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Abstract Batch xylitol production from concentrated
sugarcane bagasse hydrolysate by Candida guillier-
mondii was performed by progressively adapting the
cells to the medium. Samples were analyzed to monitor
sugar and acetic acid consumption, xylitol, arabitol, eth-
anol, and carbon dioxide production, as well as cell
growth. Both xylitol yield and volumetric productivity
remarkably increased with the number of adaptations,
demonstrating that the more adapted the cells, the better
the capacity of the yeast to reduce xylose to xylitol in
hemicellulose hydrolysates. Substrate and product con-
centrations were used in carbon material balances to
study in which way the different carbon sources were
utilized by this yeast under microaerobic conditions, as
well as to shed light on the effect of the progressive ad-
aptation to the medium on its fermentative activity. Such
a theoretical means allowed estimation for the first time
of the relative contribution of each medium component
to the formation of the main products of this fermenta-
tion system.

Introduction

Xylitol, an anticariogenic sweetener also suitable for the
use by diabetics, is currently manufactured by catalytic
reduction of highly purified xylose solutions. The bio-
technological production of xylitol by microorganisms
and/or enzymes could be a cheaper alternative and could
provide a natural product with superior organoleptic
characteristics (Winkenhausen and Kuzmanova 1998).
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Pachysolen tannophilus (Ditzelmiller et al. 1984),
Debaryomyces hansenii (Girio et a. 1999), and various
species of Candida (Barbosa et al. 1988; Meyria et al.
1991; Nolleau et al. 1995; Sirisansaneeyakul et al. 1995)
have received great attention as the most-promising xyli-
tol producers.

As is well known, xylose is reduced in xylose-fer-
menting yeasts by NADPH- and/or NADH-dependent
xylose reductase (XR) to xylitol, which is then oxidized
to xylulose by a NAD*- or NADP*-dependent xylitol de-
hydrogenase (XDH). In the next step, xylulose is phos-
phorylated by xylulose kinase to xylulose 5-phosphate,
which can enter the pentose phosphate and consequently
the glycolytic pathways.

Candida guilliermondii XR proved strictly dependent
on NADPH, while its XDH demonstrated preferential
activity with NAD* (Lee et al. 1996; Nolleau et al.
1995). According to Barbosa et al. (1988), the preference
of XR for NADPH determines a partial inability of the
yeast to regenerate, under oxygen-limited conditions, the
NADH produced by XDH activity and the necessity of
overproducing xylitol for a correct redox balance. Oxy-
gen supply has the strongest effect on xylitol production
in yeasts, such as C. guillermondii, which exhibits very
high NADPH/NADH XR activity ratios (Nolleau et al.
1995) and no transhydrogenase activity (Winkelhausen
and Kuzmanova 1998). At low O, transfer rates, the res-
piratory chain can not oxidize the excess NADH (Custer
effect), thus preventing the oxidation of xylitol to xylu-
lose, leading to xylitol accumulation.

Xylitol production is also regulated by pH, tempera-
ture, starting xylose level, presence of other sugars (du
Preez et al. 19864, b), and inoculum level (Pargjo et al.
1996b). In addition, hemicellulosic hydrolysates contain
toxic compounds, such as furfural, hydroxymethylfur-
fural, and acetic acid (Tran and Chambers 1985). Several
treatments were proposed to minimize their toxicity, in-
cluding acetic acid evaporation (Converti et al. 1999),
pH variation and overliming (Converti et a. 1999;
Mayerhoff et a. 1997), active charcoal adsorption
(Pargjo et al. 1996a), and solvent extraction (Pargjo6 et al.



1997). However, most are expensive or not totally effec-
tive. Cell adaptation has aso been shown to improve the
efficiency of xylitol production: xylitol yield and volu-
metric productivity increased by 46%-50% when C.
guilliermondii cells well adapted to the hydrolysate were
cultivated in shaken flasks (Sene et a. 1998).

Nevertheless, no metabolic studies have yet been pub-
lished for this microbial system on the effect of cell ad-
aptation to the culture medium. For this reason, the ex-
perimental data of batch fermentations performed in a
controlled fermenter at different adaptation levels were
used in this study to estimate the carbon source splitting
among the different xylose-consuming ways that are si-
multaneously activein C. guilliermondii.

Materials and methods

Preparation of sugarcane bagasse hydrolysate

The hemicellulosic hydrolysate was prepared and concentrated un-
der vacuum as previously described (Sene et a. 1998), giving the
following composition (g/l): 7.9-8.3 glucose, 62.1-64.0 xylose,
6.3-7.4 arabinose, 4.2-4.7 acetic acid, 0-0.01 furfural, and
0.18-0.20 hydroxymethylfurfural. The concentrated hydrolysates
were treated with calcium oxide to pH 10.0, filtered, acidified to
pH 5.5 with H,SO,, autoclaved at 115°C for 15 min, and finaly
supplemented with the following nutrients (g/l): 2.0 (NH,),SO,,
0.1 CaCl,.2H,0, and 20.0 raw rice bran extract.

Inocula preparation and fermentation conditions

Cells of C. guilliermondii FTI 20037 were maintained on malt-
extract agar slants at 4°C. Four different inocula, labeled as Ly, L,
L,, and L,, were obtained by progressively adapting the cells from
1 up to 4 times to hydrolysates with increasing sugar levels. The
inoculum cultivation was performed in 125-ml Erlenmeyer flasks
containing 50 ml of each hemicellulosic hydrolysate, incubated at
30°C in a rotary shaker at 200 rpm, for 24 h. Cells were centri-
fuged, rinsed with sterile water, and resuspended to give an initial
inoculum concentration of 0.36 g/I. The fermentations were car-
ried out in triplicate in a 5-1 Bioflo |11 fermenter (New Brunswick,
Scientific Co) containing 2.5 | of the above medium at 30+0.2°C,
agitation at 300 rpm, aeration of 0.4 vvm, corresponding to start-
ing k a=21/h. The operating conditions were automatically con-
trolled through an electronic device. The pH was maintained at a
selected value (5.5+0.1) by the addition of a stream of 1.0 M
NaOH solution.

Analytical methods

Sugars, xylitol, arabitol, ethanol, acetic acid, furfural, and hydroxy-
methylfurfural concentrations were determined by high-perfor-
mance liquid chromatography as previously described (Sene et a.
1998). Cell concentration was determined by absorbance at 600 nm
by correlation with the dry weight obtained from a calibration
curve. CO, development during the fermentations was followed by
monitoring the exhaust gas with a CO, gas analyzer, and the total
amount of CO, produced at each fermentation time was calculated
by integration of the time course varying in CO, concentration.

Carbon material balances

Carbon material balances were based on the production of xylitol,
arabitol, ethanol, CO,, and biomass, as well as on the consumption
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of xylose, arabinose, glucose, and acetic acid. For this carbon bal-
ance, the equation proposed by Barbosa et al. (1988) for the re-
dox-balanced production of xylitol under microaerobiosis:

48 xylose + 21 HoO — 42 xylitol
~+ 3 ethanol + 24 CO,

was used to take into account the parallel metabolism necessary to
obtain energy. A similar equation was assumed for arabitol pro-
duction from p-arabinose. Ethanol production in excess with re-
spect to this stoichiometry was ascribed to glucose fermentation.

Because of the catabolite repression of induction of XR activi-
ty (Lee et al. 1996) and the inactivation of the xylose transport
system of the cell (Nobre et al. 1999), glucose is assimilated by
pentose-fermenting yeasts better than xylose. Therefore cell
growth was assumed to take place primarily at the expense of glu-
cose, and subsequently of xylose. The average minimal formula
CH 790 50N 20 reported by Roels (1983) for yeast dry biomass
was used to estimate the carbon consumption due to biomass
growth. All the carbon fractions not consumed by these routes
were supposed to be utilized for respiration, including acetic acid,
which was continuously consumed during the runs. The theoreti-
cal CO, production, estimated as the difference between total
starting carbon (from xylose, glucose, arabinose, and acetic acid)
and carbon consumed for ethanol, xylitol, arabitol, and biomass
production, was compared with the experimental production to
check the validity of the proposed metabolic model.

Results

The experimental results of batch runs performed in con-
trolled fermenter with cells of C. guilliermondii progres-
sively adapted to hemicellulosic hydrolysates are shown
in Fig. 1. Glucose consumption was very quick and not
significantly influenced by the adaptation level. Its pref-
erential consumption with respect to xylose is in agree-
ment with the catabolite repression of induction of its
XR activity (Lee et al. 1996). Glucose levels below 10%
of total xylose should not affect xylitol production
(Felipe et al. 1993) and should stimulate biomass growth
(Pargjo et al. 1998). Final biomass concentrations were
similar for all tested adaptation levels, due to nearly co-
incident rates and fractions of glucose and xylose as-
sumption for this purpose.

In contrast, arabinose was slowly assimilated, about
50% of its starting amount being detected in the medium
at the end, regardless of the adaptation level. Its con-
sumption, aready observed in C. guilliermondii grown
in shaken flasks (Sene et a. 1998), was mainly utilized
for the production of arabitol (Meyria et al. 1991), the
final concentration of which increased according to the
biomass adaptation level. Its remarkable increase ob-
served passing from L to L, (about 30%) can not be ex-
plained by the slight differences in the initial arabinose
concentration (Fig. 1c), but can be ascribed to a progres-
sive enhancement of p-arabinose reductive metabolism,
which was qualitatively similar to that of b-xylose. This
result confirms the validity of assuming for arabitol pro-
duction the same stoichiometry proposed by Barbosa et
al. (1988) for xylitol formation.

Arabinose reduction to arabitol took place at an ap-
preciable rate only at the end of the runs, after xylose
was nearly totally consumed during the exponential



740

Concentration (g I')

Concentration (g I'")

Concentration (g I')

Time (h)

Fig. la—c Experimental results of fermentations of sugarcane
bagasse acid hydrolysate by Candida guilliermondii cells progres-
sively adapted to the medium. Adaptation levels: L,, L,, Ls, Ly
concentrations (g/l). a White triangles xylose; black diamonds glu-
cose, black squares xylitol; b black triangles carbon dioxide,
white squares biomass, white circles acetic acid; ¢ crosses arabi-
nose, black circles ethanol, white diamonds arabitol

phase, according to the typical trends of mixed substrate
fermentations (Girio et al. 1999). Since p-xylose and b-
arabinose are partly assimilated by the same metabolic
pathway, it is unlikely that such a surprising sequential
utilization could be due to any repression mechanism.
This suggests that (1) only one aldose reductase could
be, at least partly, responsible for both p-xylose and bp-
arabinose reductions to their respective pentitols, (2) its
affinity for the latter substrate could be less than for the
former, and (3) its activity could be modulated by simple
competitive inhibition.

Ethanol formation, which was initially very fast be-
cause of glucose fermentation, accelerated with increas-
ing the number of adaptations (by approximately 40%
when comparing L, with L;). As the initial glucose as-
similation was similar for all the adaptation levels, the
difference in final ethanol concentration was due to the
contributions of xylose and, to some extent, of arabinose
reductive metabolism.

Table 1 Influence of the number of biomass adaptations (L) on
xylitol yield (Y pg) and volumetric productivity (Qp) in different
fermentation phases

Phase Lag Exponential Stationary
I-1

Y s (05/99) 0.293 0.568 0.284
Qp (gp/l per hour) 0.125 0.592 0.080
L2

Y 55 (05/9s) 0.423 0.575 0.290
Qp (gp/! per hour) 0.197 0.594 0.078
Ls

Y 55 (05/9s) 0.516 0.580 0.295
Qp (g/l per hour) 0.260 0.597 0.116
L,

Y 55 (05/9s) 0.595 0.595 0.281
Qp (gg/l per hour) 0.322 0.600 0.157

With regard to xylose-xylitol conversion, the highest
xylitol level (37.3 g/l) was obtained with the best-adapt-
ed cells (L,), which corresponds to a 34% increase when
compared with the worst-adapted inoculum (L)
(Fig. 1a). As shown in Table 1, both xylitol yield (Y pg)
and volumetric productivity (Qp) progressively increased
with the degree of cell adaptation and were higher during
the exponential than the lag phase. Nevertheless, the
highest xylitol yield (0.59 go/gs) was aready reached
with the best adaptation level (L,) during the lag phase,
while the highest xylitol productivity (0.60 g/l per hour)
was observed with L4 during the exponential phase. 1g-
noring the behavior during the less-significant stationary
phase, these results demonstrate the expected general-
ized improvement of the fermentation performance with
progressively adapting biomass to the medium. The
marked improvement of kinetic parameters in the pres-
ence of well-adapted biomass is probably due to a com-
bination of progressive induction of the enzymes for xy-
lose utilization and improved cell capacity to metabolize
toxic compounds present in the hydrolysate. For exam-
ple, acetic acid, present in the starting medium at higher
levels (4.2—4.7 g/l) than that reported by Watson et al.
(1984) astotaly inhibitory for the growth of P. tannophi-
lus (1.45 g/l), was consumed well below this concentra-
tion, at a starting rate that appreciably increased with the
level of cell adaptation.

Because of glucose fermentation, CO, formation was,
as that of ethanol, very fast at the beginning of al the
runs, but proceeded at a lower rate during the next phas-
es, due to the poor contribution of xylose and arabinose
reductive metabolism to its formation. The appreciable
CO, production during the stationary phase, not linked to
these activities, can be justified by a significant role of
respiration, under conditions of carbon source depletion,
to obtain the largest amount of energy as possible as ATP.

Finally, xylitol concentration (27.9-37.3 gy/l) and
product yield on consumed xylose (0.46-0.58 gp/gs) ob-
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Fig. 2 Percentages of xylose consumed by different metabolic ac-
tivities during different fermentation phases in C. guilliermondii
cells progressively adapted to sugarcane bagasse acid hydrolysate.
Adaptation levels: L,, L,, Lg, L, Black bars xylitol production,
white bars respiration, grey bars biomass growth
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Fig. 3 Ethanol produced from total carbon by different metabolic
activitiesin C. guilliermondii cells progressively adapted to sugar-
cane bagasse acid hydrolysate. Total ethanol: L, (white circles), L,
(black circles); ethanol from glucose fermentation: L, (white
squares), L, (black squares); ethanol from the parallel metabolism
linked to xylitol production: L, (white triangles), L, (black trian-
gles); ethanol from the parallel metabolism linked to arabitol pro-
duction: L, (white diamonds), L , (black diamonds)

served at the end of all tested adaptation levels were
higher than those obtained by Carvalho et al. (in prepara-
tion) with immobilized cells (21.3 gp/l and 0.47 gy/gs,
respectively), because of possible mass transfer limita-
tions and/or inhibitions occurring inside the pellet. Since
arabitol and ethanol were detected in the broths only as
secondary products (about 8% and 10% of final xylitol
concentration, respectively), this work suggests that four
successive adaptations could be sufficient to ensure the
best fermentation performance.

To study the metabolic behavior of C. guilliermondii
under variable adaptation conditions, the results of Fig. 1
were used to estimate xylose splitting among the differ-
ent metabolic activities simultaneously present under mi-
croaerobic conditions (xylitol and ethanol production,
respiration, and cell growth) (Fig. 2) and the ethanol and
carbon dioxide production from total carbon (Figs. 3 and
4, respectively).
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Fig. 4 CO, production estimated from total carbon by different
metabolic activitiesin C. guilliermondii cells progressively adapt-
ed to sugarcane bagasse acid hydrolysate. Total CO,: L, (white
circles), L, (black circles); CO, from respiration: L, (+), L, (X);
CO, from glucose fermentation: L, (white squares), L, (black
squares); CO, from the parallel metabolism linked to xylitol pro-
duction: L, (white triangles), L, (black triangles); CO, from the
parallel metabolism linked to arabitol production: L, (white dia-
monds), L, (black diamonds)

Discussion

Figure 2 shows that ethanol production was not reliably
linked to any excess xylose consumption, which means
that only glucose was fermented under the selected con-
ditions.

At all tested levels of adaptation, the percentage of
xylose consumed for xylitol production reached maxi-
mum values during the exponential phase (65%—67%),
after glucose exhaustion. Alternative metabolic routes
seemed to be favored under suboptimal conditions. In
the absence of acohol production from xylose, the respi-
ratory activity gained relative importance, consuming
from 33% to 67% xylose during the lag phase and about
60% xylose during the stationary phase.

The most-marked effect of biomass adaptation was
the relative xylose consumption by the different meta-
bolic activities during the lag phase. While at the lowest
adaptation level (L,), the xylose fraction consumed for
xylitol production progressively increased from the lag
to the exponentia phase, nearly the same percentages of
xylose were consumed during these phases (67%) when
using well-adapted cells (L,). In other words, the pro-
gressive biomass adaptation could have induced the en-
zymes responsible for xylitol formation, thus shortening
the lag phase and improving the productivity. Regardless
of the adaptation level, the xylose fraction consumed for
xylitol formation progressively decreased after the expo-
nential phase, reaching a minimum (<40%) during the
stationary phase.

According to the sequential assimilation of sugars by
yeasts, it was estimated that cell growth, initialy sus-
tained by glucose, accounted for 23%—31% of xylose
consumption, depending on the adaptation level, during
the exponential phase. This decreased significantly dur-
ing the stationary phase (up to 7%—-8%). These results
confirm the validity of adopting microaerobic conditions
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Table 2 Influence of the num-

ber of adaptations (L) on the Phase Lag Exponential Stationary

rates of carbon dioxide (CO,)

and ethanol (EtOH) formation CO, EtOH CO, EtOH CO, EtOH

(mg/l per hour) due to different

metabolic activitiesin different L1

fermentation phases Total productivity 759.6 128.4 348.6 13.0 312.8 31
Xylitol formation 20.7 27 97.9 12.8 132 1.7
Glucose fermentation 119.7 125.1 - - - -
Arabitol formation 4.7 0.6 15 0.2 10.79 14
Respiration 614.5 - 249.2 - 288.9 -
L,
Total productivity 683.9 136.5 298.7 13.0 296.8 32
Xylitol formation 32.6 4.3 98.3 12.8 12.8 1.7
Glucose fermentation 125.8 1314 - - - -
Arabitol formation 5.8 0.8 16 0.2 116 15
Respiration 519.7 - 198.8 - 272.4 -
Ls
Total productivity 623.3 1394 256.1 131 409.7 4.2
Xylitol formation 43.0 5.6 98.7 129 19.2 25
Glucose fermentation 127.4 133.2 - - - -
Arabitol formation 4.8 0.6 17 0.2 13.1 17
Respiration 448.1 - 155.7 - 3774 -
L,
Total productivity 574.1 142.5 186.2 13.2 513.2 5.3
Xylitol formation 533 7.0 99.3 13.0 25.9 34
Glucose fermentation 129.0 134.9 - - - -
Arabitol formation 44 0.6 18 0.2 14.7 19
Respiration 387.4 - 85.1 - 472.6 -

to initially stimulate cell growth and, subsequently, xyli-
tol production.

Although total carbon was split among the different met-
abalic activities, as xylose (results not shown), CO, instead
of xylitol was the main product, because of the respiration
or fermentation of minor carbon sources to obtain energy.

As shown in Fig. 3, about 80% of total ethanol came
from glucose fermentation within the first 12-24 h, re-
gardless of the adaptation level. Negligible amounts
were produced by the parallel metabolism linked to xy-
lose and arabinose reductions to their respective pent-
itols. However, xylose was the major carbon source for
ethanol production after this period, because of the com-
plete glucose depletion. The large increases in ethanol
production observed using well-adapted cells (L ,) can be
explained by the acceleration of xylitol production from
the lag to the exponential phase.

Analogously, Fig. 4 shows the fractions of CO, pro-
gressively produced by the same ways and by respira-
tion. As for ethanol, the CO, release remarkably acceler-
ated at the start of the run, because of the good oxygen
availability for respiration. In addition, this activity was
always responsible for the largest CO, production, while
the fraction associated with arabitol production was neg-
ligible. In contrast, glucose fermentation was responsible
for a significant proportion of CO, formation only at the
beginning, while the contribution of xylitol production
became appreciable only during the log phase.

The above effects of cell adaptation are shown more
clearly in Table 2, which gives both ethanol and CO,

productivity estimated for the different metabolic activi-
ties. Total ethanol productivity was maximal during the
lag phase, because of the strong contribution of glucose
fermentation to ethanol formation (94.7%—-97.4%). The
subsequent and progressive deceleration of ethanol pro-
duction during the exponential and the stationary phases
is because this product was almost totally formed by the
parallel metabolism linked to xylitol formation (98.3%—
98.4%). Passing from L, to L, total ethanol productivity
during the lag phase slowly increased from 0.128 to
0.142 g/l per hour, the relative increase in productivity
linked to xylitol formation increased from 2.1% to 4.9%,
while, as expected, the relative contribution of glucose
fermentation decreased from 97.4% to 94.7%.

Even more interesting was the behavior of total CO,
formation during the lag phase. This decreased sharply
from 0.760 to 0.574 g/l per hour with increasing adapta-
tion level, because of the increasing importance of xyli-
tol formation (from 2.7% to 9.3%) and alcohol fermenta-
tion (from 15.8% to 22.4%), at the expense of respiration
(from 80.9% to only 65.7%). A similar trend can be ob-
served for the exponential phase. As a consequence, at
the poorest adaptation levels (L, and L), total productiv-
ity decreased progressively from the lag to the stationary
phase, while at the best-adapted levels (L5 and L,), the
rate of CO, formation increased significantly during the
stationary phase to support the cell energy requirements.

Even though the errors were aways less than 10%,
the experimental data for CO, production were aways
less than the estimated values, which could be the result



of systematic loss of CO, due to the experimental proce-
dure and/or inability of the proposed model to accurately
describe the actual metabolic behavior of the system.

Finally, the results of this study confirm the energetic
role of secondary carbon sources contained in the hy-
drolysate and the validity of carbon material balances in
metabolic studies.
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