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ABSTRACT: An astaxanthin-producing yeast Xanthophyllo-
myces dendrorhous ENM5 was cultivated in a liquid medium
containing 50 g/L glucose as the major carbon source in
stirred fermentors (1.5-L working volume) in fully aerobic
conditions. Ethanol was produced during the exponential
growth phase as a result of overflow metabolism or fermen-
tative catabolism of glucose by yeast cells. After accumulat-
ing to a peak of 3.5 g/L, the ethanol was consumed by yeast
cells as a carbon source when glucose in the culture was
nearly exhausted. High initial glucose concentrations and
ethanol accumulation in the culture had inhibitory effects
on cell growth. Astaxanthin production was partially asso-
ciated with cell growth. Based on these culture character-
istics, we constructed a modified Monod kinetic model
incorporating substrate (glucose) and product (ethanol)
inhibition to describe the relationship of cell growth rate
with glucose and ethanol concentrations. This kinetic
model, coupled with the Luedeking—Piret equation for the
astaxanthin production, gave satisfactory prediction of the
biomass production, glucose consumption, ethanol forma-
tion and consumption, and astaxanthin production in batch
cultures over 25-75 g/L glucose concentration ranges. The
model was also applied to fed-batch cultures to predict
the optimum feeding scheme (feeding glucose and corn
steep liquor) for astaxanthin production, leading to a high
volumetric yield (28.6 mg/L) and a high productivity
(5.36 mg/L/day).
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Introduction

Astaxanthin  (3,3-dihidroxy-@,B-carotene-4,4'-dione) is
a carotenoid pigment which confers a characteristic
coloration to some birds, crustaceans and salmons. It has
been increasingly used as a feed and food pigment in the
aquaculture industry, and also has been evaluated as a
potential functional food and pharmaceutical component
because of its excellent antioxidant activity (Andrewes et al.,
1976; Johnson and Schroeder, 1995). Xanthophyllomyces
dendrorhous (formerly Phaffia rhodozyma) is a high
astaxanthin-producing yeast and has been widely explored
as a promising producer of dietary astaxanthin through
fermentation technology (Guerin et al., 2003; Johnson,
2003).

The culture of X. dendrorhous yeast for astaxanthin
production is an aerobic process and glucose is the most
common and favorable carbon source. The complete aerobic
catabolism of glucose in many organisms usually proceeds
through three phases including glycolysis fermenting
glucose to pyruvate, the tricarboxylic acid (TCA) cycle con-
verting pyruvate to CO, and NADH, and the electron
transport chain for ATP production. This is the most
efficient metabolic route for biomass and energy produc-
tion. In certain yeast and bacterial species such as baker’s
yeast Saccaromyces cerevisiae and related species (Fiechter
and Seghezzi, 1992; Hoek et al., 1998) and Escherichia coli
(Vemuri et al., 2006), however, fermentative catabolism of
glucose leading to ethanol or other partially oxidized
products such as acetic acid can take place even under
aerobic conditions. This phenomenon, originally referred to
as Crabtree effect, is now recognized as a case of overflow
metabolism, which is mainly attributed to the limited
respiratory capacity of the microorganisms. The alcoholic
fermentation of glucose is usually more pronounced at
relatively high glucose concentrations and high specific
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growth rates. Therefore, to eliminate the alcoholic fermen-
tation at high sugar concentrations, industrial fermentation
for baker’s yeast production is usually operated in fed-
batch mode.

X. dendrorhous is a Crabtree-positive yeast with overflow
metabolism, generating ethanol even when ample oxygen is
supplied to the culture (Liu and Wu, 2007; Reynders et al.,
1997; Yamane et al., 1997). The fermentative production of
ethanol is undesirable as it decreases the biomass yield on
sugar and may also cause inhibitory effect on cell growth and
astaxanthin biosynthesis. To minimize overflow metabolism
and to maximize process efficiency and the astaxanthin
productivity, we need to determine the optimal glucose
concentration and cell growth rate, and the feeding scheme
for fed-batch culture processes. Mathematical models
describing the quantitative relationships for growth kinetics
and for substrate and product stoichiometry are most useful
for rational optimization and effective control of fermenta-
tion processes. To the best of our knowledge, however, no
such mathematical models have been reported for the
X. dendrorhous cultures.

This study was to construct a kinetic model for cell growth
in batch cultures of X. dendrorhous yeast using glucose as the
main substrate, taking into account of overflow metabolism
and growth inhibition by ethanol and high concentrations of
glucose that are commonly observed in yeast culture, and to
analyze and quantify the kinetic and stoichiometric rela-
tionships of biomass, substrate and products. Model param-
eters and stoichiometric relationships of biomass, substrate,
and products were derived by simulating experimental data
obtained from stirred-tank fermentors with a constant
and adequate dissolved oxygen (DO) concentration. These
model and relationships were applied to predict cell growth,
substrate consumption, ethanol formation, and astaxanthin
production in batch cultures at various glucose concentra-
tions, and to predict the optimal fed-batch culture process
for high astaxanthin production, and to analyze the physio-
logical characteristics of the yeast culture.

Materials and Methods

Microorganism and Culture Media

X. dendrorhous strain ENM5 was used in this study, which is
an astaxanthin-hyperproducing strain derived from ATCC
24230 by NTG mutagenesis (Schroeder and Johnson, 1995).
The yeast strain was stored in frozen vials at —80°C.
The liquid medium for routine maintenance of the yeast
culture and the fermentation experiments was composed
of 50 g glucose, 3 g (NH4),SO, 1.5 g KH,PO,, 1.5 g
MgSO,-7H,0, 1.5 g yeast extract and 10.0 g corn steep
liquor (per liter), at pH 5.0. The inoculum for the
fermentor and shake-flask cultures in the following
experiments (6% v/v for all) was prepared by growing the
cells in 250-mL Erlenmeyer flasks (filling volume, 50 mL) for
2 days, on an orbital shaker (250 rpm, 20°C). All culture

experiments in the shake flasks or fermentors were run for
an overall period of 5 days (120 h).

Batch and Fed-Batch Culture Experiments

The culture experiments were carried out in two identical
2-L stirred fermentors (Biostat, B. Braun, Germany) with a
working volume of 1-1.5 L (initial filling volume 1.0-L). The
air flow rate into the fermentors was fixed at 1,000 mL/min
(1.0 vvm). The fermentor was controlled at pH 5.0 (with 2 M
NaOH and 2 M HCI) and temperature 20°C. DO was
controlled at 40 & 4% air saturation (with the stirring speed
varying from 300 to 1,200 rpm), which was well above the
critical DO (~10%) of this yeast (Liu et al., 2006). Batch
culture experiments were carried out at various glucose
concentrations (25, 50, 75, and 100 g/L) and with all other
nutrients at fixed concentrations. In fed-batch culture
experiments, the initial glucose concentration was 25 g/L,
and glucose and corn steep liquor were fed to the fermen-
tors (from a liquid reservoir containing 250 g/L glucose and
50 g/L corn steep liquor) during the culture period
according to selected feeding schemes as shown later. Feed-
ing was set to start when glucose concentration in the culture
was lower than 1 g/L during both constant and exponential
fed-batch culture. The selection of glucose and corn steep
liquor but not other medium components for the feeding
was based on our previous study (Liu and Wu, 2007).

The effects of ethanol on cell growth and astaxanthin
production were also examined in shake-flask culture by
external feeding of ethanol (2.5 and 5.0 g/L). The shake-flask
culture was carried out with 250-mL Erlenmeyer flasks, each
filled with 25 mL medium, at 250 rpm and 20°C. The
medium pH was adjusted to 5.0 and buffered with 0.1 M
potassium hydrogen phthalate.

Analytical Methods

Yeast biomass was separated from the liquid medium by
centrifugation, rinsed twice with double distilled water, and
then dried at 105°C overnight to constant dry weight as the
dry cell weight (DCW). Carotenoid pigment was extracted
from the dry yeast biomass (disrupted with DMSO at 55°C)
with hexane/ethyl acetate at 50:50 (v/v), and astaxanthin
content in the extract was analyzed by HPLC as described in
detail elsewhere (Liu and Wu, 2006). Glucose in the culture
medium was analyzed by a YSI 2700 Biochemistry Analyzer
(YSI, Inc., Yellow Spring, OH), and ethanol (and acetic acid)
by GC using an AT-Aquawax-DA column (0.32 mm X
30 m) (Alltech Associates, Inc., Deerfield, IL). At all
experimental conditions in this study, acetic acid accumu-
lated in the yeast cultures was no more than 0.15 g/L, which
was not shown in the results or considered in the model
development. The oxygen uptake rate (OUR) was calculated
with the following equation:

dCo
OUR = KLa(C* — Coz) — 2
dr
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where K a is the oxygen transfer coefficient, determined by
sulfite oxidation method (Linek and Vacek, 1981), C* and
Co, are the saturated and actual DO in the culture broth,
respectively.

Model Development

Previous studies (Johnson and An, 1991; Liu and Wu, 2007)
have shown the following characteristics of X. dendrorhous
yeast cultures, (1) ethanol production due to overflow
metabolism, that is, glucose uptake rate exceeding the
maximum respiratory capacity of the cells, (2) the utilization
of ethanol as glucose becomes exhausted, and (3) the
inhibition of cell growth by ethanol and glucose at high
concentrations. This behavior in X. dendrorhous is very
similar to that in S. cerevisiae (Daran-Lapujade et al., 2004;
Postma et al., 1989). The respiratory capacity of yeast cells is
represented by a bottleneck. Overflow metabolism occurs
when glucose flux (uptake) exceeds the respiratory bottle-
neck of yeast cells, generating ethanol (in the early stage of
batch culture when glucose concentration is high). The
ethanol generated from overflow metabolism is utilized as a
carbon source when glucose becomes exhausted in late stage
of batch culture (Fiechter and Seghezzi, 1992; Pham et al.,
1998). Considering these characteristics and based on
previously established models in S. cerevisiae yeast cells, a
model was proposed to depict the overflow metabolism of
glucose with the reuse of ethanol in X. dendrorhous yeast
cultures in this study.

As both glucose and ethanol can be utilized for biomass
production, the net cell growth rate can be represented by

dXx
E:X(MG+ME*kd) (1)

where j1g and ug are the specific growth rates on glucose
and ethanol, respectively, and k4 is the first-order rate
constant for cell death due to endogenous metabolism.

The most common unstructured and non-segregated
kinetic model for microbial growth is the Monod equation,
which relates the specific growth rate to a single limiting
substrate in a saturation form (Ge and Bai, 2006; Shuler and
Kargi, 2002; Tang et al., 2007). This is partially true for
X. dendrorhous yeast culture in which glucose is the limiting
substrate and all other nutrients including nitrogen,
phosphorus and minerals are abundant or in excess as
found from our previous study (Liu and Wu, 2007). In
addition, all experiments in the fermentors were carried out
in fully aerobic conditions with the DO concentration fixed
at a level well above the critical DO of this yeast (40% vs.
10%). Therefore, oxygen was not included as a limiting
substrate in the model expressions. This assumption was
also confirmed by fermentation experiments performed at
DO levels lower and higher than 40%, that is, 20% and 60%
air saturation (data not shown). However, the basic Monod
model is not adequate for the X. dendrorhous yeast cultures
characterized by substrate and product inhibition, and
overflow metabolism. Considering these characteristics of
X. dendrorhous yeast cultures, we propose a modified
Monod model with glucose and ethanol inhibition for the
specific growth rates

“mcCs Kic Kig
MG = (2)
Ksg +Cs/) \Kig+ Cs/) \Kig + Cg

Mm ECE Ce Kig
Mg = (3)
Ksg +Cg /) \Ceg +KcCg/ \Ki g + Cg

where g and p, g are the maximum specific growth rates
on glucose and ethanol, respectively, Cg and Cg are the
glucose and ethanol concentrations, respectively. Table I
provides a complete list of all symbols and definitions in the
model equations in this section. In the above equations, g
is affected by substrate (glucose) and product (ethanol)
inhibition, and ug affected by glucose competitive inhibi-
tion and substrate (ethanol) inhibition.

Table I. Definitions of model parameters and parameter values derived by simulating with batch culture data at 50 g/L initial glucose in stirred fermentors.
Symbol Definition Unit Value®

MG Maximum specific growth rate on glucose h! 0.129 +0.005
Hm.E Maximum specific growth rate on ethanol h! 0.0184+0.0013
Ksg Monod glucose saturation constant g/L 0.0872 £ 0.0042
Kk Monod ethanol saturation constant g/L 1.42+0.26
Kig Glucose inhibition constant g/L 178 +£12

Kie Ethanol inhibition constant g/L 7.64+1.05
K¢ Glucose competitive inhibition constant — 1.954+0.12

kg Rate constant for endogenous metabolism h™! 0.00114 +0.00011
K Ethanol generation coefficient — 0.273+0.010
Yx/6 Biomass yield coefficient on glucose g cell/g glucose 0.3724+0.018
YxE Biomass yield coefficient on ethanol g cell/g ethanol 0.3244+0.022
YrG Ethanol formation coefficient on glucose g ethanol/g glucose 0.511

o Astaxanthin growth-associated constant mg/g cell 0.34240.011

B Astaxanthin non-growth-associated constant mg/gcell/h 0.00698 £ 0.00025

*All standard errors except Yyg and Y/ (measurement errors) were computed using Monte—Carlo method by incorporating the random variation of

experimental data from batch culture.

998 Biotechnology and Bioengineering, Vol. 101, No. 5, December 1, 2008



For the mass balance of carbon source, we only consider
ethanol as a metabolic product of glucose, and neglect other
metabolites such as acetate (<0.15 g/L) and astaxanthin
(<0.1 g/L) because their contents were much lower than
ethanol in the yeast culture. Therefore, glucose is mainly
used for the production of biomass and ethanol, and also for
maintenance energy. The energy requirement for cellular
maintenance is very small relative to that for growth, and is
neglected in the mass balance calculations (Meyer and Du
Preez, 1994). Then, the glucose consumption rate can be
represented by

dCs  ve | Xug (4)
dt  Ygic Yo

where vg is the rate of ethanol formation from glucose
utilization (Table I for all other symbols in the equation). In
this equation, the first term refers to glucose used for ethanol
formation and the second for cell growth. Similarly, the
change of ethanol concentration equals the amount
produced minus that consumed by the yeast cells

it U _FPE 5
dt Ve Yx/e (%)

Ethanol production from fermentative catabolism of
glucose occurs in the rapid or exponential growth phase, and
is growth-associated (Ge and Bai, 2006; Shuler and Kargi,
2002). Therefore, ethanol formation is related to the yeast
growth on glucose by

vg = KXug (6)

where K is the ethanol formation coefficient.

Astaxanthin production in X. dendrorhous yeast cultures
is partially growth associated, occurring in both growth and
stationary phases (Liu and Wu, 2007), and can thus be
related to cell growth and biomass concentration by the
Luedeking—Piret equation (Luedeking and Piret, 1959),

—=a—+ X (7)

where o and B are coefficients for growth-associated and
non-growth-associated product formation, respectively.

In the above we have constructed four differential
equations, cell growth (1), substrate consumption (4, 5)
and astaxanthin production (7), and can determine the
corresponding equation constants (or parameters) by simu-
lating with experimental data. As these equations are over-
determined (excessive) and nonlinear, only the optimum
values can be sought in given ranges. The initial parameter
values and ranges in this study were selected from the typical
results from X. dendrorhous and S. cerevisiae yeasts (Ge and
Bai, 2006; Meyer and Du Preez, 1994; Shuler and Kargi,
2002; Yamane et al., 1997) as few of these parameters have
been quantified for X. dendrorhous yeast cultures. The

parameters were computed with the Levenberg—Marquardt
and Universal Global Optimization algorithm using the
mathematical Software 1stOpt (7D-Soft High Technology,
Inc., Beijing, China). This software is widely used and works
well for multivariable simulation, which can minimize
the initial value problems (Wei et al., 2007). Matlab 7.0
(“ode 45” solver) was used for numerical integration of the
differential equations for biomass, glucose, ethanol and
astaxanthin changes. The 95% confidence intervals (or
standard errors) of parameters were computed by Monte—
Carlo analysis using the commercial software Prism 4.0
(GraphPad Software, Inc., San Diego, CA) for statistical
assessment of the parameter reliability (Poscheta et al., 2003;
Tang et al., 2007).

With a view that the major physiological characteristics
considered in the model development are independent of
the process mode, the model parameters may also be
applicable for fed-batch culture within the glucose
concentration range. Therefore, the model was applied to
fed-batch culture together with the following material
balance equations for a fed-batch process

dvx
Biomass : P XV (g + mg — ka) (8)
C \% VX
Glucose : G _ FSg — e _ 1AM 9)
d Yo Yxyo
dvcC VX
Ethanol : E_ Vg — He (10)
dt YX/E

dvp
Product : T aVX(ug + pg — ko) + VX (11)

dv
Feeding rate : T F (12)

where F is the volumetric feeding rate, and Sy the glucose
concentration in the feed. The initial values were, volume
Vo=1 L, Sg=250 g/L, and X;,=0.6 g/L; the boundary
conditions were, culture period 120 h, total feeding volume
0.3 L, F < 0.050 L/h; the step length for integration was 1 h.
With the objective (optimization target) set for maximum
volumetric astaxanthin yield (P), the optimum feeding
scheme or profile can be derived with the above Equations
(8)—(12) using the Matlab optimization tools (“ode 45”
solver and “fminsearch” function).

Results
Growth and Metabolism Characteristics of
X. dendrorhous in Batch Culture

Figure 1 shows the batch culture time courses of cell growth,
ethanol production and consumption and astaxanthin
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Figure 1. Batch culture time courses of X. dendrorhous with 50 g/L initial
glucose (A) biomass, ethanol and astaxanthin, and (B) glucose consumption and
oxygen uptake rate (OUR) (symbols for experimental data points, and lines for model
simulation results, except for OUR which was recorded from the culture fermentor;
experimental data representing the mean of triplicate runs and maximum SE < 10% of
the mean).

production (Fig. 1A), and glucose consumption and OUR
(Fig. 1B) of X. dendrorhous in a stirred fermentor with 50 g/L
initial glucose. The yeast culture exhibited an exponential
growth period in the initial 36 h, a short slow-growth period
to reach a maximum biomass density at about 42 h, and a
stationary phase in the remaining culture period (72 h) with
nearly a constant biomass density. Astaxanthin production
started in the early exponential growth phase and continued
throughout the whole culture period, confirming that the
astaxanthin biosynthesis was partially associated with cell
growth in this yeast culture. The biomass and volumetric
astaxanthin yields obtained from this 5-day batch culture
were 16.8 g/L and 15.3 mg/L, respectively.

The glucose concentration in culture decreased rapidly
during the exponential growth phase, and was completely
exhausted at 36 h post-inoculation. In parallel with the rapid
cell growth and glucose consumption, ethanol accumulated
to a peak level of 3.5 g/L at 36 h; then the ethanol level
decreased rapidly to zero at 48 h. The beginning of ethanol
consumption (36 h) was just at the time of glucose deple-
tion; the period of ethanol level decrease mostly corre-
sponded to the period of slow cell growth (3642 h). This
time course comparison suggests that the ethanol initially
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produced in the yeast culture was later utilized by the yeast
cells for growth as the major carbon source glucose was used
up. Moreover, the OUR time course consists of two peaks
(very clearly), a large and broad peak corresponding to the
period of glucose consumption and a small and narrow peak
corresponding to the period of ethanol consumption. This
OUR time course shows more clearly than the biomass time
course for a diauxic growth pattern of the yeast culture, with
the primary growth phase on glucose, and the secondary
growth phase on ethanol as the carbon-energy source.

Effects of External Ethanol

To detect and confirm the double roles of ethanol as an
inhibitory metabolite and a useful nutrient for cell growth,
we tested the effects of externally supplied ethanol on the
yeast cultures (in shake flasks). As shown in Figure 2, both
cell growth and glucose consumption were suppressed
(slower) in the earlier culture period of 0-72 h with the
addition of ethanol, more seriously at a higher concentra-
tion. As shown in Table II, both the maximum specific
growth rate and the maximum cell density during the
exponential growth phase were decreased with the addition
of ethanol. However, the maximum biomass density
attained in the whole culture period increased slightly with
the addition of ethanol. These results confirmed that ethanol
inhibited the yeast cell growth during the early growth phase
on glucose, but was used later as a carbon source for cell
growth. Indeed, the ethanol added to culture was completely
consumed as there was no detectable ethanol in the culture
at the end of culture period (data not shown). Moreover, the
addition of ethanol also resulted in a lower astaxanthin yield
(Table II), indicative of the negative effect of ethanol
accumulation on astaxanthin biosynthesis in the yeast
culture.
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Figure 2. Effects of external ethanol addition on cell growth (dashed lines) and
glucose consumption (solid lines) (experimental data representing the mean of
triplicate measurements and maximum SE < 10% of the mean).




Table Il. Effects of external ethanol addition on cell growth and
astaxanthin production (DCWgy,, dry cell weight at 36 h culture time;
DCW 25, maximum dry cell weight; error ranges = SE, n=3).

Astaxanthin
Ethanol  pmax (™)) DCWisgp (g/L) DCW .y (g/L)  yield (mg/L)
Control 0.095 4 0.003 8.84+0.3 10.8 £0.4 9.0+0.7
2.5 ¢g/L  0.078£0.002 8.0+0.2 11.4+04 8.6+0.4
5.0 g/L  0.068+0.002 6.61+0.4 11.5+£0.5 8.4+0.5

Simulation of Model Parameters With Batch Culture
Data at 50 g/L Glucose

The above kinetic model and stoichiometric Equations (1)—
(7) contain a total of 14 constants or model parameters. Of
these, the biomass yield coefficient on glucose and ethanol
(Yx/g and Yyg) were calculated directly from the ex-
perimental data during batch culture, and ethanol yield on
glucose (Ygg=0.511 gethanol/gglucose) was obtained
from the stoichiometric equation, C¢H;,04 — 2C,H5;OH +
2CO, (Shuler and Kargi, 2002). The remaining 11 model
parameters were derived by simulating the model equations
with the batch culture time courses in stirred fermentors at
50 g/L glucose (Fig. 1), using mathematical software 1stOpt.
The values of all parameters computed from the simulation
are shown in Table I. The model simulation achieved a fairly
large coefficient of determination R> =0.944, which is in-
dicative of the adequacy of model fit to experimental data.
The 95% confidence intervals of model parameters as shown
in Table I are fairly narrow, implying that the model
parameters have a high degree of statistical reliability.
Figure 1 (lines) shows the simulated time courses by the
model equations with these parameter, which fit closely with
the experimental data points.

The above kinetic model was modified from the basic
Monod model by including substrate and product inhibi-
tion. For direct comparison of the merits and adequacy of
the modified model versus the basic Monod model, we also
computed the time courses of culture at 50 g/L initial
glucose with the Monod equation (Fig. 3). The simulated
biomass and glucose concentrations as well as the astaxan-
thin yield exhibited large deviations from the experimental
data. Not surprisingly, the Monod model gave much higher
rates of cell growth and glucose consumption because of the
omission of substrate and product inhibition. The coef-
ficient of determination for the simulation with the basic
Monod equation R*=0.787, was also much smaller than
that with the modified Monod model (R* = 0.944).

Application of Kinetic Model to Batch Cultures

With the parameter values (Table I) determined at 50 g/L
initial glucose, the model equations were applied to estimate
the time courses of batch cultures at other glucose con-
centrations. Figure 4 shows the time courses of the yeast
cultures at 25, 75, and 100 g/L initial glucose concentrations
predicted with the model equations and the experimental
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Figure 3. Simulation of batch culture time courses (at 50 g/L initial glucose) with
the basic Monod model without glucose and ethanol inhibition (symbols for experi-
mental data points, and lines for model simulation results; experimental data repre-
senting the mean of two repeated runs and maximum SE < 10% of the mean).

data from stirred fermentors. At 25 and 75 g/L initial glucose
concentrations, the model simulation provided very good
and close fit with the experimental data for the four culture
time courses including glucose consumption, cell growth,
ethanol formation and consumption, and astaxanthin
production. At 100 g/L glucose concentration, the model
simulation provided close fit with the biomass and astaxan-
thin time courses, but showed relatively large deviations
with the glucose and ethanol time courses.

Modeling and Optimization of Fed-Batch Culture

The kinetic model has proved adequate for describing the
relationships between biomass, substrate and products in
batch cultures at glucose concentrations up to 75 g/L. Con-
sidering that the major physiological characteristics con-
sidered in the model development are independent of the
process mode, the model parameters may also be applicable
for fed-batch culture within the glucose concentration
range. Then the optimum feeding scheme (Fig. 5A) for
maximum volumetric astaxanthin yield (P) was derived
with the above equations using the Matlab optimization
tools (“ode 45 solver and “fminsearch” function). The
optimum fed-batch culture process consisted of three stages,
an initial batch process with F=0 between 0 and 26 h,
followed by a fed-batch period with exponential feeding
between 26 and 42 h, and finally a batch process with F=0
between 42 and 120 h.

A fed-batch culture experiment was performed with the
model-predicted optimum feeding strategy, and the ex-
perimental data of biomass and astaxanthin were plotted in
the same graph with model-predicted results (Fig. 5B). The
close fit of model predication with the experimental data
validated the robustness and applicability of the kinetic
model for both batch and fed-batch cultures. In addition,
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Figure 4. Time courses of cell growth, glucose consumption, and ethanol
concentration and astaxanthin production in batch cultures of X. dendrorhous with
25, 75, or 100 g/L initial glucose (symbols for experimental data points, and lines for
model simulation results; experimental data representing the mean of two repeated
runs and maximum SE < 10% of the mean).

Table III shows the experimental results of maximum
biomass and astaxanthin yields attained with various feeding
schemes in fed-batch cultures. The highest biomass and
astaxanthin yields were achieved with the optimal feeding
scheme derived from the kinetic model (29.2 g/L and 26.8
mg/L, respectively), thus confirming the efficiency of feeding
optimization.

Discussion

The modified Monod kinetic model with substrate and
product inhibition has shown to be fairly adequate for des-
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Figure 5. Simulation and optimization of fed-batch culture: (A) optimal feeding
scheme predicted with the kinetic model; (B) time courses of biomass and astaxanthin
production from experimental data (symbols) and model prediction (solid line) with the
optimal feeding scheme shown in (A) (experimental data representing the mean of two
repeated runs, error ranges = SE).

cribing the relationship of X. dendrorhous growth with
glucose consumption, and ethanol production in batch
cultures. The close agreement between the model-predicted
values and the experimental results serves to justify the basic
assumptions for the model construction and also the
accuracy of the model parameters derived by the simulation

Table Ill. Biomass and astaxanthin production in fed-batch culture with
various feeding schemes (experimental data representing the mean of two
repeated runs, error ranges = SE).

Astaxanthin
Astaxanthin productivity
Feeding scheme DCW .« (g/L) yield (mg/L) (mg/L/day)
Constant feeding
0.009 L/h 24.9+0.9 21.8+1.6 4.361+0.32
0.015 L/h 272+1.2 242+15 4.84+0.30
0.021 L/h 26.1£1.5 23.7+1.2 4.744+0.24
Exponential feeding
Her = 0.05 255+ 1.4 223418 4.46+0.36
Msee = 0.07 274+1.1 24.6+£1.7 4.92+0.34
Mot = 0.09 265+ 1.5 243413 4.86+0.26
Optimal feeding 29.2+1.3 26.8+1.7 5.36 +0.34




methods. The model showed the best and closest fit with
experimental data at initial glucose concentrations in the
range of 25-75 g/L, but larger deviations at much higher
initial glucose concentrations. The model slightly under-
estimated the biomass at lower glucose concentrations, for
example, 25 g/L, and notably overestimated the biomass at
higher glucose, for example, 100 g/L. The biomass under-
estimated at lower glucose levels by the model may be
attributed to the use of other carbon sources such as corn
steep liquor available in the culture for growth. The notable
overestimation of biomass at higher glucose levels may be
due to the accumulation of other inhibitory metabolites in
addition to ethanol, such as acetic acid in the culture at high
glucose concentrations as reported previously in batch and
fed-batch cultures of X. dendrorhous (Liu and Wu, 2007;
Meyer and Du Preez, 1994). The inhibition of growth may
also lead to slower consumption of ethanol than that
predicted by the model. The extremely high glucose
concentration could also induce changes of other physio-
logical characteristics of the yeast culture which cannot be
predicted by a simple kinetic model. Nevertheless, the
applicable range of 25-75 g/L glucose by the model covers
the most common and favorable glucose concentrations for
the yeast cultures and any other concentration beyond this
range is rarely used in practice. Therefore, the modified
kinetic model will be very useful for the operation and
optimization of the yeast fermentation processes in industry.
The model was also successfully applied to fed-batch culture
to predict the optimal feeding scheme for astaxanthin
production. The volumetric productivity of astaxanthin
(5.36 mg/L/day) attained with this optimum feeding scheme
was the highest ever reported so far with this yeast cultures in
various operation processes such as batch, fed-batch and
perfusion processes (Liu and Wu, 2007; Yamane et al.,
1997), and also higher than those with the hyperproducing
alga Haematococcus pluvialis cultures (Zhang et al., 1999).

The quantitative parameters in the kinetic models and
the stoichiometric equations provide useful information
of the culture characteristics. The much higher specific
growth rate on glucose fimayx(0.129 h™") than on ethanol
Mmax(0.0184 h™") implies that glucose is a more favorable
substrate for X. dendrorhous growth. The value of fix G 15
very close to those reported by others for this yeast culture
(Meyer and Du Preez, 1994; Yamane et al., 1997). The
Monod saturation constant on glucose Ks g (0.0872 g/L) is
quite small, implying that the specific growth rate was close
to its maximum in most of the culture period when glucose
was still available (Ge and Bai, 2006; Shuler and Kargi, 2002).
The Monod saturation constant on ethanol (Ksg) derived
from our simulation studies is notably higher than that for
S. cerevisiae, which is about the same order of magnitude
(around 0.1 g/L) as that on glucose (Pham et al., 1998). An
explanation for this is that the X. dendrorhous yeast may have
a lower preference for ethanol as a carbon source than
S. cerevisiae. An overestimation of the parameter could also
arise from the imperfect model formulation for ug (Eq. 3),
especially the inclusion of a substrate multiplier K¢ in the

Table IV. Comparison of kinetic model parameters in different yeast
cultures (unit, g/L; n.a. not available or not applicable)

Microorganisms Ksg Ksg Kig Kig References

S. cerevisiae 3.3 na. n.a. 52 Hoppe and Hansford (1982)
S. cerevisiae 0.12 0.1 n.a. 10 Pham et al. (1998)

S. cerevisiae 0.565 n.a. 283.7 n.a. Krishnan et al. (1999)

S. cerevisiae 0.155 n.a. 160.7 n.a. Ge and Bai (2006)

Z. mobilis 1.45 n.a. 200 n.a. Leksawasdi et al. (2001)

X. dendrorhous  0.0872 1.42 178 7.64 This study

denominator of the second term, which tends to give a
higher Ks g value. Both the inhibition constants of glucose
K (178 g/L) and ethanol Ky (7.64 g/L) fall within the
ranges reported from previous studies as shown in Table IV,
suggesting that both inhibition effects are significant. The
greater competitive inhibition constant K¢ (1.95) implies
that glucose is a more favorable and competitive substrate
than ethanol for cell growth. In other words, the uptake of
ethanol by the yeast cells will be inhibited when glucose is
still available in the culture medium. The diauxic growth
observed in the culture at 50 g/L glucose (Fig. 1) also proves
the sequence of substrate consumption from glucose to
ethanol. According to Yamane et al. (1997), the chemical
formula of X. dendrorhous yeast cells in batch cultures at
50 g/L glucose was estimated as CH; 4400 .50Ng.10- With this,
we can arrive at the following stoichiometric equations for
the batch culture with 50 g/L glucose based on our modeling
study and mass balance

Primary growth : C¢H;,O¢ 4+ 0.29NH; + 2.580,
- 2.92CH1'440()_50N0'10 + 040C2H6O + 308C02
+ 3.14H,0

Secondary growth : C,HsO + 0.065NH; + 2.330,
= 0.65CH]A44O()A50N0<10 + 135C02 + 263H20

The inhibitory effects and inhibition mechanisms of
ethanol on cell growth in yeast cultures have been examined
in numerous studies. Aiba et al. (1968) suggest that the
inhibitory effect of ethanol on S. cerevisiae growth may be
associated with the decrease in the proton motive force
across the cell membrane. Osman and Ingram (1985) report
that ethanol can increase membrane destabilization, which
leads to loss of the essential cofactors and coenzymes and the
activities of many enzymes for glycolysis in Zymomonas
mobilis. Fiechter and Seghezzi (1992) show that the in-
hibition of respiratory catabolism is enhanced by increasing
ethanol concentration from both exogenous and endogen-
ous sources. Therefore, ethanol production should be
eliminated or minimized during yeast cultivation in order to
achieve high biomass yields.

In conclusion, a modified Monod model with glucose and
ethanol inhibition was developed for the X. dendrorhous
yeast culture characterized by overflow metabolism. The
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modeling study is helpful for gaining a better understanding
of the culture factors and conditions for the respiratory and
fermentative catabolism of carbon sources. The kinetic
model is quite simple and straightforward, but can ade-
quately describe the relationship of cell growth kinetics with
glucose consumption and ethanol formation in the yeast
cultures. Besides the kinetic model equation and constants,
we have derived the major stoichiometric relationships and
parameters for biomass, substrate, and product. This kinetic
model, together with the stoichiometric relationships, will
be useful for rational design, optimal control, and efficient
operation of the yeast culture process for improved astaxan-
thin production.
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