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ABSTRACT KW/

This study aimed to determine an appropriate unstructured kinetic model describing the growth
of Debaryomyces hansenii with the hydrolysis of oil palm empty bunches as the substrate sources.
We tested the well-known cell growth kinetic models for approximating the xylitol fermentation

KEYWORDS
data. We modeled the extracellular process by considering the biomass as a variable, xylose Oil palm empty fruit
the substrate and xylitol as the product. The appropriate kinetic model was determined by bunch; batch
fitting the models to the experimental dat&[he fitting process involved an optimization fermentation;

unstructured model;
parameter estimation;
gradient based method;
sensitivity analysis

procedure that minimizes a least-squared error between the model solution and the experimental
data using a gradient-based method. We found that the unstructured model with Monod specific
kinetic growth model had the best approximating ability to describe the dynamics of the batch
xylitol fermentation data. Some factors were highlighted as the key factors that influence the
growth of yeast cells. One of them is the maximum growth rate of the yeast cell which had a
high sensitivity to the maximum production of new cells and xylitol as the main product. As
Monod the best-approximated model, it implies that inhibitory effects by substrate and
product played an important role in controlling the growth of yeast cells. There was a certain
maximum growth rate for the yeast cell that generates maximum production of new cells and
xylitol within a relatively short fermentation time. This result indicates that the growth rate
parameter played an important role in adjusting the fermentation process for optimality purposes.

Introduction higher product yields [2]. In addition, it also uses lig-
nocellulose as raw material, such as oil palm empty
fruit bunch (OPEFB), which are used as raw materials
for making xylitol. According to Parajo etal. [3], a fer-
menta@ process is mainly influenced by the type of

strain, ure conditions and the type of fermentation

leitol, as the main product oqermentation by
Debaryomyces hansenii yeast cells, plays an important
role as a sugar substitute in the food industry. It can
be produced chemically through the xylose hydroge-

nation process at high temperatures and pressures
(temperature = 140°C, pressure =50atm) using metal
catalysts [1]. However, chemical xylitol production is
a high-cost method and requires pure xylose as a raw
material. Therefore, another production method is used
such as bioprocess, which is more attractive and easier
than chemical synthesis. It also does not use toxic
catalysts for food and pharmaceutical products and is
not harmful to the environment. It uses specific micro-
organisms to convert xylose to xylitol that produce

medium (synthetic solution or from lignocellulosic
materials). Operating conditions, including pH, tem-
perature, substrate concentration, addition of cosub-
strate and aeration conditions also affect the xylitol
recovery. Various microorganisms can be used in xylitol
fermentation such as bacteria, fungi and yeast. Among
them, yeast becomes the best strain xylitol producer
such as Candida genus [4]. Cruz etal. [5] also studied
another yeast species, namely Debaryomyces hansenii,
that also produces high xylitol accumulation with
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%tol yield per xylose substrate of 0.66g/g with barley
shell substrate.

In a previous study, Kresnowati et al. [6] evaluated
xylitol fermentation using Candida utilis, Debaryomyces
hansenii and Pichia stipitis. The study showed that only
C.utilis and D. hansenii were able to produce xylitol.
They also evaluated xylitol fermentation in which
xylose cosubstrate was considered to produce high
xylitol yields. It was found that addition of glucose as
the co-substrate increased the overall process, but at
a certain concentration, it reduced the xylose con-
sumption and caused a decrease in xylitol production.
The critical point in which the addition of glucose as
a cosubtrate affects the increase and the decrease on
xylitol production depends on the yeast strain. The
function of the xylose reductase enzyme and its resis-
tance or tolerance to glucose affects the production
ability of the yeast [7,8]. Furthermore, Yudiastuti [9]
showed that glucose has a potential as an inhibitor
in xylitol fermentation. This was related to the disrup-
tion of the xylose reductase enzyme induction system
by xylose. Xylose hydrolysate comes from the OPEFB
enzymatic hydrolysis process, which contains xylose
as the main component and also glucose [10]. The
xylose hydrolyzate is then used as a raw material for
fermentation using yeast to produce xylitol.

Due to its complexity, the xylitol fermentation sys-
tem becomes interesting to study both theoretically
and experimentally. Some researchers combined both
methods to study mogggmebout the optimality of the
system. For instance, '?éjuiar etal. gd1] studied the
growth of Candida guilliermondii for xylitol production
from d-xylose and predicted its oxygen transfegpgte;
Aranda etal. [12] presented a kinetic study of xylitol
production using Candida parapsilosis in oxygen-limited
culture conditions; and Tochampa etal. [13] discussed
the batch fermentations of xylitol production using
Candida mogii and xylose as the substrate in the pres-
ence of glucose as the co-substrate. Furthermore,
Mohamad et al. [14] studied the mathematical model-
ing of xylitol fermentation wsg Candida tropicalis by
considering the limitations and inhibition of the cell
growth and xylitol. Eryasar and Yalcin [15] studied the
growth of C. tropicalis cultivated in chestnut shell hemi-
cellulosic hydrolysate. Dasgupta etal. [16] and Dorantes
et al. [17] formulated a kinetic model of yeast growth
and xylitol fermentation from lignocellulosic pentosans
using Kluyveromyces marxianus and from sugarcane
bagasse by immobilized cells. The study presented
Manjarres-Pinzén etal. [18] reported the modeling o
xylitol production using C tropicalis in synthetic
medium and in non-detoxified OPEFB. As a comple-
ment to the previous studies, in this study we intended

BIOTECHNOLOGY & BIOTECHNOLOGICAL EQUIPMENT @ 463

to formulate an appropriate unstructured kinetic model
describing the batch fermentation growth of D. hansenii
with the hydrolysis of OPEFB. As we have mentioned
before that D. hansenii shows high xylitol accumulation,
the study of its growth model gives and opportunity
to explore its optimal conditions more. Here, we used
experimental data of xylitol production through enzy-
matic hydrolysis and fermentation using OPEFB as the
main substrate. We believe that this study will provide
another point of view regarding the theoretical study
of xylitol production, which can be used as a reference
in the experimental process.

Materials and methods
Microorganism and inoculum design

This study used D. hansenii ITBCC R85. The growth of
yeast cells consists of two stages, preparation on solid
medium and starting new cultures (inoculation of stock
culture). We used GYE (Glucose-Yeast Extract) as the
agar for the growth of yeast cells. The next step was
to make an inoculum, which aims to help the cell
adaptation to the fermentation medium and increase
the number of yeast cells. The volume of the inoculum
solution is 10% v/v of the fermentation volume. The
inoculum composition is a mixture of sugar and nutri-
ent solution and yeast cells. The sugar composition
consisting of xylose and/or glucose substrates was
adjusted according to the variatio the experiment.
The inoculum solution was stored in a shaker at 30°C
for two days with stirring at 150rpm [10]. The con-
centration of cells in the inoculum solution that is
ready for use was calculated using a counting chamber.

Fermentation process

The inoculum was incubated for 2-3days and the fer-
mentation medium was then put into the New
Brunswick BF115 bioreactor volume 1.3L. The final
fermentation working volume was 700mL. The fermen-
tation process was performed in batches at a tem-
perature of 30°C and pH 5. Research on the effect of
substrate concentration and evaluation of growth
kinetics models was carried out at variations in the
initial substrate (xylose) concentration of 10 15g/L and
carried out at an air flow rate of 0.5 vvm. The kinetics
model for the formation of xylitol products was esti-
mated, where xylitol is only produced from the fer-
mentation process using xylose as a substrate. Research
on the effect of the air flow rate was carried out by
varying the air flow rate by 0.5; 1 and 1.5 vvm at fixed
synthetic xylose substrate concentrations of 7.5 g/L.
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Fermentation samples were taken at certain time inter-
vals for analysis to determine the concentration of
cells, products and the remaining substrate. Cell con-
centration was measured via the turbidity method
using a spectrophotometer (UV Vis) at a wavelength
of 560 nm. Before being analyzed by spectrophotom-
eter, the sample was stirred using a vortex. The con-
centrations of the product and residual substrate were
measured using high-performance liquid chromatog-
raphy (HPLC). From the fermentation results, we
obtained the data as presented in Figure 1.

Unstructured kinetic model formulation

The kinetic model was formulated using an unstruc-
tured kinetic model to capture the transient behaviour
of the growth of the yeast cell. We considered xylose
as the substrate, D. hanseenii as the biomass, and xyli-
tol as the main product. The current model follows
the line of Kasbawati [19], which considered an
unstructured model for ethanol production by S. cer-
evisiae. The model of [19] is given as follows:

d ) ) )
%:Y2 JuX[t}[ —#J[‘I—%J['I—%J—mzp{”’

where X(t) represents the concentration of biomass,
S(t) represents the concentration of substrate, and
P(t) represents the concentration of product. There

1
are two yield coefficients in model (1), i.e. ¥,=—

and ¥, =

Ypfs

which respectively denote the yield coef-

x/5
ficients for biomass and product on substrate con-
sumption. Some inhibitory effects were modelled by

considering a critical concentration for which the bio-
mass will growth. Inhibitory effects were modelled by
adopting the logistic growth for the yeast cells where
the critical concentrations for cell, substrate and prod-
uct are respectively denoted by X_, S, and P..Some
model improvements were applied to the maintenance
coefficients that measure the amount of substrate and
product consumptions of the yeast cells for functions
other than production of new cells. We assume that
the cells’ consumption for maintenance follows a non-
linear function,

St (p)=m P
K .+5 K,+

o

F(S)=m, X, 2

with maximum consumption rate 1, for substrate and
m, for product. Coefficients K. and K, respectively,
denote the concentration of substrate and product that
produces a half of the maximum consumption by yeast
cells for maintenance functions. Therefore, by using the
maintenance function in (2) with the same maintenance
consumptior@te {m, =m, =m), model (1) becomes:

dx X)) . S, P(o)
. 20 3,2
as(e) X)) SO PO, SO
0 Bty g0
(

X, (3)

c €

ﬂ”_m,x(f)(,_@](! S r)‘in P(r)‘J_m PO
dt Lox s e K +P(t)
The initial conditions of the model are

X(0)=0.277512g/L 5(0)=4.9078,and P(0)=0g
which are taken from the experimental data. For the
specific growth rate of the yeast cell, some models
are proposed as presented in Table 1. The chosen mod-
els are the well-known models that are frequently used
by researchers for approximating the growth of cells.
In this study we applied these well-known specific
growth models for approximating the growth of D.
hansenii on xylose.
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Figure 1. Batch fermentation data for xylitol production using D. hansenii ITBCC R85.




Parameter estimation method

We estimated the parameters of the kinetic model (3)
using the experimental data presented in Figure 1.
Model (3) has 9 kinetic parameters. Four of them are
kinetic parameters for cell growth, three kinetic param-
eters are related to cell maintenance, and two kinetic
parameters describe the substrate-to-biomass yield
and substrate-to-product yield. Additional parameters
are given for each specific growth rate according to
the kinetic model in Table 1. Here, the experimental
data in Figure 1 were extrapolated with 50 data points
to present the data smoothly (see Figure 2). Parameter
fitting was performed using an optimization procedure
which can be solved numerically.

The quality of the fit is assessed by minimizing the
norm of the simulated data and the experimental data.
It is defined as:

min,_, J(x,. X, p)=min_ ||x (t.p)=x 1 @

where x_ presents a state vector of the solutions
of el (3), x4 presents the experimental data vec-
tor, and p is the kinetic parameter vector that will
be estimated. The objective function J(x,,x,.p)
simply defines the least square error of the data
and the model solution with an Euclid norm. The
allowed parameter values p are those defined in
the domain

D={peRlp, <p<p,| (5)

Table 1. Specific growth rate models (1) for yeast cells

[20-22].
Monod Aiba Ghose and Tyagi
S S P
— ——exp|—K_P _
Ho K,+S Ho K, +S P(K,P) um[T P ]
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with lower bound p; and upper bound p,. Therefore,
solving the fitting problem is equal to minimizing the
objective function (4) under (5).

Some numerical methods can be applied for solving
this fitting problem. One of the simple methods is by
using nonlinear least squares data-fitting by the
Levenberg-Marquardt method [23]. This method is an
iterative algorithm that uses a series of calculations to
find the optimal solution. The objective function J is
reduced by moving toward the direction of the steep-
est descent. Since the updating solution is directed
either using the gradient descent or the Gauss-Newton,
this method is more robust and faster to converge
[24]. In this simulation, we applied this method for
solving the fitting problem and found the best param-
eter for approximating the experimental data pre-
sented in Figure 2.

Results
Fitting results and optimal parameters

n this section we present the estimation results for
the lgmetic model with different kinetic growth rate.
The estimated values of the kinetic parameters are
given in Table 1. The objective values are also pre-
sented in Table 1 to describe the closeness of model
solutions with the experimental data. Based on the
value of the objective function that should be mini-
mized, Monod kinetic growth gave the lowest objec-
tive value for the fermentation data. It had the smallest
error compared with the other kinetic models.
Furthermore, we compared the experimental data and
the model solution for xylose concentration. We found
that the three xylose models gave a good approxima-
tion and captured the experimental data correctly.
Although all three kinetic models approached the
xylose experimental data, the closest model was the
unstructured xylose model by Monod (Figure 3a). The

Concentration, giL

—#— Hylose 1
—&— Biomnass
—— Jylitol

A

s peseseseey

Fe

s T

Figure 2. Extrapolated data using 50 data points.
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model successfully described the data and almost coin-
cided at the last observation time. The second model
that gave a close fit to the xylose data was the kinetic
model by Aiba. Meanwhile, Tyagi's xylose model was
not very close to the data. For biomass concentration,

model by Monod still presented a good agreement
with the experimental data (Figure 3b). The model and
the data almost coincided at the beginning and up
to the middle of the time observation. Meanwhile,
even though the Aiba model was quite far from the
data, the model could describe the dynamic behaviour
of the data. In contrast the Tyagi model failed to fit
the data behaviour (Figure 3b).

For xylitol concentration, the comparison of the
xylitol data with its kinetic model solution revealed
different simulation results (Figure 3c). The kinetic
models approximated the trend of the data except for

See
45]- _
4]-- -
5
= 35| _
= H H H
5 3 + Expenmental Data |.....
g —a— Tyagi Madal
e o Monaod Model
3 S ——— Aiba Model
3 - -
150
1}
05
0 H H H

1] 0.5 1 1.5 2 25 3 35 4
Famaentation time {day)

(a)

the Monod model. The Monod model could fit the
behaviour of the experimental data at the beginning
of the observation time but it tended to move away
from the experimental data as the time advanced. It
is quite different from the xylose and biomass model.
In contrast to the Monod model, Aiba model could
describe the behaviour of the data and then coincided
with the data in the middle to the end of the obser-
vation time. So did the Tyagi model with a model
solution that was quite close to the experimental
xylose data.

Sensitivity of model parameters

Sensitivity analysis is presented to study the impact
of changing model parameters on new biomass pro-
duction and product yield. In model (1), there are

e I A B S
3 + Expermental Data | 7T A
—8— Tyagi Model
= 2.5f-- T Maonod Model i
e ——— Aiba Model
5 T T
B o2
2
3
g
S 1.5/
@
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o i i i i i : ;

] 0.5
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Figure 3. Comparison between experimental data and the model solution for: xylose concentration (a); biomass concentration

(b); and xylitol concentration (c).




several model parameters that affect the dynamics of
the model solution. Studying its sensitivity will help
us to measure the relative importance of model
parameters that affect the model’s transient behavior.
However, among these parameters, we focused on the
sensitivity analysis of the key parameters on the yeast
cell growth kinetics. Based on the estimation results,
the unstructured model using Monod kinetic growth
rate had the lowest objective function, meaning that
it successfully described the dynamics of the experi-
mental data. This result became the basis for selecting
the Monod kinetic growth parameters for further anal-
ysis. As seen in Table 1, there are two important
growth parameters that influence the Monod kinetics,
i.e. the maximum growth rate of the yeast cells u,
and the magnitude of substrate concentration for
which the growth rate will achieve a half-velocity con-
stant K, . It was interesting to analyze how sensitive
both growth parameters were with respect to the xyli-
tol production at the steady state condition. We
expected that the growth parameters could be
adjusted so that the productivity of yeast cells could
be increased. To this end, some sentivity analysis meth-
ods can be appplied such as the sensitivity method
that was presented in Kasbawati etal. [25]. Before
moving on to sensitivity analysis, we first defined a
function that represents the function rate of the xylitol
production that depends on these two growth param-
eters, namely

) \
Q(p, K, )=Y, ,ux[ —%J[ J[1 {”J m,P(t) (6)
By defining &, as the relative changes in the steady
state production of xylitol with respect to the changes
in the j-th parameter, have

. 000(0)

= =12 7
: Q[sa]asa ( }

where (0,,0,)=(n,.K;) and (X,5P)=(X,.5.F).
Symbols X,,5; and P, stand for the concentration of
cells, substrate and product, respectively, at the final
time of observation. Since the adjusted parameters

are u_and K_, then we have the perturbed specific
growth rate u, ie
L ®
H |um" 5 _lum p] K5[1+p2]+5f

Parameters p, and p, can be respectively consid-
ered as the percentage of increasing of both adjusted
parameters with 0<p, <1,i=1.2. By using the estima-
tion results in Table 2 for the Monod kinetics growth
rate, we obtained the sensitivity results depicted in
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Table 2. Optimal model parameters and the objective func-
tion values.

Kinetic models

Ghose and
Parameters Monod Aiba Tyagi
", ] 0.1449 10.8804 1.209
X (g/l) 0.2265 4.2064 4137
S. (gl 07929 4688 14.884
75 0] 18156 10,6267 8.459
Y. (gg™) 05125 06145 5.7631
Y, (ag™ 0.0155 0.1012 0.5974
m 0.0783 1.8104 1.8189
K, (g/L) 0.8356 14.5887 7.9631
K, (g/L) 03831 0.6483 2.8536
Objective function value (J) 0.0358 0.0589 0.0732

Figure 4. The sensitivity results showed that the max-
imum growth rate of yeast cells () had a very high
sensitivity level when compared to K_. There is a cer-
tain optimal change in the maximum growth rate with
respect to the cells and their products to achieve max-
imum production. Increasing the maximum growth
rate will not give a better result, since the greater the
cell growth rate is, the lower the production of fer-
mentation product will be. There exists a certain region
of regulation that can be adjusted such that both cell
and xylitol productions achieve maximum production.
The optimal regulation of p_ resided in the interval
of 0223<p, . <0233 (Figure 4a). This result could
also be observed in Figure 5a for biomass production
and Figure 5b for xylitol production when p,, increased
about 23%. On the other hand, changes in K, did not
significantly affect the cells and xylitol production. This
regulation tended to decrease the production does
not collocate well with concentration (see Figure 4b).
This behavior was also observed in Figure 6 where the
increase in K, had no effect on the changes in bio-
mass production and xylitol production.

Discussion

A kinetic model has been formulated that was able to
explain the mics of xylitol fermentation. The model
showed the relationship between the specific growth
rate of the yeast cells and xylose as the substrate. As
we can observe from Figure 3b, the growth of biomass
showed a sigmoid growth with a lag phase at the
beginning of its growth followed by an exponential
growth in the middle and then reached its growth
saturation level at the end of the fermentation time.
The number of yeast cells increased slowly at the
beginning which may be influenced by the limited
substrate concentration and some adjustments made
by the cells themselves to their new environment. It
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Figure 4. Relative changes in xylitol and biomass production with respect to the change in the maximal cell growth rate (a)
and the magnitude of substrate concentration for half of the maximum growth rate (b) when the final time of observation

was 2days of fermentation.

also indicated that the yeast cell was grown in its nat-
ural environment. This result was also observed in sev-
eral previous reports such as [14, 16, 18] where the
dynamics of cell growth followed a sigmoid growth
curve. Since the Monod kinetic gave the best approx-
imation for the experimental data, it suggested two
key parameters for the kinetics that should be taken
into consideration, i.e. the maximum cell growth rate
and the value of xylose that produced a half of the
maximum growth rate. Furthermore, some factors in
the kinetic model also had a significant effect on the
xylose fermentation system such as the level of product
and substrate inhibitions, and the cell maintenance
rate. As for xylose as a substrate, its concentration
decreased slowly during the initial fermentation. After
2h, the concentration decreased rapidly as yeast cell
growth increased exponentially. When the cells reached
their maximum concentration, the amount of substrate

consumption also started to saturate and converged
to a constant concentration of about 0.7g/l at the end
of the fermentation. It indicated that the substrate
concentration has not been completely exhausted. For
the xylitol data, we found that the kinetic model by
Monod could only mimic the experimental data behav-
ior with the norm that was quite large. The model with
the smallest error for approximating the xylose con-
centration was that of Aiba with a model solution that
was quite close to the xylose concentration data. These
results showed that some factors influence the growth
of the yeast cell and the )qase production. Inhibition
by substrate and product played an important role in
controlling the growth of these cells.

Sensitivity studies on the two main parameters
affecting Monod kinetics showed different results. The
maximum production of biomass and xylitol could be
achieved when the maximum specific growth rate of
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Figure 5. Dynamic observation of biomass production (a) a
(p, =~0.233).

yeast cells was increased by no more than 23% which
indicated that a small enough change in the maximum
cell growth rate could trigger the production of new
cells and the production of xylitol until it reached its
maximum saturation value. This small change also
accelerated the time to reach the maximum produc-
tion of biomass and xylitol as shown in Figure 5. While
a small change in the ‘half-velocity constant’ parameter
of Monod was not affected the steady-state production
or concentration of biomass andghe xylitol. When the
magnitude of the substrate for which the cell growth
rate achieved a half of the maximum growth was
increased, the product concentration changed slightly
(the changes almost were not observed). However,
there was an interesting result regarding the maximum
production of cells. There existed a certain time of
observation in which both products achieved a max-
imum production, i.e. more than 2h of fermentation.

(b)

nd xylitol production (b) when g is increased by about 23%

Therefore, increasing the maximum growth rate of
yeast cells would result in maximum production of
new cells and xylitol within a relatively short fermen-
tation time. While without intervention for the system,
the maximum production of both products could be
achieved with fermentation time which was higher
than the adjusted system.

Conclusions

An unstructured kinetic model was built to describe
the xylitol production using D. hansenii yeast cells.
The model took into consideration the inhibition
effects by the substrate and product. It also consid-
ered the maximal maintenance consumption for the
function of the yeast cells. Several well-known micro-
bial growth kinetics models were considered to find
the appropriate model for describing the batch xylitol
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Figure 6. Dynamic observation of biomass production (a) and xylitol production (b) when K.isincreased by about 23%

(p, ~0.233).

fermentation data. The mechanistic model successfully
predicted the experimental data of D. hansenii growth.
By an optimization procedure, we found that the
kinetic model with specific growth rate by Monod
was the best kinetic growth rate for predicting the
growth of the yeast cell. It was supported by the
smallest norm of the model solution and the exper-
imental data for the biomass concentration. The
Monod kinetics was the best kinetic model that suc-
cessfully approached the experimental data with a
relatively small accumulated error. A similar behavior
was found for the concentration of xylose as the sub-
strate in the fermentation process. The formulated
model successfully approximated the experimental

data of xylose concentration. Since the Monod was
the best kinetics to approach the experimental data,
the parameters that influence it were important
parameters to analyze the sensitivity level. The first
parameter was the maximum growth rate of the yeast
cells that had high sensitivity with respect to the bio-
mass and xylitol productions. While for the second
adjusted parameter, i.e. the value of xylose concen-
tration that produced a half of the maximum growth
rate, its changes did not significantly affect the
changes in xylitol and biomass production or concen-
tration. Therefore, the maximum growth rate param-
eter could be a candidate to be an adjusting parameter
in the experiment level. The results obtained will




provide a basis for a more comprehensive study to
optimize the productm of xylitol as the main product
in the fermentation process.
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