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Abstract

Thed-xylose reductase fromPichia stipitisCBS 5773 and the xylose transporter fromLactobacillus brevisATCC 8287 were
expressed in active form inLactococcus lactisNZ9800. Xylitol production was investigated using non-growing recombinant
cells in high cell-density under microaerobic conditions in the presence of xylose and glucose. Besides xylose, the recombinant
strain with xylose reductase activity reducedl-arabinose andd-ribose in significant extent to the corresponding pentitols.

The ratio of xylitol produced per glucose consumed was almost 10-fold higher under glucose limitation than the ratio in the
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presence of excess initial glucose. The co-expression of the xylose transporter with the xylose reductase did not inc
efficiency of xylitol production appreciably when compared to the strain in which only the xylose reductase gene was ex
A fed-batch experiment with high initial xylose concentration (160 g l−1) under glucose limitation was carried out using t
strain co-expressing xylose reductase and xylose transporter genes. The xylitol yield from xylose was 1.0 mol mol−1 and the
ratio of xylitol produced per glucose consumed was 2.5 mol mol−1. The volumetric productivity was 2.72 g l−1 h−1 at 20 h. Of
the xylose initially present, 34% was consumed. Analysis of the fermentation metabolites revealed a shift from homo
mixed acid fermentation at early stages of the experiment.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Xylitol is a sugar-alcohol used as a natural sweete
in food and confectionary industry. The metabolis
of xylitol in humans is independent of insulin, whic
makes it a suitable sugar substitute for use by diabe
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(Emodi, 1978). Xylitol is also well known for its an-
ticariogenic properties (Scheinin and M̈akinen, 1975)
and it is therefore added in dental products.

Xylitol is presently produced by chemical hy-
drogenation of the five-carbon sugar,d-xylose, with
Raney-nickel as the catalyst (Albert et al., 1980; Melaja
and Ḧamäläinen, 1977). In order to avoid poisoning of
the nickel catalyst, the xylose that is obtained from
hardwood hydrolysates has to be extensively purified
(Ojamo, 1994). In comparison to chemical hydrogena-
tion, an advantage of microbial xylitol production is
the possibility of using industrial side-streams as raw
material instead of expensive pure xylose. Thus, there
has been a considerable interest in microbial conver-
sion of xylose to xylitol with both recombinant and
non-recombinant strains.

Yeasts are generally considered to be more efficient
producers of xylitol than bacteria or fungi. The best
productivities so far have been achieved using yeasts
belonging to the genusCandida(Paraj́o et al., 1998a,
1998b; Winkelhausen and Kuzmanova, 1998). How-
ever, the use ofCandidain food industry is problem-
atic because of the well-known pathogenic nature of
manyCandidaspecies (Fridkin and Jarvis, 1996). The
construction of recombinant yeasts producing xylitol
has been established by the introduction of xylose re-
duction intoSaccharomyces cerevisiae(Meinander and
Hahn-Ḧagerdal, 1997; Parajó et al., 1998b; Lee et al.,
2000; Govinden et al., 2001), but the highest produc-
tivities obtained using natural yeast strains have usu-
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It has been reported that fructose can be reduced to
mannitol very effectively by non-growing LAB cells
(von Weymarn et al., 2002). In the present study, we
use a similar approach for the reduction of xylose to
xylitol. This is carried out by expressing a yeast xylose
reductase gene inL. lactis. We also study the effects
of introducing a xylose transporter inL. lactis on the
xylitol production. We demonstrate for the first time
that xylitol productivities comparable to those ofCan-
didacan be achieved with a food-compatible bacterial
production strain.

2. Materials and methods

2.1. Bacterial strains, cloning vectors, media and
cultivation conditions

Unless otherwise indicated,L. lactisNZ9800 was
grown at 30◦C in M17 broth (Difco) containing
5 g l−1 glucose. When required, the medium was sup-
plemented with 8�g ml−1 chloramphenicol.L. lactis
NZ9800 and the vectors pNZ8032 and pNZ8037 were
obtained from NIZO Laboratories (Netherlands) (de
Ruyter et al., 1996).

2.2. Chemicals

Chemicals were purchased from Sigma-Aldrich un-
less otherwise indicated.
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lly not been met. There are also some example
acterial production of xylitol. The reported prod

ivities and final xylitol concentrations have, howev
een very low both with recombinant (Suzuki et al.
999) and natural species (Yoshitake et al., 1971, 197
angaswamy and Agblevor, 2002).
The energy metabolism of lactic acid bacte

LAB) is generally not connected to their lim
ted biosynthetic activity. Therefore, their sug

etabolism can be engineered without disturbing
iosynthesis of structural components of the cell, w
as made LAB attractive targets for metabolic
ineering (Hugenholtz and Kleerebezem, 1999). The
ost intensively investigated LAB for metabolic e
ineering purposes isLactococcus lactis. It is widely
sed in dairy and food processes, and due to its G
generally recognized as safe) status, it is a pote
roduction host for food and feed applications.
Nisin stock solution (25�g ml−1) was prepared b
issolving 0.1 g of 2.5% nisin into 2 ml of 1 M HC

or 2 h at room temperature. The volume was m
p to 100 ml with distilled water and the solution w
ltered through a 0.2�m membrane. Bovine seru
lbumin was added to the solutions at 5 mg ml−1 in
rder to prevent the adsorption of nisin onto pla
urfaces.

.3. Plasmid construction

Total DNAs fromPichia stipitisCBS 5773 andLac-
obacillus brevisATCC 8287 were isolated using Q
en Genomic-tips according to the instructions by
anufacturer.
The DNA isolated fromP. stipitis was used a

he template for PCR amplification of theXYL1gene
ncoding the xylose reductase (Amore et al., 1991).
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Recognition sites forNcoI andHindIII were inserted
at the 5′ and 3′ ends of the fragment, respectively. The
primer pair used in the PCR was XRF 5′-TACTACC-
ATGGCTTCTATTAAGTTGAACTCTG-3′ (forward)
and XRR 5′-GCAACAAGCTTAGACGAAGATA-
GGAATCTTGTCCCAGTCCCAAGGGTCG-3′ (re-
verse). To facilitate cloning, an authenticNcoI site at
the end of the gene was removed by introducing a silent
point mutation into its recognition sequence (shown in
bold). The amplified PCR-fragment was purified using
QIAquick DNA purification kit (Qiagen) and cloned
into anNcoI andHindIII cut pNZ8032 expression vec-
tor. L. lactisNZ9800 was transformed with the result-
ing expression plasmid by electroporation as described
previously byHolo and Nes (1989). The strain was
named LLXR.

An operon encoding xylose reductase ofP. stipitis
and xylose-H+ symporter XylT ofLb. brevis(Chaillou
et al., 1998) was constructed by recombinant PCR.
In the construct,XYL1 was arranged upstream of
xylT under the control of thenisA promoter present
in the expression vector pNZ8032 (de Ruyter et al.,
1996). TheXYL1fragment was fused with a fragment
containing the ribosomal binding site ofxylT, the
structural genexylT, and the original transcription
terminator of xylT. NcoI and HindIII recognition
sites were inserted at the 5′ and 3′ ends of the fusion
fragment, respectively.XYL1was amplified by PCR
using primers XRF (see above) and RSDR 5′-AATCT-
CGCTCCTTAGACGAAGATAGGAATCTTGTCCC-
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containing fragments. The amplified PCR-fragment
was cloned into anNcoI and HindIII cut pNZ8032
expression vector and transferred intoL. lactisNZ9800
by electroporation as described above. The strain was
named LLXTXR.

2.4. Preparation of cell extracts and xylose
reductase assay

Duplicate 40 ml cultures of theL. lactis recombi-
nant strains were grown to an optical density (OD600)
of 0.5–0.7 at 600 nm and the inducer nisin was added.
The cultures were induced for 2 h and the cells were
harvested by centrifugation at 3000×g for 10 min at
4◦C. The cells were washed with 10 mM potassium
phosphate buffer, pH 6.0 and resuspended into 1 ml
of buffer. After the addition of 1 mM phenylmethyl-
sulfonyl fluoride and 1 mM dithiothreitol, the cells
were disrupted with a Labsonic 2000 U (B. Braun,
Melsungen, Germany) sonicator in 1 ml batches. The
cells were sonicated with maximum power in four
15 s pulses with intermittent cooling. The cell de-
bris was removed by centrifugation at 28,000×g
at 4◦C. The resulting extract is referred to as cell
extract.

Xylose reductase activity was assayed from the cell
extracts by measuring the change in absorbance at
340 nm at 30◦C (Verduyn et al., 1985). The activities
were calculated as�mol NADH or NADPH oxidized
per minute. Protein concentrations were determined us-
i rum
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GTCCCAAGGGTCG-3′ (reverse) with chromoso
alP. stipitisDNA as the template. The point mutati
hich removes theNcoI recognition sequence is aga
hown in bold. The fragment containingxylT, its
ibosomal binding site and its transcription termina
as amplified by using the primer pair TSDF′-
CTTCGTCTAAGGAGCGAGATTTATGCGAAAA-
TTTCGACC-3′ (forward) and TTERR 5′-GCGC-
AAGCTTAAAAATGGTCAGACCAGTTTTACCT-
ATCCC-3′ (reverse) using chromosomalLb. brevis
NA as the template. The stop codon ofXYL1is shown
nderlined and the putative ribosomal binding sit
ylT is shown in italics. The amplified PCR-fragme
ere purified using the Qiagen Gel Extraction kit a
sed as the templates in a second round of PCR
RF and TTERR as the primers. In this PCR,

wo fragments were joined by utilizing an overlap
2 bp at the end ofXYL1and at the beginning ofxylT
ng Bio-Rad protein assay reagent with bovine se
lbumin as the protein standard.

.5. Xylose transport analysis

Duplicate cultures (40 ml) of the recombinantL. lac-
is strains were induced with nisin and the cells w
arvested as described above. Xylose transport wa
lyzed using a modification of the method descr
reviously (Chaillou et al., 1998). The cells wer
ashed once with uptake buffer (50 mM potass
hosphate buffer, pH 6.5 containing 2 mM MgSO4)
nd resuspended. The assays were carried out
nal cell density of 6.0–7.0 OD600 at 30◦C. Cells were
reenergized by incubation with 5 mM glucose
min and [U-14C]xylose (91 mCi mol−1) (Amersham
harmacia Biotech) was added at a final conce

ion of 0.5 mM. The cell-suspensions were incuba
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for 2 min and cells from 0.5 ml samples were filtered
onto 0.2�m cellulose nitrate filters (Whatman). The
filters were washed twice with 2.5 ml of ice-cold 0.1 M
LiCl and their radioactivity was determined by scintil-
lation counting as described previously (Nyyss̈olä and
Leisola, 2001).

2.6. Analysis of xylitol production with
non-growing cells under microaerobic conditions

RecombinantL. lactis cell cultures were grown,
induced with nisin and separated from the medium
by centrifugation as described above. The incubation
buffer contained 100 mM potassium phosphate buffer
pH 7.0 supplemented with 2 mM MgSO4. The har-
vested cells were washed once with double strength
incubation buffer and resuspended. The cell suspen-
sions were dispensed in 2 ml batches to glass test tubes.
The xylitol production was started by adding 2 ml of a
solution containing xylose and glucose to final concen-
trations of 60 g l−1 and 20 g l−1, respectively. In order
to minimize the effect of oxygen, the solutions were
sparged with nitrogen before the experiment, and the
cell-batches were layered with mineral oil. The cell
suspensions were incubated at 30◦C and cells were
separated by centrifugation for 1 min at 28,000×g.
The supernatants were filtered through 0.2�m mem-
branes and analyzed by high performance liquid chro-
matography (HPLC) as described below. The ef-
fect of different inducer (nisin) levels (0–0.8 ng ml−1)
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2.7. Batch and fed-batch production of xylitol with
pH control using non-growing cells

Five liters of M17 growth medium containing
10 g l−1 glucose was inoculated with 25 ml of recombi-
nantL. lactiscell culture propagated to the stationary
phase. The cells were grown for 2 h and 0.8 ng ml−1

nisin was added. The cultures were further grown for
11 h and the cells were separated by centrifugation at
3000×g for 10 min. The cells were washed with the
xylitol production buffer containing 50 mM potassium
phosphate buffer pH 7.0, 2 mM MgSO4, 8�g ml−1

chloramphenicol, 1 mM dithiothreitol and 0.8 ng ml−1

nisin and resuspended.
In order to compare the batch and glucose-limited

fed-batch production modes, the recombinantL. lactis
cells were suspended in the xylitol production buffer
supplemented with 25 g l−1 xylose. One hundred
and fifty milliliters of cell suspension was used in
the experiment. Glucose and M17 were supplied at
feed-rates of 1.0 g l−1 h−1 and 0.25 g l−1 h−1 per sus-
pension volume, respectively. In the batch production
experiment glucose and M17 were added at initial con-
centrations of 75 g l−1 and 2.0 g l−1, respectively. The
production experiments were performed in duplicates
at 30◦C in 250 ml glass vessels with magnetic stirring.
The effect of oxygen was minimized by continuously
sparging the cell suspensions with nitrogen. pH was
controlled at 7.0± 0.1 by automatic addition of 4 M
KOH. The experiments were carried out at the initial
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n xylitol production was studied using no
rowing cells at the cell densities of 18.4–23.7 OD600
nd 22.1–27.1 OD600 with LLXR and LLXTXR,
espectively.

The effect of initial xylose concentration (
30 g l−1) was studied at the cell density of 16.2 OD600
nd the reduction of different sugars (l-arabinose,d-
alactose,d-mannose,d-ribose andd-xylose) was car
ied out at the cell density of 7.2 g l−1 (cell dry weight
er volume) essentially as described above.

The effect of pH on xylitol production of non
rowing cells under microaerobic conditions was
estigated as above with the following exceptio
he cells were suspended in 300 mM potassium p
hate buffer (pH 5.5–7.7) at OD600 of 11.2 or 300 mM
ris–HCl buffer (pH 7.1–8.7) at OD600of 11.6. The re
ction buffers were supplemented with 1 mM MgS4,
0 g l−1 xylose and 20 g l−1 glucose.
ell densities of 23.5–27.4 g l−1 (cell dry weight pe
olume).

The final fed-batch production experiments at h
ylose concentration were performed as descr
bove with the exception that the initial xylose c
entration was 160 g l−1 and glucose and M17 we
ed at rates of 1.3 g l−1 h−1 and 0.1 g l−1 h−1 (per sus
ension volume), respectively. The experiments w
arried out at the mean initial cell density of 36 g−1

cell dry weight per volume).

.8. Other analytical procedures

Sodium dodecyl sulfate polyacrylamide gel el
rophoresis (SDS-PAGE) was performed using 1
olyacrylamide gels according to the standard pr
ol (Laemmli, 1970). Growth rates were estimated
onitoring OD600of the cultures. Glucose, xylose, x
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itol, formate, acetate, lactate, acetoin, diacetyl and 2,3-
butanediol were analyzed from the samples at 65◦C
using a HPLC system equipped with a Bio-Rad HPX-
87H Aminex column and a Waters 410 RI refractive
index detector. H2SO4 (5 mM) was used as the eluent
with a flow-rate of 0.4 ml min−1. l-Arabitol, galactitol,
d-mannitol and ribitol were determined using a Bio-
Rad HPX-87P column and a Deashing Micro-Guard
pre-column (Bio-Rad) at 70◦C with deionized water
as the eluent at a flow-rate of 0.6 ml min−1.

3. Results

3.1. Expression of xylose reductase

In order to study the controlled expression of xy-
lose reductase, the previously described nisin-inducible
expression system NICE was used (de Ruyter et al.,
1996). The xylose reductase geneXYL1of the yeast
P. stipitiswas translationally fused to the start codon
present in the expression vector pNZ8032 under the
control of thenisApromoter. Transformation orL. lac-
tisNZ9800 with the expression plasmid resulted in the
strainL. lactisLLXR.

Xylose reductase activities were determined with
NADH as the co-substrate in LLXR cell extracts pre-
pared from cultures induced with different concentra-
tions of nisin (Fig. 1). The results indicate that xy-
lose reductase was expressed inL. lactis in active
f ex-
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Fig. 1. Analysis ofXYL1expression inL. lactisLLXR cells grown in
the presence of different concentrations of the inducer nisin. Xylose
reductase activity of cell extracts (�) and production of xylitol by
non-growing cells (©). Non-growing cells were incubated for 3 h
in a cell suspension supplemented with 60 g l−1 xylose and 20 g l−1

glucose as described in Section2. The errors were less than 10%.

In a separate experiment, LLXR batch cultures were
induced with different concentrations of nisin, sepa-
rated from the medium and incubated under microaer-
obic conditions in the presence of 60 g l−1 xylose and

Fig. 2. Coomassie stained SDS-PAGE gel of cell extracts ofL.
lactis LLXR after induction with different concentrations of nisin.
Lane 1, molecular weight marker; lane 2, 0.8 ng ml−1 nisin; lane
3, 0.4 ng ml−1 nisin; lane 4, 0.2 ng ml−1 nisin; and lane 5, no nisin
added. The position of the putative xylose reductase band is shown
by an arrow.
orm. The xylose reductase activity of the cell
racts increased sharply with the increasing nisin
entration until 0.2 ng ml−1 nisin, after which the ac
ivity reached a plateau. The maximum activity
.8�mol min−1 mg−1 was obtained using 1.2 ng ml−1

isin. No xylose reductase activity could be detecte
he cell extract from the uninduced control cultivati
he activity ratio with NADH and NADPH as the c

actors determined at the maximal induction level
.64 (NADH/NADPH).

The cell extracts from samples induced w
.8 ng ml−1, 0.4 ng ml−1, 0.2 ng ml−1, and withou
isin were further analyzed by SDS-PAGE (Fig. 2).
clearly visible band was present in the samples f

he induced cultures, but not in the sample from the
ure without added nisin. The position of the band
esponded well with the calculated molecular we
f theP. stipitisxylose reductase (35.9 kDa).
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Fig. 3. Analysis ofXYL1andxylT co-expression inL. lactisLLX-
TXR cells grown in the presence of different concentrations of the
inducer nisin. Xylose reductase activity of cell extracts (�) (errors
less than 11%), accumulation of [U-14C]xylose in cells during 2 min
(�) (errors less than 22%) and production of xylitol by non-growing
cells (©) (errors less than 15%). Xylitol production was analyzed by
incubating the cells for 3 h in a cell suspension supplemented with
60 g l−1 xylose and 20 g l−1 glucose as described in Section2.

20 g l−1 glucose for 3 h as described in Section2. As
illustrated inFig. 1, the concentrations of the xylitol
produced correlated with the expression levels of xy-
lose reductase.

3.2. Co-expression of xylose reductase and xylose
transporter

In order to study the co-expression of theP. stipi-
tis xylose reductase andLb. brevisxylose transporter
genes inL. lactis NZ9800, an operon structure was
constructed under the control ofnisA promoter in
pNZ8032. TheLb. brevisxylose transporter gene re-
gion containing the ribosomal binding site, struc-
tural genexylT and transcription terminator was po-
sitioned downstream ofXYL1. As shown inFig. 3,
both the xylose transporter and the xylose reductas
were active at variable concentrations of the inducer
nisin in LLXTXR cells expressing theXYL1–xylT
operon. The accumulation level of [U-14C]xylose in
LLXTXR cells during 2 min correlated with the ac-
tivity of the xylose reductase in the cell extracts,
and with the concentration of xylitol in the xylitol

production experiment with non-growing cells. [U-
14C]xylose accumulation, xylose reductase activity
and xylitol production increased steeply with increas-
ing nisin concentration until 0.1–0.2 ng ml−1 nisin. At
the higher nisin concentrations the values increased
only slightly. The maximum xylose reductase activ-
ity of 1.3�mol min−1 mg−1 and the maximum [U-
14C]xylose accumulation of 3.0 nmol OD600

−1 ml−1

were reached at 1.2 ng ml−1 nisin. The maximum value
for the xylose accumulation was estimated to corre-
spond to 11 nmol mg−1 (per cell dry weight) using
the correlation 1.00 OD600= 0.265 mg ml−1 (cell dry
weight per volume). [U-14C]xylose was accumulated
in LLXTXR at least fivefold at the maximum accumu-
lation level as compared to the uninduced control or to
the control strain transformed with plasmid pNZ8037
without the xylose reductase gene. However, only 3.9%
of the total amount of [U-14C]xylose in the reaction
mixture was accumulated in the LLXTXR cells at this
induction level.

Under the conditions used, both [U-14C]xylose ac-
cumulation level and xylose reductase activity ap-
peared to be lower whenXYL1 and xylT were co-
expressed than when these genes were expressed
singly. The maximum xylose reductase activity deter-
mined from cell extracts of LLXTXR was 61% of the
activity in the cell extracts of LLXR which carries only
XYL1. The maximum accumulation of [U-14C]xylose
in LLXTXR cells was 60% of the accumulation inL.
lactiscells expressing onlyxylT (data not shown).
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3.3. Xylose utilization and effect of xylitol on cell
growth

The host strainL. lactis NZ9800 was not able to
use xylose as a carbon source when grown in M
medium at 30◦C. No growth on xylose (5 g l−1) above
the growth of the control cultivation without added sug
ars was detected in 24 h. In addition, according to t
HPLC-analysis of the culture medium no xylose wa
metabolized. Similar results were obtained when t
cells were grown in the presence of 5 g l−1 xylose and
5 g l−1 glucose: no co-metabolization of xylose wit
glucose could be detected.

High concentrations of xylitol clearly inhibited the
growth of L. lactis NZ9800. Specific growth rates
were estimated from the optical densities measured
600 nm. At 50 g l−1, 100 g l−1 and 200 g l−1 of xylitol
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present in the M17 growth medium the specific growth
rates were approximately 80%, 66% and 49% of the
growth rate without added xylitol, respectively (data
not shown).

3.4. Effect of pH on xylitol production

The effect of pH on xylitol production by non-
growing LLXR cells expressing xylose reductase are
presented inFig. 4. The maximal xylitol production rate
with the Tris–HCl buffer used was obtained around pH
8.3. The results suggest that neutral or slightly alkaline
conditions are favorable for xylose reduction, which
is compatible with the previously reported observation
that higher pH can result in considerably higher intra-
cellular NADH/NAD+ ratio (Snoep et al., 1991). The
pH 7.0 was chosen for further production experiments.

3.5. Comparison of batch and fed-batch xylitol
production modes

The batch and glucose-limited fed-batch production
modes were compared using non-growing LLXR cells
in high cell-density under microaerobic conditions in
the presence of xylose and glucose (Table 1). The re-
sults indicate that the specific productivity of xylitol in
the fed-batch fermentation was 70% of that in the batch.
However, the ratio of xylitol produced per glucose con-

nt.
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Fig. 4. Effect of pH on xylitol production by non-growingL. lac-
tis LLXR cells under microaerobic conditions. The cells were sus-
pended into 300 mM potassium phosphate buffer (—) at OD600 of
11.2 or 300 mM Tris–HCl buffer (- - - -) at OD600 of 11.6. Cultures
were induced with 0.8 ng ml−1 nisin. The buffers were supplemented
with 60 g l−1 xylose and 20 g l−1 glucose. The values presented are
final concentrations of xylitol relative to the maximum obtained with
each buffer system. The changes in pH during 1 h of incubation are
shown by horizontal bars.

in terms of higher ratio of xylitol produced per glucose
consumed. Thus, the strain LLXTXR was chosen for
further production experiments.

The yield of xylitol from xylose was in effect quan-
titative in all production experiments. No glucose could
be detected in the medium in the fed-batch experiment.
In addition, no appreciable cell growth could be ob-
served in any of the cell suspensions used.

usingL. lactis LLXR and comparison ofL. lactis LLXR and LLXTXR in

ific productivity
g−1)

Yield xylitol/xylose
(mol mol−1)

Xylitol production/glucose
consumption (mol mol−1)

0.98± 0.05 0.22± 0.03
0.98± 0.05 2.3± 0.04

± 0.015 1.00± 0.01 2.7± 0.3

concentration was 25 g l−1. The experiments were performed in duplicates.

, respectively.
0.25 g l−1 h−1, respectively (per suspension volume).
sumed was 10-fold higher in the fed-batch experime
Comparison of LLXR and LLXTXR strains in the

fed-batch mode shows that expression of the xylo
transporter genexylTdid not significantly increase the
efficiency of xylitol production. However, the result
suggest that the transporter could be slightly benefic

Table 1
Comparison of xylitol production in batch and fed-batch modes
fed-batch modea

Strain Mode Incubation
time (h)

Initial cell
density (g l−1)b

Spec
(g l−1

LLXR
Batchc 5 23.5± 0.1 0.12
Fed-batchd 8 24.7± 0.2 0.086

LLXTXR Fed-batchd 8 27.4± 0.6 0.092

a The cells were induced with 0.8 ng ml−1 nisin. The initial xylose
b Cell dry weight per volume.
c Initial glucose and M17 concentrations were 75 g l−1 and 2.0 g l−1

d Glucose and M17 were supplied at a feed-rate of 1.0 g l−1 h−1 and
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Fig. 5. Xylitol production by non-growingL. lactisLLXTXR cells at
different initial xylose concentrations. The values presented are final
concentrations of xylitol relative to the maximum obtained. The cell
cultures were induced with 0.8 ng ml−1 nisin. The cells were incu-
bated at 20 g l−1 initial concentration of glucose under microaerobic
conditions for 3 h. The cells were suspended at OD600 of 16.2 into
incubation buffer as described in Section2.

3.6. Xylitol production at different initial xylose
concentrations

The effect of initial xylose concentration on xyl-
itol production under microaerobic conditions with
non-growing LLXTXR cells is presented inFig. 5.
The results show that the cells produced more xyli-
tol when the initial concentration of xylose was in-
creased from 0 g l−1 to 100 g l−1. At initial xylose con-
centrations higher than 100 g l−1 the xylitol production
decreased.

The organic osmolyte glycine betaine is well known
for its osmoprotective effect in many different bac-
terial strains, includingL. lactis (Galinski, 1993;
Molenaar et al., 1993). It has been reported that the
osmotic stress resulting from high xylose concentra-
tions can inhibit xylitol production in yeast (da Silva
and Afschar, 1994). However, in our study, the addi-
tion of 4 mM glycine betaine into the cell suspensions
did not significantly stimulate xylitol production by the
cells (data not shown).

3.7. Production of other sugar alcohols

The production of other sugar alcohols by non-
growing LLXR cells in the presence of glucose and
l-arabinose,d-galactose,d-mannose,d-ribose ord-
xylose is presented inTable 2. The results indicate that
d-ribose andl-arabinose were reduced to the corre-
sponding sugar alcohols (ribitol andl-arabitol) at least
as efficiently asd-xylose. d-Mannitol and galactitol
were produced only in minor amounts fromd-mannose
andd-galactose, respectively. No sugar alcohols were
produced byL. lactis NZ9800 transformed with
the plasmid pNZ8037 without the xylose reductase
gene.

3.8. Fed-batch production of xylitol at high xylose
concentration

th
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Table 2
Reduction of different sugars to corresponding sugar alcohols byL. lactis

Sugar alcohol

l-Arabitol Galactitol

Final concentration
(mM)

34 3.0

a The cell cultures were induced with 0.8 ng ml−1 nisin. Cell suspens
for 3 h. Initial concentrations of the sugars were 400 mM and initial c
Non-growing cells of LLXTXR were incubated in
the presence of 160 g l−1 xylose in glucose-limited fed-
batch in high cell-density.Fig. 6A illustrates data from
a production experiment. The results indicate that bo
the volumetric productivity and the ratio of xylitol pro-
duced per glucose consumed decreased as the p
duction experiment progressed. The volumetric xyli
tol productivity calculated as a mean of two experi

LLXRa

d-Mannitol Ribitol Xylitol

0.8 33 28

ions (cell density 7.2 g l−1 cell dry weight per volume) were incubated
oncentration of glucose was 110 mM. The errors were within 10%.
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Fig. 6. Fermentation behavior of non-growingL. lactis LLXTXR
cells under microaerobic conditions and under glucose limitation in
fed-batch. The cell cultures were induced with 0.8 ng ml−1 nisin.
The cells were supplied with glucose and M17 at feed-rates of
1.3 g l−1 h−1 and 0.1 g l−1 h−1, respectively. The initial xylose con-
centration was 160 g l−1 and initial cell density 36 g l−1 (cell dry
weight per volume). (A) Xylose utilization (�), xylitol production
(©) and ratio of xylitol produced per glucose consumed (�). (B)
Distribution of fermentation metabolites relative to the total amount
determined in the two experiments.

ments was 2.72± 0.03 g l−1 h−1 after 20 h of incuba-
tion. At this point the xylitol yield from xylose and the
ratio of xylitol produced per glucose consumed were
1.04± 0.08 mol mol−1 and 2.51± 0.09 mol mol−1, re-
spectively. Of the xylose initially present, 34% was
consumed. At 40.5 h the volumetric productivity had
decreased to 1.83± 0.06 g l−1 h−1. The yield of xyli-
tol from xylose and the ratio of xylitol produced per

glucose consumed were 1.02± 0.006 mol mol−1 and
1.78± 0.05 mol mol−1 at 40.5 h, respectively, and of
the xylose initially present, 50% was consumed. No
significant growth of the cell mass could be observed
during the experiment and no glucose could be detected
in the medium.

In order to study the primary sugar metabolism of
LLXTXR at different time points, the medium was
analyzed for common fermentation metabolites. The
distribution of the metabolites is shown inFig. 6B.
At 6.5 h the compounds determined accounted for ap-
proximately 87–88% of glucose consumed. No diacetyl
could be detected in the media. For unknown reason
there was a large variation between the two produc-
tion experiments. Nevertheless, a clear trend can be
observed. At early stages of the experiment, the over-
all product distribution showed a deviation from the
normal homolactic sugar metabolism. As the experi-
ment progressed, the product distribution approached
that of homolactic fermentation. At 6.5 h, lactate ac-
counted for approximately 20% of the total fermen-
tation metabolites determined, but at 40.5 h its frac-
tion had increased to approximately 50%. As shown in
Fig. 6B, acetate was the main product at early stages
of the fermentation (61% at 6.5 h) but its proportion
decreased in time.

4. Discussion
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Because of their relatively limited biosynthetic c
pabilities, LAB generally require complex culture m
dia. This can be problematic for their use in industr
cultivations because of the high cost of such med
However, production costs can be lowered by the re
of non-growing LAB cells. For example, in our labora
tory Leuconostoc mesenteroidescells have been use
in 14 sequential batches without loss of productiv
in mannitol production from fructose (von Weymarn
et al., 2002).

The xylose reductase fromP. stipitiswas chosen
for the current study because it has a reasonably h
specific activity for NADH in addition to NADPH
(Verduyn et al., 1985). Furthermore, it has been re
ported that theP. stipitis XYL1can be expressed in
Escherichia coli(Amore et al., 1991). However, there
is no information available on the enzymatic activity
this xylose reductase in any bacterial host. Our res
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show that the recombinant xylose reductase is active in
L. lactis. The NADH/NADPH-linked activity ratio of
0.64 determined in the present study is in agreement
with the ratio of 0.72 reported previously for the native
enzyme (Verduyn et al., 1985).

We attempted to enhance the influx of xylose by
co-expression of the xylose transporter ofLb. brevis
with the xylose reductase. The heterologous expres-
sion of the xylose transporter gene in a heterofermenta-
tive host,Lactobacillus plantarum, has been described
previously (Chaillou et al., 1998). In that study, xy-
lose was accumulated to a final intracellular concen-
tration of 3.8 nmol mg−1 (per cell dry weight) in 2 min
under similar conditions as were used in the present
study, with the exception that the initial xylose con-
centration was lower in the previous study (100 mM)
than that used here (500 mM). In the present study, the
maximum xylose accumulation was estimated to be
11 nmol mg−1. Thus, the results suggest thatxylT can
most likely be expressed as efficiently inL. lactisas in
Lb. plantarum. Surprisingly, however, co-expression of
the xylose transporter gene with the xylose reductase
gene did not improve the xylitol production in any sig-
nificant extent.

Majority of L. lactis strains used in dairy fer-
mentations are not able to utilize xylose. This has
been reported to be a consequence of accumulation of
mutations in genes encoding for enzymes of xylose
metabolism (Erlandson et al., 2000). According to our
resultsL. lactisNZ9800 did not use xylose neither in
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phorylation. Hence, the formation of acetate would also
lead to higher energy yield from glucose (Axelsson,
1998). This shift to mixed acid metabolism byL. lactis
has been shown for non-growing cells under glucose
limitation and anaerobic conditions. The glucose lim-
itation presumably leads to the activation of pyruvate
formate lyase and inhibition of lactate dehydrogenase.
The main metabolic products in this case are acetate,
formate and ethanol (Fordyce et al., 1984; Melchiorsen
et al., 2002).

The batch production of xylitol with non-growing
cells resulted in a low ratio of xylitol produced per
glucose consumed. However, by glucose limited fed-
batch production mode a 10-fold enhancement in the
ratio was achieved. A possible explanation for the im-
proved ratio is that the sugar metabolism of the cells
was changed from homolactic to mixed-acid fermen-
tation as described above. In agreement with this as-
sumption is that the analysis of the final fermentation
products of the fed-batch experiment showed a devi-
ation from the normal homolactic product formation
pattern ofL. lactiswith acetate and formate as the main
products. Hence, the product distribution observed
suggests the activation of the pyruvate formate lyase
pathway.

The majority of xylitol productivities reported
for yeasts fall well below the volumetric productiv-
ity of 2.72 g l−1 h−1 obtained in this study during
20 h (for references seeParaj́o et al., 1998a, 1998b;
Winkelhausen and Kuzmanova, 1998). Among the
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the presence nor absence of glucose when grown
complex medium. The lack of a metabolic pathway fo
xylose utilization was also demonstrated by the nea
quantitative yield of xylitol from xylose in the fermen-
tation experiments. These observations suggest that
spite the inability of the strain to metabolize xylose
xylose transport is functional inL. lactisNZ9800.

In L. lactis, the glycolytic intermediate pyruvate
is reduced to lactate with the concomitant forma
tion of NAD+ during normal homolactic fermentation
When changes in the fermentation conditions lead
the depletion of intracellular NADH, pyruvate can b
rerouted in order to fulfill the requirement for the reduc
ing form of the coenzyme. Pyruvate is split to acety
coenzyme A and formate in a pyruvate formate lya
catalyzed reaction. The acetyl-coenzyme A can then
further converted to acetate with an equivalent of AT
being formed in the reaction by substrate level pho
-

few reports in which higher productivities have bee
achieved using high initial concentrations of xylos
are the following:C. tropicalisproduced 4.94 g l−1 h−1

xylitol from xylose in a cell recycling process with
yeast extract, glucose and xylose feed. The yie
from xylose was 0.81 mol mol−1 and the final xyli-
tol concentration was 189 g l−1 (Choi et al., 2000). At
initial xylose concentration of 279 g l−1 in complex
medium Debaryomyces hansenii(Candida famata)
produced 4.6 g l−1 h−1 xylitol with a xylitol yield of
0.78 mol mol−1 from xylose (Dominguez et al., 1997).
The final xylitol concentration was 221 g l−1. In these
reports, the xylose was almost completely consum
whereas in the fed-batch fermentation reported in t
present study only 34% of the xylose was used for xy
itol production during 20 h. The production rate clearl
slowed down after 20 h. In addition, the ratio of xylito
produced per glucose consumed decreased, which



A. Nyyss¨olä et al. / Journal of Biotechnology 118 (2005) 55–66 65

accompanied by reversal of the sugar metabolism back
towards homolactic fermentation.

A possible explanation for the decreasing productiv-
ity is that the accumulated xylitol inhibits the reduction
reaction. However, no product inhibition by xylitol (up
to 0.5 M) has been observed for the xylose reductase of
P. stipitis(Verduyn et al., 1985). In addition, in the re-
action where xylose is reduced to xylitol with NADH
as the cofactor the equilibrium has been reported to
be strongly on the side of xylitol under physiological
conditions (Keq= 5.59 at pH 7.0,Rizzi et al., 1988).
Alternatively, the poor utilization of xylose at the later
stages of the fermentation could be connected to the un-
availability of NADH for xylose reduction. The results
presented in this study indicate that xylitol inhibits the
growth ofL. lactissignificantly already at 50 g l−1. The
slower metabolism could decrease the regeneration rate
of NADH.

Plant material hydrolysates contain a mixture of var-
ious sugars such asd-xylose,d-galactose,l-arabinose
and d-mannose (Converti et al., 1999). This can be
problematic if plant hydrolysates are considered as raw
materials for xylose production, since reduction of xy-
lose could be accompanied with the reduction of other
sugars present in the medium. Yeast xylose reductases
have been reported to reduce also other pentoses effec-
tively (Verduyn et al., 1985; Granström, 2002). Purifi-
cation of xylitol from a mixture of polyols is difficult to
achieve under industrial conditions. The present results
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version does not proceed to completion at high initial
xylose concentrations. Therefore, the xylose remaining
in the medium would have to be separated and recycled.

The efficient production of mannitol by heterofer-
mentative LAB suggests the potential of using these
bacteria for polyol production (von Weymarn et al.,
2002). In addition, we have observed that xylitol ex-
hibits only minor inhibition of growth of some hetero-
fermentative LAB (Pihlajaniemi, unpublished results).
Therefore, work is in progress to enhance xylitol pro-
duction by using a heterofermentative LAB production
host.
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