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Abstract 

Xylose was fermented using Pichia stipitis CBS 6054 at different initial cell 
concentrations. A high initial cell concentration increased the rate of xylose 
utilization, ethanol formation, and the ethanol yield. The highest ethanol 
concentration of 41.0 g/L and a yield of 0.38 g/g was obtained using an ini­
tial cell concentration of 6.5 g/L. Even though more xylitol was produced 
when the initial cell concentrations were high, cell density had no effect on 
the final ethanol yield. A two-parameter mathematical model was used to 
predict the cell population dynamics at the different initial cell concentra­
tions. The model parameters, a and b correlate with the initial cell concen­
trations used with an R2 of 0.99. 

Index Entries: Cell concentration; fermentation; model; Pichia stipitis; 
xylose. 

Introduction 

Cost-effective production of fuel ethanol from lignocellulosic biomass 
requires fermentation of the hemicellulose fraction, which contains xylose 
as the major sugar component in agricultural residues (1). Hemicellulose 
includes 24-35% of the dry biomass of some lignocellulosic materials, such 
as corn fiber, corn cob, corn stover, and sugar cane bagasse (1). Native 
strains of Pichia stipitis have the ability to ferment xylose, glucose, and 
cellobiose (2,3). 

Low levels of oxygen (1.5-5 mmol/L·h) are necessary for the conver­
sion of xylose to ethanol in order to maintain cell viability and NADH 
balance (4-7). A high level of oxygen leads to ethanol reassimilation and 
biomass production, and therefore, low yields (8-10). Under anaerobic 
conditions, cell growth and ethanol production are severely restricted (11). 
The cell growth of P. stipitis is inhibited at low ethanol concentrations 
(approx 34.0 g/L) (12-13) and the highest ethanol tolerance reported for 
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growth is 64.0 g/L (11). Previous studies have shown that the fermentation 
rate can be increased by addition of 10.0 mg/L zinc (14) and that it can 
be decreased by forced cycling of pH (15). The initial cell concentrations 
used in P. stipitis fermentations varies from 0.01 to 6 g/L (14,16). However, 
how the initial cell concentration affects fermentation rate, final ethanol 
concentration, and yield has not been documented. The purpose of this 
work is to look at the effect of the initial cell concentration on the rate of 
fermentation, final ethanol concentrations, and yield using synthetic 
media containing xylose. 

Materials and Methods 

Microorganism and Media 

P. stipitis CBS 6054 stock cultures were maintained on 20% glycerol 
at -15°C. Stock culture (100 µL) of P. stipitis CBS 6054 was cultured on 
yeast extract, peptone, xylose agar plates at 30°C for 3 d. The plates 
were prepared from 10.0 g/L yeast extract, 20.0 g/L peptone, 20.0 g/L 
xylose, and 20.0 g/L agar. Colonies from the plates were grown 
overnight in a filter-sterilized fermentation medium containing 1.7 g/L 
yeast nitrogen base (without amino acid and ammonium sulfate), 
2.27 g/L urea, 6.56 g/L peptone, and 20.0 g/L xylose. The cells were 
centrifuged at 3000 rpm for 5 min and the supernatant was discarded. 
The cells were resuspended in distilled water media to have a cell 
concentration of 55.0 g/L. 

Synthetic Media Preparation 

Xylose solution (140.0 g/L) was prepared and filter-sterilized. Nutrient 
solution (50X the concentration used) was prepared by dissolving 1.7 g of 
yeast nitrogen base, 2.27 g of urea, and 6.56 g of peptone in 20 mL of water. 

Fermentation 

Fermentations were performed in sterile 125-mL Erlenmeyer flasks 
(with 0.2 µm vent cap) using an air-shaker incubator at 30°C and 100 rpm. 
The initial pH was 6.3. Each Erlenmeyer flask contained 50 mL of xylose 
solution, 1 mL of nutrient solution, and 7 mL of inoculum, which had been 
diluted to the appropriate cell Concentration. Initial cell concentrations of 
1.8, 4.3, and 6.5 g/L were investigated in this study. All experiments were 
performed in triplicate. 

Analytical Methods 

Fermentation was monitored for 8 d by taking 1 mL of sample for 
xylose, ethanol, and xylitol analyses. The concentration of xylose, ethanol, 
and xylitol was determined using an Agilent high-performance liquid 
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Fig. 1. Cell concentrations during fermentation. Error bars are ±1 standard deviation. 

chromatography System with an analytical BIO-RAD Aminex HPX-87H 
column and a BIO-RAD Cation H refill guard column. Cell concentration 
was determined from optical density measurement of the cells using Cary 
3C Ultraviolet-visible spectrophotometer at 600 nm. An optical density of 
1 is equivalent to 0.23 g of dry cells/L. 

Results and Discussion 

Cell Growth and Mathematical Model 

The cell concentrations of P. stipitis during fermentation on xylose 
are shown in Fig. 1. From Fig. 1, an initial cell concentration of 1.8, 4.3, and 
6.5 g/L increased to 6.0, 7.7, and 10.3 g/L, respectively, after 144 h of 
fermentation. The average specific cell growth rates decrease at high initial 
cell concentrations. Previous attempts to model P. stipitis fermentation 
used the Monod model (11,17-19). The Monod model describes substrate-
limited growth in which environmental conditions are only related to the 
substrate concentration. However, the fermentation performed in this 
work is not limited solely by the amount of substrate supplied initially. 
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Fig. 2. Variation of model parameters during fermentation on xylose. 

Therefore, a two-parameter empirical mathematical model was used to fit 
the cell concentrations during the fermentation. The different initial cell 
concentrations were fit to Eq. 1, using least-square analysis of the error 
between experimental and predicted values. 

(1) 

where X is the cell concentration during fermentation (g/L), X0 is the cell 
concentration initially (g/L), t is the time (h), a is a parameter with units 
(g/L · h), and b is a parameter with units (1/h). 

The parameters a and b were determined at the different initial cell 
concentrations used in the fermentation. The variation of these parameters 
with the initial cell concentration is shown in Fig. 2. From Fig. 2, a linear 
correlation fits the parameters, a and b, with a correlation coefficient of 0.99 
and 1, respectively. Therefore, Eq. 1 predicts the population dynamics with 
parameters that correlate very well with the initial cell concentrations used 
in the fermentation. From the graphs in Fig. 2, it is possible to determine 
the parameters a and b, in the range 1.8-6.5 g/L and then determine the cell 
concentrations during the fermentation. Although these studies were done 
in shake flasks at a shaking rate of 100 rpm and sugar concentration of 
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Fig. 3. Xylose concentration at different initial cell concentrations. Error bars are ±1 
standard deviation. 

120 g/L, a working population dynamics model for this system could be 
applied to other systems. 

Substrate Consumption 

The xylose concentrations at the different initial cell concentrations are 
shown in Fig. 3. From the graph, the amounts of xylose consumed after 
192 h of fermentation were 58.0, 92.0, and 108.0 g/L at initial cell concen­
trations of 1.8, 4.3, and 6.5 g/L, respectively. At high initial cell concentra­
tions, the amount of substrate consumed was high. As the amount of 
substrate consumed depends on the initial cell concentration used, inocu­
lating with the right initial cell concentration is vital for complete substrate 
consumption with P. stipitis. In a recent study (20), using xylose at a con­
centration of 60.0 g/L and an initial cell concentration of 2.0 g/L, approx 
60.0 g/L of the substrate was consumed in 120 h compared with 192 h in 
this study. The decrease in the ethanol yield and the rate of substrate uti­
lization in this work compared with our previous study (20) is similar to 
observations made by Du Preez et a1 (21). 

The rate of substrate consumption is modeled using the Leudeking-
Piret kinetics (22) as shown in Eq. 2. 

(2) 


Applied Biochemistry and Biotechnology Vol. 136-110, 2007 



658 Agbogbo et al. 

Fig. 4. Variation of model parameters with initial cell concentrations. 

where a is a parameter associated with cell maintenance (1/h) and b is a 
parameter associated with growth (g substrate/g cells). Substituting Eq. 1 
and its differential in Eq. 2 and integrating, we obtain Eq. 3. 

(3) 

where S is the substrate concentration at time t (g/L) and S0 is the initial 
substrate concentration (g/L). Equation 3 was fitted to experimental data 
using least square minimization of the error between experimental and 
predicted values. The experimental and predicted substrate concentrations 
at the different initial cell concentrations are shown in Fig. 3. The model 
parameters (a and b), at the different initial cell concentrations are shown 
in Fig. 4. From Fig. 4, the first parameter (a), which is related to the main­
tenance coefficient, increased when the initial cell concentration increased 
from 1.8 to 4.3 g/L. However, the parameter remained essentially constant 
when initial cell concentrations increased from 4.3 to 6.5 g/L. The first 
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Fig. 5. Ethanol concentration at different initial cell concentrations. Error bars 
are ±1 standard deviation. 

parameter is the major contributor to the rate of substrate consumption 
after the initial growth period (t > 48 h). The results indicate that the initial 
cell concentration needs to be more than some threshold value in order to 
get substantial substrate consumption. The second parameter b, which is 
the growth associated parameter, decreased as the initial cell concentra­
tions increased (see Fig. 4). As the cells grow more when the initial cell 
concentration is low, this parameter is high when the initial cell concen­
trations are low. Although b is high at low initial cell concentrations, it has 
no significant effect on the initial fermentation rate. 

Ethanol Production 

Figure 5 shows the ethanol concentration at the different initial cell 
concentrations. The final ethanol concentrations after 192 h of fermenta­
tion were 20.9, 34.3, and 41.1 g/L at the initial cell concentrations of 1.8, 4.3, 
and 6.5 g/L, respectively. The final ethanol concentration was high when 
the initial cell concentration was high because there were more cells to 
convert the xylose into ethanol. The amount of ethanol produced in the 
fermentation depends on the amount of cells used in the initial inoculum. 
Xylitol, a by product of the fermentation, was at concentrations of 2.2, 6.9, 
and 10.4 g/L at the initial cell concentrations of 1.8, 4.3, and 6.5 g/L, 
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Table 1 

Summary of Fermentation Results After 192 h of Fermentation 


Substrate Xylose 

Substrate concentration (g/L) 
Initial cell concentration (g/L) 
Maximum ethanol 

concentration (g/L) 
Ethanol yield (g/g) 
Xylitol yield (g/g) 
Substrate consumption 

rate (g/L·h) 
Ethanol production 

rate (g/L·h) 
Ethanol selectivity (g/g) 

Errors are ±1 standard deviation. 

respectively, after 192 h of fermentation. The xylitol concentrations and 
fraction of the total product converted to xylitol, increased with an 
increase in the initial cell concentration. 

A summary of the fermentation results are shown in Table 1. The 
ethanol yield was 0.36, 0.38, and 0.38 g/g at the initial cell concentrations 
of 1.8, 4.3, and 6.5 g/L, respectively. The ethanol yield was slightly 
higher at initial cell concentrations of 4.3 and 6.5 g/L because the sub­
strate was used for ethanol production rather than for cell biomass pro­
duction. There was no significant difference between the yield at initial 
cell concentrations of 4.3 and 6.5 g/L, although the fraction of the 
substrate converted to xylitol was higher at initial cell concentration of 
6.5 g/L. This might be owing to the neutralizing effect of the two factors, 
an increased yield owing to less cell biomass production, and a 
decreased yield owing to xylitol production. The selectivity for ethanol 
was high at low initial cell concentrations and decreased as the initial cell 
concentrations increased. 

The rate of ethanol production modeled using the Leudeking-Piret 
kinetics for product formation as shown in Eq. 4. 

(4) 

where a is a parameter associated with cell maintenance (1/h) and b is a 
parameter associated with growth. Substituting Eq. 1 and its differential in 
Eq. 4 and integrating, we obtain Eq. 5. 

(5) 
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where P is the ethanol concentration at time t (g/L) and P0 is the initial 
ethanol concentration (g/L). Equation 5 was fit to experimental data 
using least square minimization of the error between experimental and 
predicted values. The experimental and predicted substrate concentra­
tions at the different initial cell concentrations are shown in Fig. 5. The 
model parameters at the different initial cell concentrations are shown 
in Fig. 4. 

From Fig. 5, the observations made for the substrate consumption are 
similar to that made for ethanol production. The first parameter (a), which 
is related to the maintenance coefficient, is the major contributor to the 
rate of ethanol production after the initial growth period. The results from 
this study indicate that the initial cell concentration needs to be more than 
some threshold in order to get substantial product formation rate. The 
second parameter (b), decreased as the initial cell concentrations increased 
(see Fig. 5). The parameter b, is a growth associated parameter and has a 
significant effect on the initial ethanol production rate. 

Conclusions 

This work shows that the initial cell concentration of P. stipitis affects 
the fermentation rate, ethanol concentrations, and yield. At low initial cell 
concentrations, cell growth was higher compared with fermentations with 
high initial cell concentrations. The rate of xylose consumption and 
ethanol production was high when the initial cell concentrations were 
high. Ethanol yield was high when the initial cell concentration was high 
because the cells used the substrate for ethanol production rather than 
for cell growth. However, the ethanol selectivity was low at higher initial 
cell concentrations. 

The cell growth curve is a function of the initial cell concentration used 
in the fermentation. The form of the empirical mathematical model used in 
this work describes the population dynamics with just two parameters, 
which correlate very well with the initial cell concentration used. This cell 
concentration model was used with the Leudeking-Piret kinetics to predict 
substrate consumption and product formation during the fermentation. 
From the results, the substrate consumption and ethanol production rate are 
both functions of the initial cell concentration used. In the use of P. stipitis 
for biomass fermentation, an adequate amount of cells is necessary for com­
plete substrate utilization and adequate ethanol yield. 
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