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Analysis and optimization of a two-substrate fermentation for
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Xylitol, a functional sweetener, was produced from xylose using Candida tropicalis ATCC 13803. A two-substrate
fermentation was designed in order to increase xylitol yield and volumetric productivity. Glucose was used initially

for cell growth followed by conversion of xylose to xylitol without cell growth and by-product formation after com-

plete depletion of glucose. High glucose concentrations increased volumetric productivity by reducing conversion

time due to high cell mass, but also led to production of ethanol, which, in turn, inhibited cell growth and xylitol
production. Computer simulation was undertaken to optimize an initial glucose concentration using kinetic equa-

tions describing rates of cell growth and xylose bioconversion as a function of ethanol concentration. Kinetic con-

stants involved in the equations were estimated from the experimental results. Glucose at 32g L ~1 was estimated
to be an optimum initial glucose concentration with a final xylose concentration of 86 g L ~1 and a volumetric pro-
ductivity of 5.15 g-xylitol L~ h™. The two-substrate fermentation was performed under optimum conditions to verify

the computer simulation results. The experimental results were in good agreement with the predicted values of
simulation with a xylitol yield of 0.81 g-xylitol g-xylose ~1 and a volumetric productivity of 5.06 g-xylitol L 1h-,
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Introduction lower production rate and volumetric productivity than the

oo . . wild-type yeasts.
CUgar alcoho! i incrensingly used i the fo0d mduatry due, " (e Xylose metabolism oEandida tropicals xlose
to a number of advantageous properties. It has sweetenir\t’é/ p by asp Y
a <

power as high as sucrose and promotes oral health and c xylose reductase (XR).W'th NADPH followed by con-
ies prevention [3]. It can be used as a sugar substitute bycr>lon to xyIqu_se by xylitol dehydrogenase (XDH) with
X ﬁAD*. Xylulose is then used for cell growth and NADPH

diabetics and glucose-6-phosphate dehydrogenase-deficie eneration through the pentose phosphate pathway after

individuals since it does not require insulin and glucose-6- . : .
: . conversion to xylulose-5-phosphate by xylulose kinase with
phosphate dehydrogenase for regulation of metabolis TP as a cofactor. To obtain a high xylitol yield, the xylose

glegﬁéggnxgt?(lyllzsceurirﬁ nft'llgn?ircoedlllfj(lzggeb)r/\y%r;gwlz%?:ag yg;?r;gﬂux_t(_) xylulose has to be controlled by an oxygen supply
Ni/ALO. as a catalvst. The product cost is hiah due to dif_sufflment for regeneration of NADPH and cell mainte-
273 yst P g nance. Low oxygen levels also favor xylitol production

ficulties of purification and separation of xylitol, removal ; : i
of by-products from hemicellulose hydrolyzates and a Iowbecause they decrease the NAADH ratio, which fav

yield of 40-50% based on xylan [6]. Biotechnological pro- ours the xylitol dehydrogenase-catalyzed reaction to xylitol

: : ; accumulation by changing the equilibrium constant. In the
cesses for xylitol production using natural Xylose-fer present investigation, a two-substrate fermentation was

menting yeasts, which reduce xylose to xylitol by the’, ~- ; : . L
’ esigned to increase xylitol yield and productivity: a cell
NAD(P)H-dependent xylose reductase (XR) have Severigrowth step using glucose followed by a bioconversion step

advantages such as selective conversion of xylose to xylit fom xylose to xylitol without cell growth by controlling

with high yield. Microorganisms employed for biotechnol- the oxygen supply. Initial glucose concentrations were opti-

?UQF:C?I[ZF]N%%CU%gsg )éys“tglcigﬁ;la‘;ﬁ gggﬁ”%n[gf%nzulsl’ mized for the two-substrate fermentation. Computer simul-
9 Y €SP acnhy P ation was undertaken to determine an optimum initial glu-

[15], Candidasp such a<C. pelliculosa[22], C. boinidii ; e oo X /
. " o cose concentration utilizing kinetic equations relating
[14], C. guilliermondii [9], C. parapsilosis[5,16] and C. ethanol concentrations to cell growth and xylose pro-

tsrgglézr? z;lfor[nl Zc’ég]'c eﬁs\zgwﬁt;nmetﬁ? g I;(calgys/ eerg%lﬂgtirseed duction. The optimized two-substrate fermentation obtained
y 9 y from computer simulation was verified experimentally.

gene,XYL], was developed to produce xylitol with a very
high yield close to 100% [17], but it showed a relatively
Materials and methods

Correspondence: J-H Seo, Department of Food Science and Technolo Microorganism and culture conditions

and Research Center for New Biomaterials in Agriculture, Seoul Nationa%' tropicalis ATCC 13803 was n_]amtamed ara@ on a
University, Suwon, Korea, 441-744 PX agar plate containing (per L): 10 g yeast extract, 20 g
Received 16 June 1998; accepted 28 February 1999 bactopeptone, 20 g xylose and 15 g agar. The medium for
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inoculation and fermentation was the same as the maintestrate owing to the inhibition of cell metabolism and high
nance medium except for carbohydrate concentrations: 20 gost. Glucose, a good candidate for a co-substrate, blocks
L™? glucose and 60 g 1 xylose were added to the precul- xylose transport and represses XR activity. Therefore a cer-
ture medium and 100 g £ xylose and various concen- tain amount of xylose must be used for NADPH regener-
trations of glucose were added to the fermentation mediumation, which decreases xylitol yield. To increase xylitol

The yeast was cultured in 100 ml of the precultureyield, the xylose flux to cell mass has to be minimized, but
medium at 30C, pH 6 and 200 rpm in a shaking incubator provides sufficient maintenance energy and NADPH regen-
(Vision, Seoul, Korea). Fermentations were performed aeration by controlling the oxygen supply rate. Microaerobic
30°C, 500 rpm and 1vvm (K =1.06 mirm?) in a 3.5-L  conditions might keep the NAINADH ratio and ATP lev-
fermentor (Korean Fermentation Corp, Korea) containingels low. Xylose flux to cell growth is restricted by the lack
1L of the fermentation medium. The medium was main-of cofactors necessary for xylitol dehydrogenase and xylu-
tained at pH 6 by 2 N NaOH and 2 N HCI. Initial cell den- lose kinase.

sity was set at 0.5-1 gL [8]. Glucose was chosen as substrate for cell growth to obtain
high volumetric productivity. Since volumetric productivity
Analytical methods is proportional to cell mass, it is necessary to increase cell

Xylose, xylitol and glucose were determined by HPLC mass by using glucose as an energy source. A two-substrate
(Knauer, Berlin, Germany) using the Carbohydrate Analy-fermentation is established in such a way that glucose is
sis (Waters, Milford, MA, USA) column with 85% (v/v) used for cell growth and xylose is converted to xylitol with
acetonitrile as mobile phase at a flow rate of 2 mlthin high yield.
Carbohydrates were measured by using a reflective index A number of two-substrate fermentations using
detector (Knauer). To monitor fermentation by-products arC. tropicalis were performed to see the pattern of pro-
Aminex HPX-87C and an Aminex HPX 87H (BioRad, Her- duction and utilization of by-products. Major by-products
cules, CA, USA) columns were also used. Xylitol concen-of xylose and glucose metabolism included ethanol, acetic
trations below 1 g [* were determined by using thé=  acid and glycerol which were usually utilized again as sub-
sorbitol/xylitol kit (Boehringer Mannheim, Mannheim, strates for cell growth. As shown in Figure 1, only ethanol
Germany). Ethanol was measured by gas chromatographyas produced from glucose without formation of glycerol
(Younglin, Seoul, Korea) using a 2HWP/10PEG20M col-and acetic acid and was not consumed during the xylose
umn with N, as a carrier gas at a flow rate of 50 ml mtin  bioconversion phase. Since the xylose flux to glycolysis and
and a flame ionized detector. Temperatures of injectorpxygen were limited, no ethanol was produced from xylose
detector and column were 2W0, 200C and 150C, by the Crabtree effect during the xylose bioconversion
respectively. Cell mass was estimated by using the relatiorphase, which is beneficial to a high xylitol yield. After com-
ship between dry cell weight and optical density (OD) mea-lete depletion of glucose, xylose was converted to xylitol
sured at 600 nm. One OD unit was equivalent to 0.227 gvith an 81% yield.
dry cell weight L.

Specific xylose consumption rate and specific xylitol pro- Effects of ethanol on cell growth
duction rate were defined as differences in xylose and xyliEthanol, a major by-product of glucose metabolism,
tol concentrations divided by average cell mass and théhibits cell growth and product formation. Cell growth
time interval between the two samples of interest, respectsing glucose was inhibited with increasing ethanol concen-
ively. trations in the YP medium (Figure 2). The agitation rate
was controlled to maintain the dissolved oxygen tension
. . (DOT) above 20% saturation during the cell growth phase.
Results and discussion The experimental data illustrated in Figure 2 were fitted
Two-substrate batch culture by the Luong equation describing the relationship between
Efficient production of xylitol from xylose requires con- ethanol concentration and specific growth rate. The three
tinuous regeneration of NADPH, a cofactor of xylose parameters involved in the Luong equation were estimated
reductase. Under aerobic conditions NADPH is normallyby a non-linear regression analysis:
produced by glucose-6-phosphate dehydrogenase and 6- 1 dX, P,
phosphogluconate dehydrogenase in the pentose phosphatex— T Mamadl — (P—)a) Q)
pathway, by isocitrate dehydrogenase in the TCA cycle and " m
transhydrogenase, the exchanger of ffom NADH to
NADP" in the cytosol [1,4]. All these pathways are relatedwhere X; and P, mean cell mass increased using glucose
to energy generation for cell growth and redox balance. Theand ethanol concentration. The maximum specific growth
best way to increase xylitol yield would be simultaneousrate using glucosey,ma., Was estimated to be 0.56'hThe
transport of a co-substrate with xylose into the cell. The co<critical ethanol concentration above which cells cannot
substrate is used primarily for NADPH regeneration whilegrow (P,.,) and the dimensionless constan) (vere calcu-
xylose is converted to xylitol without being metabolized lated as 24.4 g-ethanoltand 0.271, respectively.
further. To make such a scheme possible, xylose and co- Ethanol also influenced metabolic activity and product
substrate enter the cell at the same time without inhibitiorformation. The experimental data of specific glucose con-
of the required transferases and do not inhibit enzymesumption rate ds;) and specific ethanol production rate
involved in co-substrate metabolism and xylose conversion(ge,) are presented as functions of ethanol concentration in
Alcohols, hexoses or pentoses are not suitable as co-subigure 3. The lines were drawn by a non-linear regression
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Figure 1 A two-substrate batch culture at D and pH 6 with 20 g * glucose and 100 gt xylose. ® Dry cell mass (g *); ® glucose (g LY);

<& xylitol (g L™2); A xylose (g L'Y); V ethanol (g L%).
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of the logistic equation. The specific glucose consumptiorkigure 3 Effects of ethanol on glucose utilization and ethanol production

rate changed from 0.53 g-glucose g-celh™ to 0.32 g-  during cell growth phase in the two-substrate fermentat®nSpecific

glucose g-cetf h™ and the specific ethanol production rate glucose consumption rate (g-glucose g-ceif*); A Specific ethanol pro-

from 0.15 g-ethanol g-ceﬂ h? to 0.04 g-ethanol g- duction rate (g-ethanol g-cetih™); regression fit of the logis-
N . o . tic equations.

cell” h™. Interestingly, both of the inflection points were

the same at an ethanol concentration of 13.5%g As both

specific values were almost constant but changed consider-

ably at the inflection point, the kinetic equations could be

simplified as follows:

1dS_
X, dt
(g-glucose g-cett h™2)

1dp_
X, dt
(g-ethanol g-cefft h™?)

Gy = 0.04+0.11U (P, — 13.5) 3)

—e = 0.31 + 0.22U (P, - 13.5) @)

where P, is ethanol concentratior, is glucose concen-
tration andU () is the Heaviside step function [10].
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Table 1 Effect of initial glucose concentration on xylitol production Bandida tropicalisATCC 13803 at 30C and pH 6

0
Glucose (g %) ) 20 40 60 100
Overall Xylitol
fermentation production phase
Ethanol (g %) 0 0 6.7 12.5 18.4 27.0
Final cell mass (g %) 26 11 28 23 22 39
Specific xylose consumption rate 0.57 0.57
(g xylose g celf* h%) 0.51 0.33 0.24 0.19
Specific xylitol production rate 0.3 0.39
(g xylitol g cel™ h) 0.41 0.25 0.14 0.12
Specific growth rate in xylose — 0.01
conversion phase (H 0.03 0.01 0.01 0.02
Xylltol_ yield ) 0.58 0.62 0.81 0.72 0.63 0.39
(g xylitol g xylose™)
Effects of ethanol on xylose bioconversion The effects of specific xylose consumption rate,)( were

Ethanol produced during the cell growth phase affected théitted by the logistic equation (5) within the experimental
conversion of xylose to xylitol. Ethanol concentrations, ranges. A change in specific xylitol production ratg.}
however, did not influence the specific growth rate due tavas similar to that of the specific xylose consumption rate.
restriction of oxygen supply (Table 1). The DOT was main-In the experiment without glucose (and consequently no
tained below 10% saturation for a high xylitol yield. The ethanol in the medium), xylose was used for cell growth
specific growth rates during the xylose conversion phaséll dissolved oxygen reached microaerobic conditions due
were controlled around 0.02hin all experiments and to high cell mass. Therefore the specific xylitol production

hence could be considered as a constant: rate had two distinct values. One was an average value over
1 dx the fermentation period and the other was a real value of
o 2= =0.02h (4)  xylose bioconversion without being affected by ethanol.
X, dt Using the real value, the relationship between ethanol con-

whereX, is cell mass during xylose conversion phase. centration and the specific xylitol production rate could be
As ethanol was a sole product from glucose metabolisnglescribed by the logistic equation (6) as shown in Figure 4.
and not utilized during the xylose conversion phase, an

initial glucose concentration was selected as a control vari- 1 dS, a

able in studying the influence of ethanol concentration 3 4 = O==— p— + Yo
without extra addition to the medium. Since the rates of - 1+ (=)
specific xylose consumption and specific xylitol production (Pi)cr

during the xylose bioconversion phase were not varied sig- a=0.41 (g-xylose g-cett h™)

nificantly, the average values were used for a non-linear b =325 5
regression analysis. The deviation of average experimental - ®)
values was less than 5%. Xylose metabolism was greatly (P,)c; = 11.36 (g-ethanol t)

inhibited with increasing ethanol concentrations (Figure 4). Y, = 0.16 (g-xylose g-celt h-)
S1L— Y - -

0.6

1 dP, a
051 ZEZQPZZW'FYPZ
" (P12
a =0.28 (g-xylose g-ceft h™)
R E 031 b=6.98 (6)

(P)c2 = 12.19 (g-ethanol t%)
Ye, = 0.12 (g-xylitol g-celt* h™?)

0.2 7

0.1
Xylitol yield was not significantly affected by ethanol

Specific xylose consumption rate (g xylose/g cell-h)
Specific xylitol production rate(g xylitol/g cell-h)

00 ; ; ; : ; ; concentrations. The data are summarized in Table 1. The
0 5 10 15 20 25 3 experimental evidence of the similarity of the two logistic
Ethanol concentration (g/L) equations suggested that ethanol did not inhibit certain

Figure 4 Effects of ethanol on xylose bioconversion phase in the two- ENZYMES involved in xylitol prOdL.JCtlon’ rather it inhibited
substrate fermentations Specific xylose consumption rate (g-xylose g- the rate of overall _Ce” metabolism, at least the carbon
cel* hl); ¢ Specific xylitol production rate (g xylitol g ceft h™2). metabolism, allosterically.
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Optimization of an initial glucose concentration w01 0 ~ 185

Computer simulation was performed to optimize an initial 1 35 )
glucose concentration for maximum volumetric pro- 5 4, 20 &
ductivity (Qp) using the kinetic equations obtained exper-f:a 25 25 %
imentally. Volumetric productivity was simply defined as § » 1 20 &
final xylitol concentration ,;) divided by total fermen- = 451 15 =
tation time {.w), Which was the sum of cell growth time U 101 10 E
(t,) and xylose bioconversion time,). 51 5 L”‘

7 0
Qp = tPZf - " F:-th (7) 110 90 _
total 1 T 2 10 85 5
The switching time between the two phases and the lag e - 80 g
period were ignored. In the cell growth phase, a specific; 8] F7s B
growth rate was considered as a function of ethanol concenz 77 Lo 8
tration since glucose was not a limiting substrate above 55 6 L es g
g L™ of glucose and 100 gt of xylose in the medium. 57 L=
For glucose concentrationS,j ranging from 5 g £* to 100 4 60 >
g L™, a numerical analysis of the balance equations (1) to 3 | %8 ‘

(6) was done by the 5th Runge-Kutta method [11] to calcu- 50
late volumetric productivity with the following initial con- g ¢z
ditions thatX; (initial cell mass)=1.0 g L?, S, (initial g %
xylose concentratiorg 100 g L%, Py; (ethanol)=0g L™ = ° =
and Py (xylitol) =0 g L™. Cell mass and ethanol concen- § 22 2
tration in the cell growth phase were illustrated in FigurerE ) 4 g
5a. Figure 5b depicts the results of the xylose bioconversion g
phase. Cell mass during xylose bioconversion was calcug -3 E
lated to be less than 13 glof cell. A maximum final xyli- . I

tol concentration of 87.0 g £ was obtained at an initial g - . : . . : )

glucose concentration of 34 gL The shortest total fer- 0 20 40 60 80 100
mentation time was achieved at 23 g bf glucose concen-

tration with an overall fermentation time of 16.2 h. The
optimum initial glucose concentration to maximize volu- Figure 5 Computer simulation for determination of optimum glucose

Initial glucose concentration (g / L)

metric productivity was estimated to be 32 g*lwith a  concentration. (a) Cell growth phase: - - - - cell mass g E——
final xylitol concentration of 86 g t* (a xylitol yield of  &thanol (gL?). (b) Xylose bioconversion phase: xylitol (gh;
- cell growth (g t*). (c) Overall results: volumetric pro-

0.86 g-xylitol g-xylose'), a total fermentation time of .. Ol DL e o

16.8 h and volumetric productivity of 5.15 g-xylitorLh™. duetvity (g xyiitol LERT; overall fermentation time ().
Simulation results were experimentally verified in the

two-substrate fermentation under optimum conditions. As

shown in Figure 6, the xylose bioconversion phase was

clearly separated from the cell growth phase. After

depletion of glucose, xylose was converted to xylitol and

ethanol produced from glucose was not utilized during 140
xylose metabolism. A xylitol yield of 0.81 g-xylitol g- L
xylose* and a volumetric productivity of 5.06 g-xylitol - 120

L~1 h™ were obtained, which was in good agreement with

the predicted values of simulation. = 100
. g 107 80 §
Conclusion E - 2
B - - £

Xylitol is a value-added material produced from xylose byg - % B
hydrogenation. This study was undertaken to produce xyli-= -4 8
tol by biological hydrogenation of xylose with high yield 2 - g

and productivity. A two-substrate fermentation was N - 20
designed to improve both xylitol yield and volumetric pro- N
ductivity. Xylitol was produced in a growth-associated
manner since it was an intermediate of the major carbon 4 . . T T .
metabolic pathway for cell growth. But control of oxygen 0 5 10 15 20
supply in the two-substrate fermentation changed the pro- time (h)

QUCt formation pa“e”_‘- Xylitol was prc_)duced from xylose Figure 6 Results of the two-substrate batch culture under optimized con-
in @ nongrowth-associated manner using cell mass as Catgtons.® Cell mass (g L%); W glucose (g LY); A xylose (g L%); < xyli-

lyst without cell growth or by-product formation. A number tol (g L™); V ethanol (g LY.
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of batch fermentations were done to analyze the effects of8 Kim J'Ii TW Rgu and JbH 56063997- Effeclts of environmental factors
_ ; _on xylitol production by Candida tropicalis ATCC 13803. Kor J

ethanol, a b|3|/ prodlt,lrg:t ofdthelcell tgz_rowth phase lf:mg ?IuI Biotech Bioeng 12: 509514,

cose, on ce grow_ and Xxy os_e _|oconverS|on. n II’_]I 1al g kim SY, JH Kim and DK Oh. 1997. Improvement of xylitol pro-

ngCOS_e concentration was Op“m'ZGq by computer simul- duction by controlling oxygen supply i8andida parapsilosisJ Fer-

ation in order to maximize volumetric productivity. The  ment Bioeng 83: 267-270.

experiments performed to verify the computer simulation10 Kreyszig E 1988. Laplace transfor_mation. In: Advanced Engineering

results showed good agreement with the estimated valueg Mathematics. pp 242-304, John Wiley & Sons, New York.

. : . . . . . Kreyszig E. 1988. Numerical method for differential equation. In:
W.hICh were 14 tlm_es hlgher _In_ Xy||t0| yleld a”O_' 1.85 times Advanced Engineering Mathematics, pp 1062-1071, John Wiley &
higher in volumetric productivity compared with those of  sons, New York.

the experiments done without glucose under the same con2 Lee H, AL Atkin, MFS Barbosa, DR Dorshied and H Schneider. 1988.
ditions. A yield of 0.81 g-xylitol g-xylosé is equivalent Effects of biotin limitation on the conversion of xylose to ethanol and

0 i i i xylitol by Pachysolen tannophiluand Candida guilliermondii Enz
to 90% of the theoretical xylitol yield from xylose. Microb Jech 110- 81-84.

13 Meakinen KK. 1979. Xylitol and oral health. Adv Food Res 25:
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