberg et al. 2000). These native PTS
sugar-uptake systems of E. coli, delivering fructose 1-
phosphate or fructose 6-phosphate into the cell, do not
compete to an appreciable extent with the recombinant
sugar facilitator. Whereas PTS is a high-affinity, low-

Table 3 Comparison of D-
mannitol production parameters
of recombinantE. coli, enzy-
matic synthesis and wild-type
Leuconostoc sp. nd Not deter-
mined

Parameter Recombinant
E. coli
(resting cells)

Leuconostoc sp.
(resting cells)
(Von Weymarn 2002)

Enzymatic
synthesis
(Slatner et al. 1998b)

D-Mannitol yield (mol%) 84–92 80–98 80
Specific D-mannitol productivity [g/(g h)] 3.1–4.1 1.5–2.6 nd
D-Mannitol concentration (g/l) 75–91 98 72
By-products − Acetic and lactic acids -
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velocity accumulative sugar transport system, GLF is a
low-affinity, high-velocity concentration-dependent sugar
facilitator (Parker et al. 1995; Weisser et al. 1995).

With respect to productivity and yield, whole-cell
biotransformation with resting cells of E. coli pET24
[fdhmdh] pZY507glf is as efficient as other production
methods described so far, i.e. the utilization of Leucono-
stoc sp. resting cells in membrane cell-recycle cultures
(von Weymarn et al. 2002), and a process employing
purified mannitol dehydrogenase from Pseudomonas
fluorescens and formate dehydrogenase from Candida
boidinii (Slatner et al. 1998b) (Table 3). The three different
biotechnological approaches lead to similar yields of 80–
98 (mol%) and final concentrations (72–98 g/l) of D-
mannitol. D-Mannitol production with lactic acid bacteria
requires one-third of the fructose to be used in cofactor
regeneration. This fraction is usually replaced by glucose
so that the D-mannitol yield for the L. mesenteroides
process refers to the initial fructose concentration and not
to the total sugar content of the production medium (von
Weymarn et al. 2002). However, a comparison of the two
whole-cell biotransformation processes utilizing Leucono-
stoc spec. and E. coli shows that the specific D-mannitol
productivity of the recombinant strain of E. coli is 1.8-fold
higher than that of wild-type Leuconostoc species.
Whereas both the recombinant E. coli process and the
enzymatic synthesis produce D-mannitol with essentially
no by-products, lactic acid and acetic acid are formed in
the L. mesenteroides process. Furthermore, the cultivation
of Leuconostoc species requires complex media. In the
case of enzymatic synthesis, the biotransformation en-
zymes have to be isolated from recombinant E. coli cells
(Slatner et al. 1998b).

By applying a recombinant E. coli strain overproducing
the participating enzymes for D-mannitol production, the
above-mentioned disadvantages of enzymatic synthesis
and of Leuconostoc biotransformation can be successfully
overcome by a whole-cell biotransformation system. This
system makes use of the benefits of the two above-
mentioned processes in implementing mannitol dehydro-
genase from the natural producer of D-mannitol, L.
pseudomesenteroides, and in establishing an in vivo
recombinant enzymatic oxidation/reduction cycle.
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