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Abstract Physiological responses during growth on xy-
lose and the xylose-degrading pathway of Candida tropi-
calis and Candida guilliermondii yeasts were investigat-
ed. The responses to a linearly decreasing oxygen trans-
fer rate and a simultaneously increasing dilution rate
were compared. C. guilliermondii produced acetate but
no ethanol, and C. tropicalis ethanol but no acetate under
oxygen limitation. Both strains produced glycerol. The
D-xylose reductase of C. guilliermondii is exclusively
NADPH-dependent, and acetate production regenerated
NADPH. The xylose reductase of C. tropicalis has adual
dependency for both NADH and NADPH. It regenerated
NAD by producing ethanol. Both strains regenerated
NAD by producing glycerol. The effect of intracellular
NADH accumulation to xylose uptake and metabolite
production was studied by using formate as a cosub-
strate. Formate feeding in C. tropicalis triggered the ac-
cumulation of glycerol, ethanol and xylitol. Consequent-
ly, the specific xylose consumption increased 28% dur-
ing formate feeding, from 477 to 609 C-mmol/C-mol
cell dry-weight (CDW)/h. In C. guilliermondii cultures,
formate feeding resulted only in glycerol accumulation.
The specific xylose consumption increased 6%, from
301 to 319 C-mmol/C-mol CDW/h, until glycerol started
to accumul ate.

Introduction

The first three enzymes in the xylose metabolizing path-
way in yeasts are p-xylose reductase (XR; E.C. 1.1.1.21),
xylitol dehydrogenase (XDH; E.C. 1.1.1.9) and xyluloki-
nase (XK; E.C. 2.7.1.17) (Smiley and Bolen 1982;
Lachke and Jeffries 1986; Slininger et al. 1987; Prior et
al. 1989; Hahn-Héagerdahl et al. 1994). XR reduces xy-
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lose into xylitol, and XDH oxidizes xylitol into xylulose.
In the last step before the pentose phosphate path-
way, XK phosphorylates xylulose into xylulose-5-phos-
phate. XR can use either cofactor, NADH or NADPH,
but XDH is ailmost exclusively NAD-dependent (Winkel-
hausen and Kuzmanova 1998). XK requires ATP. Under
oxygen-limited conditions xylitol formation from xylose
is enhanced due to the accumulation of intracellular
NADH and subsequent inhibition of NAD-dependent
XDH (Oh et a 1998; Hahn-Hégerdahl et a. 1994). In
C. guilliermondii, the xylitol flux increases as a function
of the linearly deepening oxygen limitation and accumu-
lation of NADH (Granstrom et a. 2001). There have
been several studies on the effect of oxygen on xylitol
production (Hahn-Hégerdahl et al. 1994; Vandeska et al.
1995; Oh et a. 1997; Girio et a. 1994). The role of a
possible xylose permease in Candida yeasts and its ef-
fects on xylose uptake in different conditions is currently
not well understood. XK is often identified as the bottle-
neck enzyme in ethanol production from xylose by re-
combinant yeasts (Deng et al. 1990). When considering
xylitol production from xylose, the most significant bot-
tlenecks are the uptake of xylose and cofactor regenera-
tion for XR activity.

Depending on the cofactor dependency of XR, the ca-
tabolism of xylose by yeast cells differs. Cofactor recir-
culation is plausible when XR depends on both NADH
and NADPH. The NAD generated by XR is reduced to
NADH by XDH, whereas NADP is reduced to NADPH
by glucose-6-phosphate dehydrogenase (Kotter and
Ciriacy 1993). According to Verduyn et a. (1985), NADH-
dependent XR is a prerequisite for anaerobic acohol fer-
mentation of xylose by Pichia stipitis. Lachke and
Jeffries (1986) studied mutants of Pachysolen tannophi-
lus Y-2460 and concluded that a high NADH/NADPH-
dependency ratio of XR is favorable to ethanol produc-
tion, whereas high XK activity favors growth. Eliasson
et a. (2000) constructed a xylose-utilizing recombinant
Saccharomyces cerevisiae strain, TMB 3001. Genes
from P. stipitis encoding an NADH/NADPH-dependent
XR and an NAD-dependent XDH were integrated into
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the S. cerevisiae genome thereby facilitating anaerobic
xylose fermentation into ethanol in the presence of glu-
cose.

In this study we have compared two Candida yeasts
that are able to produce high levels of xylitol from xylose,
but which have a different XR cofactor dependency. The
XR of Candida tropicalis has a dua dependency on
NADH and NADPH (Horitsu et al. 1992; Granstrom, un-
published result), whereas the XR of Candida guillier-
mondii is exclusively NADPH-dependent (Granstrém et
al. 2001). Does this difference in cofactor dependency
have an effect on xylose uptake and xylitol production un-
der oxygen-limited conditions? And what are the physio-
logical consequences of intracellular accumulation of
NADH under fully aerobic conditions? To answer these
questions two different approaches were used. First, the
combined effect of oxygen limitation and substrate flux on
the redox balance was studied. The oxygen transfer rate
was decreased linearly while the substrate flux was simul-
taneoudly increased. Kask et al. (1999) and Miller et al.
(1985) used a similar approach but varied only one param-
eter at atime. These two parameters, oxygen transfer rate
and substrate flux, are very informative when studying the
effects of redox balance on the physiology of these yeasts.
Second, we studied the effect of formate on the redox bal-
ance under fully aerobic conditions. Utilization of formate
proceeds via an NAD-dependent formate dehydrogenase
(FDH; E.C. 1.2.1.2) resulting in carbon dioxide and
NADH. The steady-state cell yield of Candida utilis on
glucose increased with increasing amount of formate in
the medium until growth became C-limited (Bruinenberg
et d. 1985). It is known that formate is not consumed as a
sole carbon source by C. tropicalis, and its FDH is an in-
ducible enzyme (Smogrovicové et al. 1987). We assumed
that formate feeding and subsequent accumulation of in-
tracellular NADH would lead to enhanced xylose utiliza-
tion and xylitol formation in C. tropicalis cultures, due to
the dual cofactor dependency of its XR, but not in cultures
of C. guilliermondi. As assumed, both of these approaches
revealed the difference in metabolite production pattern
between the two yeasts.

Materials and methods

Organism, maintenance and inoculum preparation

Candida tropicalis VTT-C-78086 (ATCC 1369) and Candida
guilliermondii VTT-C-71006 were obtained from VTT Biotech-
nology (Espoo, Finland). Frozen stock cultures containing 20%
(w/v) glycerol were stored in 2 ml ampoules at —70 °C. Inoculum
for fermentation was prepared in 250-ml shake flasks grown over-
night on YPD-medium at 30 °C and 200 rpm. Y PD-medium con-
tained 10 g yeast extract (Difco)/l, 20 g bactopeptone (Difco)/l and
20 g glucose (Fluka)/l.

Growth medium and formate solution
Minera medium was prepared according to Verduyn et al.

(1992). The medium contained per liter: (NH,),SO, 5.0 g,
KH,PO, 3.0 g, MgSO,7H,0O 0.5 g, EDTA 15 mg, ZnSO,-7H,O

4.5 mg, CoCl-6H,0 0.3 mg, MnCl,-4H,0 1 mg, CuSO,-5H,0
0.3 mg, CaCl,2H,0 4.5 mg, FeSO,-7H,0 3 mg, NaM0O,-2H,0
0.4 mg, H;BO, 1 mg, K1 0.1 mg and silicon-based antifoam agent
0.05 mg (BDH). Minera medium was autoclaved for 20 min at
120 °C. After autoclaving a filter-sterilized vitamin solution was
added to afinal concentration per liter of 0.05 mg biotin, 1 mg cal-
cium panthotenate, 1 mg nicotinic acid, 25 mg myo-inositol, 1 mg
pyridoxal hydrochloride, and 0.2 mg para-aminobenzoic acid. Xy-
lose was sterilized at 110 °C for 20 min and added separately to
the growth medium. In the transient cultivations, all the medium
components were doubled due to the high concentration of xylose
in the medium (50 g/l) corresponding to 1.67 C-mol/l. Culture pu-
rity was monitored on a regular basis by phase-contrast microsco-
py. Formate was autoclaved and then added to a final concentra-
tion of 115 g/l (2.5 C-mol/l) using a peristaltic pump. The dilution
rate range for formate feeding of C. tropicalis and C. guillier-
mondii was 0.00-0.015 h-1 and 0.00-0.044 h-1, respectively.

Chemostat and transient experiments

All cultivations were started using the chemostat conditions. The
cultivations were carried out in a 2-1 fermenter (Braun MD) in
mineral medium at 30 °C with a stirrer speed of 2,000 rpm. The
culture pH was set at 5.0 and the dilution rate was adjusted ac-
cordingly. The 1-I working volume was kept constant by removing
the effluent with a peristaltic pump (Watson-Marlow 505U) that
was connected to a PID-controlled load cell. The actual working
volume was determined at the end of each experiment. The culture
pH was kept constant by addition of 2 M KOH. The airflow rate
was set to maintain the dissolved oxygen concentration above
30% in all fully aerobic cultivations and it was controlled using a
mass-flow controller (Bronkhurst HiTec, Ruurlo, Holland). The
dissolved oxygen concentration was measured with an O,-elec-
trode (Ingold). Transient oxygen-limited conditions were created
by aprofile, in which agitation speed decreased from 2,000 rpm to
100 rpm within 10 h. Feeding profiles for the cosubstrate formate
and the carbon substrate xylose were carried out with peristaltic
pumps (Watson-Marlow 101U), which were controlled by the cen-
tral unit of the fermenter. Five working-volume changes were
dlowed to take place to ensure steady-state conditions before
commencing the transient-state experiments.

Exhaust gas analysis

The fermentation exhaust gas was cooled to 4 °C in a condenser to
prevent the evaporation of volatile compounds before entering the
mass spectrometer (VG-Prima 600). Carbon dioxide, oxygen, ar-
gon and nitrogen were analyzed from exhaust gas. In calculating
the oxygen consumption and carbon dioxide production rates, a
temperature of 30 °C was assumed and air pressure was taken
from the daily weather forecast. During the transient-state experi-
ment, exhaust gas values were monitored continuously.

Cell dry-weight measurements

Culture samples (10 ml) were vacuum-filtered through pre-
weighed nitro-cellulose filters (0.45 um, Schleicher and Schuell),
washed with Milli-Q water, and then dried in a microwave oven
for 20 min (Ignis, Japan). During transient-state experiments, dry-
weights were measured after 0, 3, 6 and 10 h in order to minimize
the culture volume used for sampling. Dry weights between the
sampling points were interpolated. In all specific-rate calculations,
a45% carbon content of the biomass was assumed.

Substrate and metabolite analysis

Sample volumes of 1.2 ml collected from the chemostat cultures
were centrifuged at 10,000 rpm for 5 min (Heraeus Sepatech, Bio-



fuge A, Germany) and the supernatant was analyzed during the
experiment. Xylose, formate, xylitol, glycerol, acetate and ethanol
concentrations were analyzed by HPLC. The set-up consisted of
an HPX-87H Aminex ion-exclusion column (Bio-Rad) and two
detectors in series, a Waters 410 refractive index and a Waters 486
UV-detector. The column was maintained at 60 °C and eluted with
5mM H,SO, at aflow rate of 0.6 ml/min.

Ammonia assay

Ammonium was measured according to the method of Bergmeyer
(1985). The assays were carried out with a Shimadzu UV-2100
spectrophotometer.

Results
The effects of transient changes on C. tropicalis

Effects of a linearly increasing dilution rate and a de-
creasing agitation rate on specific oxygen and carbon di-
oxide transfer rates and dissolved oxygen value are
shown in Fig. 1A, B. The physiological responses are
presented in Fig. 2. The dilution rate was increased from
0.089 h-1 to 0.389 h-! and the agitation speed was de-
creased from 2,000 rpm down to 100 rpm in 10 h. The
specific oxygen consumption rate (qO,) and specific car-
bon dioxide production rate (qCO,) started to decrease
after 4 h, when the dilution rate had reached 0.21 h-1.
The onset of xylitol and xylose accumulation occurred
after 6 h. Both glycerol and ethanol accumulation took
place after 6 h. The highest specific xylitol production,
196 C-mmol/C-moal cell dry-weight (CDW)/h, was mea-
sured at the end of the experiment with the dilution rate
of 0.39 h-1. The highest specific production of ethanol
and glycerol was after 9 h at the dilution rate of 0.36 h-1
(3.93 and 4.53 C-mmol/C-mol CDW/h, respectively). No
acetate was produced. The accumulation of xylose to-
gether with xylitol production occurred when qO, started
to decrease. This was accompanied by a decrease in bio-
mass yield on xylose (Y xs) after 6 h and continuing until
the end of the experiment. The Yxs decreased from
0.469 to 0.368 C-mol CDW/C-mol xylose. This indicat-
ed a change from carbon-limited to oxygen-limited con-
ditions. The ammonium (NH3) content varied between
7.9 and 112 mmol/l, indicating that cultivation was not
ammonium-limited. The highest accumulation of xylose
was 1504 C-mmol/C-mol CDW/h and occurred after
10 h.

The effect of transient changes on C. guilliermondii

The same experiment was repeated with C. guillier-
mondii (Fig. 3), in which XR is exclusively NADPH
dependent. The highest specific production rate of
glycerol, acetate and xylitol occurred at the end of the
experiment at a dilution rate of 0.39 h-1(8.40, 5.46 and
92.3 C-mmol/C-mol CDW/h, respectively). The onset of
acetate accumulation occurred after 6 h followed by
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Fig. 1A,B The effect of a linearly increasing dilution rate and a
decreasing agitation rate (A) on the specific oxygen transfer rate
(00y), specific carbon dioxide production rate (qCO,), and dis-
solved oxygen (DO) value (B) in Candida tropicalis. The profiles
were introduced into steady-state culture
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Fig. 2 The response of C. tropicalis to controlled transient condi-
tions. The dilution rate increased from 0.089 h-1 to 0.389 h-! and
the agitation rate decreased from 2,000 rpm to 100 rpm within
10 h. Both profiles were introduced into steady-state culture. The
yeast was grown on a mineral medium with xylose as carbon sub-
strate at 30 °C at pH 5. Open diamonds on the curve showing bio-
mass yield on xylose (Yxs) indicate the extrapolated value for bio-
mass between the sampling points

glycerol after 7 h. No ethanol was produced. Xylose be-
gan to accumulate after 4 h together with xylitol, indicat-
ing a change from C-limited to O,-limited conditions.
The decrease in Y xs after 3 h and continued until the end
of the experiment. The Yxs decreased from 0.490 to



514

Table1l The effect of accumulation of intracellular NADH in
Candida tropicalis was studied by introducing a formate gradient.
Steady state was established before commencing the formate gra-
dient. The dilution rate of xylose (1.67 C-mol/l) was set to

0.26 h! and the agitation speed was 2,000 rpm. The formate
(2.5 C-mol/l) gradient changed from 0.0 to 0.015 h-1 within 10 h.
Yxs Biomass yield on xylose, XYL xylose, FOR formate, CDW cell
dry-weight

Time Consumption Consumption Production Production Production
(h) YXs Xylose Formate Xylitol Glycerol Ethanol
(C-mol CDW/C-mol (C-mmol/C-mol (C-mmol/C-mol (C-mmol/C-mol (C-mmol/C-mol (C-mmol/C-mol
XYL-FOR) CDW/h) CDW/h) CDW/h) CDW/h) CDW/h)
0 0.537 477 0.0 11
1 0.533 479 38 12
2 0.525 485 8.4 1.2
3 0.515 493 13.3 12
4 0.502 504 18.6 17 0.0
5 0.488 517 232 7.3 0.9 0.0
6 0.473 533 28.4 104 2.0 6.6
7 0.463 545 321 105 2.0 7.0
8 0.449 562 351 111 6.3 7.4
9 0.434 583 39.1 115 9.2 6.7
10 0.416 609 434 11.3 12.2 4.9
Table 2 The effect of accumu- . ) i i
lation of intracellular NADH in -(rr'];“e v gorsumptlon Eons&;tmptlon EVIOdUC“IOﬂ
auilli ii i XS ylose ormate ycero
Ey ?#{:ggjmgdélfgﬁa?: glr?él (C-mol CDW/C-mol (C-mmol/C-mol (C-mmol/C-mol (C-mmol/C-mol
ent. The steady state was estab- XYL-FOR) CDW/h) CDW/h) CDW/h)
lished before commencing the
formate gradient. The dilution 0 0.521 301 0.0
rate of xylose substrate 1 0.497 312 1.4
(1.67 C-mol/l) was set to 2 0.482 318 233 0.0
2,000 rpm. Theformate (25C- 4 0.474 316 46.4 0.2
mol/l) gradient changed from 5 0.476 312 56.5 03
0.0 to 0.044 h-1 within 12 h. 6 0.480 307 67.1 0.4
For abbreviations, see Table 1 7 0.482 302 771 05
8 0.483 299 87.2 0.6
9 0.479 299 97.7 0.7
10 0.470 303 109.8 0.9
11 0.453 312 124.1 13
12 0.427 329 142.3 17
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Fig. 3 The response of Candida guilliermondii to controlled tran-
sient conditions. The dilution rate increased from 0.100 h-1 to
0.385 h-land the agitation rate decreased from 2,000 rpm to
100 rpm within 10 h. Both profiles were introduced into steady-
state culture. The yeast was grown on a mineral medium with xy-
lose as carbon substrate at 30 °C at pH 5. Open diamonds on the
curve showing biomass yield on xylose (Yxs) indicate the extrapo-
lated value for biomass between the sampling points

0.073 C-mol CDW/C-mol xylose. The NH4content of the
samples varied between 38.4 and 146.4 mmol/l. The
highest accumulation of xylose was 1,931 C-mmol/
C-mol CDW/h and occurred at 10 h.

The effect of formate feeding on C. tropicalis

Transient responses were studied further by using for-
mate as a cosubstrate under fully aerobic conditions.
With C. tropicalis, the dilution rate was set to
D=0.26 h-1, corresponding to the value at which xylose
began to accumulate (Fig. 2). A dilution rate close to
the maximum value (D) Was chosen to bring about
visibly the effects of formate on xylose consumption
and metabolite production. The transient responses of
C. tropicalis to formate feeding are presented in Table 1.
The biomass yield on xylose and formate carbon de-
creased steadily from 0.537 to 0.416 C-mol CDW/C-mol
xylose. Some xylitol was detected aready in the begin-
ning of formate feeding, but it began to accumulate to-



gether with glycerol after 4 h followed by ethanol after
5 h. Formate started to accumulate after 5 h, when spe-
cific formate consumption was 23 C-mmol/C-mol
CDW/h (data not shown). At the end of the experiment,
specific formate consumption was 43 C-mmol/C-mol
CDWr/h. Specific xylose consumption increased from
477 to 609 C-mmol/C-mol CDW/h (28%). Residual xy-
lose was found after 5 h (data not shown).

The effect of formate feeding on C. guilliermondii

The transient responses of C. guilliermondii to formate
feeding are presented in Table 2. The dilution rate was
set to D=0.16 h-1, corresponding to the value at which
xylose began to accumulate (Fig. 3). The biomass yield
on xylose and formate carbon decreased from 0.521 to
0.427 C-mol CDW/C-mol xylose. Glycerol began to ac-
cumulate after 3 h. No xylitol accumulated during the
experiment. Formate began to accumulate after 4 h, when
specific formate consumption was 46 C-mmol/C-mol
CDWr/h (data not shown). At the end of the experiment,
specific formate consumption was 142 C-mmol/C-mol
CDW/h. Specific xylose consumption increased from
301 to 319 C-mmol/C-mol CDW/h (6%), but started to
decrease when glycerol began to accumulate. The exper-
iment was continued for 12 h at which time residual xy-
lose was found.

Discussion

The designed profile decreased the specific oxygen
transfer rate linearly after 4 h and onwards (Fig. 1A, B).
The conditions prevailing under the transient changes
could be reproduced in a chemostat by terminating both
profiles at a desired time point and by allowing cultures
to achieve a steady state. Two separate oxygen-limited
steady states carried out using these profiles gave
mean values of 774+26 C-mmol/C-mol CDW/h, 24612
C-mmol/C-mol CDW/h and 202+4.8 mmol/C-mol CDW/h
for specific xylose consumption, gCO, and gO,, respec-
tively (Granstrom et al. unpublished data).

C. tropicalis and C. guilliermondii accumulated xyli-
tol, glycerol and xylose but differed in ethanol and ace-
tate accumulation. C. tropicalis accumulated ethanol but
not acetate, whereas C. guilliermondii accumulated ace-
tate, but not ethanol. Acetate production by C. guillier-
mondii indicates regeneration of NADPH through NADP-
dependent acetaldehyde dehydrogenase (E.C. 1.2.1.3).
Although most of the NADPH is generated through the
pentose phosphate pathway (Bruinenberg et al. 1985),
acetate accumulation suggests that NADPH becomes a
limiting factor for xylose conversion to xylitol under
these conditions. In C. tropicalis, NADPH limitation is
partly compensated by NADH assimilation. This leads to
higher xylose consumption and xylitol accumulation
than observed in C. guilliermondii, since NADH is used
both for converting xylose to xylitol and for inhibiting
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xylitol dehydrogenase. Ethanol and glycerol production
allows regeneration of NAD. There are number of reac-
tions that can contribute to the intracellular redox bal-
ance, such as malic enzyme, malate dehydrogenase, glu-
cose-6-phosphate dehydrogenase, etc. However, we in-
terpret this difference in ethanol and acetate production
as being due to the differences in cofactor dependency of
XR. Our results suggest that redox balance plays a sig-
nificant role in xylose uptake and consumption. Further-
more, cofactor regeneration can become a primary bot-
tleneck in xylitol production from xylose by these Can-
dida yeasts. The mechanism of xylose transport is un-
known under these conditions; however, many Candida
sp. take up xylose by facilitated diffusion (Hahn-
Héagerdahl et a. 1994). If thisis the case, then intracellu-
lar redox balance would primarily regulate substrate up-
take in these yeasts.

Formate feeding exposed both yeasts to surplus intra-
cellular NADH, which was indicated by glycerol accumu-
lation under fully aerobic conditions. Glycerol actsasare-
dox sink for excess NADH (Oura 1977). C. tropicalis used
the surplus NADH as a cofactor together with NADPH, as
evidenced by enhanced specific xylose uptake. Eventudly,
the synergistic effect of additiona NADH and enhanced
uptake of xylose will result in ether total inhibition of
XDH or accumulation of intracellular intermediates caus-
ing inhibition of growth. Due to the exclusive NADPH de-
pendency of the C. guillier-mondii XR, the effect of for-
mate was different. Initialy it dightly facilitated specific
xylose consumption, but it had no effect on either xylitol or
ethanol production. Eventually, formate dissipated the pro-
ton-motive force of the cell membrane, resulting in an un-
coupling effect (Dijkhuizen et al. 1977; Bruinenberg et a.
1985) and inhibition of biomass synthesis.

When considering biotechnological production of xy-
litol from xylose, these findings will facilitate the devel-
opment of a production process in which Candida yeasts
are used as the host organism. The dua dependency of
XR alows more possihilities to control oxygen-limited
conditions. In addition, agitation can be used to establish
controlled oxygen limitation, and formate can be used
for minor adjustments. The dual dependency of C. tropi-
calis XR on both NADPH and NADH is possibly due to
only one enzyme as in Pichia stipitis (Verduyn et al.
1985). We are currently purifying the XR from both
C. tropicalis and C. guilliermondii.
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