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Carotenes  such  as �-carotene  have  a positive  impact  in  human  health  as a  precursor  of vitamin  A. The
structural  complexity  of  these  compounds  makes  chemical  synthesis  a difficult  option,  facilitating  the
need  for  their  biological  production.  Reliable  mathematical  models  for batch  cultivation  are  developed
to  describe  the  glucose  consumption,  product  formation  and  depletion,  and  �-carotene  production  of
the  Saccharomyces  cerevisiae  strain  mutant  SM14  with  20 g/L  glucose  as the  carbon  source.  Parameter
estimation  for  the  models  employ  an  objective  function  minimizing  an  expression  that  uses  the  coefficient
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of  determination  R , which  avoids  the  necessity  of  weighting  or normalizing  the  equations.  Comparison
with  experimental  data  shows  that  the developed  models  show  a satisfactory  prediction  of  the  overflow
metabolism  that  is  happening  in the cell. Additionally,  local  and  global  sensitivity  analysis  of the models
with  respect  to  the  optimal  parameters  is  also  studied  and  further  show  that  the  models  developed  here
accurately  describe  trends  in the dynamic  states  of  the bioreactor  during  batch  fermentation.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Carotenoids, a diverse group of yellow-orange pigments found
n many biological systems, are produced by diverse organisms
uch as plants, fungi, and bacteria [1–3]. Because of its colored char-
cteristic, it has been extensively used in food pigmentation and as
onstituents in vitamins and dietary supplements [4–7]. Carotenes,
uch as �-carotene, have important biological roles as a precursor
f vitamin A. They have been shown to have positive impacts in
uman health, having antioxidant effects and properties protective
gainst cancer [8–11].

Presently, some carotenoids are industrially produced by syn-
hetic chemical technology; however some of the by-products
ave undesirable side effects when consumed and most of the
arotenoids such as �-carotene have a structural complexity that
akes the chemical synthesis an unviable option. For this reason,

he production of carotenoids from microbial sources has been the
ocus of vast literature references [4,12–15].
Overflow metabolism is the incomplete oxidation of the carbon
ource resulting in the excretion of generally inhibitory organic end
roducts during aerobic operations. This phenomenon, also called

∗ Corresponding author.
E-mail address: nazkarim@tamu.edu (M.N. Karim).

ttp://dx.doi.org/10.1016/j.bej.2016.07.004
369-703X/© 2016 Elsevier B.V. All rights reserved.
the “short-term Crabtree effect”, manifests usually at a high sub-
strate concentration [16,17]. Various microorganisms exhibit this
phenomena, examples of which include Saccharomyces cerevisiae
cultures with aerobic ethanol formation [18,19], Escherichia coli cul-
tures with aerobic acetate formation [20,21], or mammalian cell
cultures with aerobic lactate formation [22]. This inhibition effect
is undesirable in many processes and leads to complications when
trying to quantitatively describe these systems.

Mathematical models describing the kinetics of microbial
growth, substrate uptake and product formation are very useful for
optimization, process control, the reduction of process operating
costs, and the increase of product quality of cultivation processes.
In this context, kinetic models have been reported for yeast sys-
tems such as Xanthophyllomyces dendrorhous [23,24] but there are
very few studies dealing with appropriate modelling approach for
engineered S. cerevisiae strains, and more specifically those engi-
neered for the production of �-carotene. The aim of this work is
to develop a suitable and reliable kinetic model for the �-carotene
production in batch cultures of an engineered S. cerevisiae strain
using glucose as the main substrate. This model is also applied to
predict cell growth, substrate consumption, ethanol and acetic acid

formation and later assimilation. Furthermore, sensitivities of var-
ious model parameters were studied to elucidate the need to focus
on key model parameters.

dx.doi.org/10.1016/j.bej.2016.07.004
http://www.sciencedirect.com/science/journal/1369703X
http://www.elsevier.com/locate/bej
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bej.2016.07.004&domain=pdf
mailto:nazkarim@tamu.edu
dx.doi.org/10.1016/j.bej.2016.07.004
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Fig. 1. Effect of initial glucose concentration on overall carotenoid yield. Exper-
iments were done in YPD media with varying concentrations of glucose (20 g/L,
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Fig. 2. Overview of the metabolic pathways found in wild type S. cerevisiae.  The

YNB media and incubated for 24 h at 30 ◦C in a shaker at 200 rpm.
0  g/L, 60 g/L, 80 g/L and 100 g/L), were inoculated in a 1:60 ratio, and were grown
t  200 rpm and 30 ◦C for 110 h after innoculation to allow for complete use of glucose.

. Materials and methods

.1. Microorganism and culture media

An S. cerevisiae strain mutant SM14 engineered to produced �-
arotene was used in this study [25]. The yeast strain was stored in
rozen vials at −80 ◦C and in plates at 4 ◦C which were subcultured
very three weeks for maintenance. Experiments were conducted
o determine the optimal initial glucose loading for all experiments.

 single flask of 50 mL  YPD and 20 g/L glucose was inoculated with
 single colony and grown at 200 rpm and 30 ◦C overnight until
he exponential growth phase was reached. Using this culture,
PD media with varying concentrations of glucose (20 g/L, 40 g/L,
0 g/L, 80 g/L and 100 g/L) were inoculated in a 1:60 ratio that was

ntended for the bioreactor studies. These shake flask cultures were
rown at 200 rpm and 30 ◦C for 110 h after innoculation to allow for
omplete utilization of glucose. The beta-carotene concentrations
ere analyzed at the end of this time to determine the optimal ini-

ial glucose concentration that would yield the highest amount of
-carotene per gram of cells. Fig. 1 below shows the productivity

esults of these experiments.
The results in Fig. 1 show that an increase in initial glucose

oncentration shows an inverse relationship with the overall �-
arotene yield on a gram-dry-cell-weight basis. Based on these
esults, it was determined that 20 g/L was optimal initial glucose
oading. As such, all experiments were conducted with the cells
rown in fresh Yeast Nitrogen Base (YNB) media supplemented
ith 20 g/L d-glucose.

.2. Bioreactor cultivation studies

The bioreactor studies were carried out in a 7 L, glass, auto-
lavable bioreactor (Applikon®, Foster City, CA) with a 3 L working
olume. The bioreactor was inoculated with the entire seed cul-
ure. The temperature was set at 30 ◦C, pH was  maintained at

 by addition of 2 M HCL or 2 M NaOH as needed, the agitation
peed was kept constant at 800 rpm and the bioreactor was sup-
lied with a constant airflow of 6 L/min. These conditions were
ptimized experimentally by Olson [26]. All the bioreactor experi-
ents were performed in batch mode carried out in duplicate with

uration of 72 h, the time at which the acetic acid produced was

otally consumed. Substrate consumption and product formation
nd depletion were verified using the HPLC Agilent Technologies
290 Infinity with the use of the Aminex HPX-87H HPLC column.
key  enzymes for overflow metabolism are: pdh: pyruvate dehydrogenase com-
plex; pdc: pyruvate decarboxylase; adh: alcohol dehydrogenase; ald: acetaldehyde
dehydrogenase; acs: acetyl coa synthetase.

The S. cerevisiae SM14 culture presents the following charac-
teristics in a stirred-tank bioreactor with 20 g/L initial glucose.
Initially, ethanol and acetic acid are produced in the early stage
of the batch culture due the overflow metabolism. The production
of these metabolites starts with glycolysis, the metabolic pathway
where the six-carbon glucose molecule is broken down into two
three-carbon pyruvate molecules. At this level, cell respiration via
the mitochondrial pyruvate dehydrogenase complex (pdh) produc-
ing Acetyl-CoA competes with cytosolic pyruvate decarboxylase
(pdc) reducing it to acetaldehyde [27–30]. Once the acetaldehyde
is formed through the pyruvate decarboxylase activity, it may  feed
the tricarboxylic acid cycle (TCA), reducing the acetaldehyde via
acetaldehyde dehydrogenase (ald) to acetate and then producing
acetyl coenzyme A (Acetyl-CoA) through acetyl-CoA synthetase
(acs) [30,31]. Alternatively, acetaldehyde is reduced to ethanol
instead of being oxidized to carbon dioxide thru alcohol dehy-
drogenase (adh) [27], as shown in Fig. 2. When the glucose is
consumed, the ethanol present in the medium can be utilized via
aerobic metabolism and converted to Acetyl-CoA via acetaldehyde
and acetate, the pathway does not proceed via pyruvate. Similarly,
once the ethanol becomes exhausted the acetate can be consumed
[32].

The produced acetyl coenzyme A can be used in many different
biochemical reactions such as the mevalonate pathway shown in
Fig. 3. Beta-carotene is derived from the isopentenyl diphosphate
(IPP) and dimethylallyl diphosphate (DMAPP) which can be con-
densed into geranyl pyrophosphate (GPP), a C10 molecule, and is
then converted to the C15 molecule farnesyl pyrophosphate (FPP)
with the addition of an isoprene unit. The FPP is condensed into ger-
anylgeranyl pyrophosphate (GGPP), a C20 compound, catalyzed by
crtE. The �-carotene biosynthesis starts with the formation of the
C40 carotenoid phytoene, catalyzed by phytoene synthase (crtYB).
Isomerization and desaturation reactions allow the formation of
lycopene, which forms �-carotene [33–35]. These pathways, high-
lighted in red in Fig. 3 below, are not native and were introduced
to the genome recombinantly.

2.3. Inhibition studies

Experiments were performed to determine if the products
inhibit the growth rate of the S. cerevisiae SM14. The experiments
were done in a baffled Erlenmeyer flask containing with 50 mL  of
Cell growth was measured in terms of turbidity at 600 nm. To mea-
sure the inhibition effects of the products, e.g. ethanol and acetic
acid, experiments were run with 20 g/L of glucose and various con-
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Fig. 3. Mevalonate pathway genetically engineered via chromosomal integration
into the S. cerevisiae SM14 strain. The �-carotene synthesis pathway introduced
t
r
t

c
c
t
r
o

2

o
d
g
a

2

2

a
w

p

w
e

o  the genome recombinantly, is highlighted in red [33]. (For interpretation of the
eferences to color in this figure legend, the reader is referred to the web version of
his  article.)

entrations of the ethanol and acetic acid products. The ethanol
oncentration was varied from 0 to 70 g/L and the acetic acid from 0
o 10 g/L, as described in Maiorella et al. [36]. The maximum growth
ate was calculated for each experiment and plotted as a function
f the ethanol or acetic acid initial concentration.

.4. Analytical methods

Cell growth was monitored based on an increase in the OD600
f the culture. For the �-carotene quantification the cells were
isrupted using the method described by Reyes et al. [25]. The d-
lucose, ethanol and acetic acid concentrations in the media were
nalyzed by HPLC.

.5. Kinetic modeling strategy

.5.1. Kinetic model
In view of the characteristics of the system and based on liter-

ture, a model was proposed to describe the overflow metabolism
ith the depletion of ethanol and acetic acid.

As glucose, ethanol and acetic acid can be utilized for biomass
roduction, the cell growth rate can be represented by
dX

dt
= (�G + �E + �A)X (1)

here �G, �E and �A represent the specific growth rate on glucose,
thanol and acetic acid respectively. The Monod equation is the
ring Journal 114 (2016) 226–236

most common unstructured kinetic model for microbial growth,
which relates the microbial growth rate to a single limiting sub-
strate [36]. When the medium contains more than one carbon
source multiple lag phases may  be observed, caused by a shift
in metabolic pathways in the growth cycle, a phenomenon called
“diauxic growth” by Monod [38]. For mixed substrates, the model
requires a modification as described by Yoon et al.

� = �G + �E + �A (2)

�G =
(

�max,G · �E · �A · G

KSG + G + ageE + agaA

)
(3a)

�E =
(

�max,EE

KSE + E + aegG + aeaA

)
(3b)

�A =
(

�max,AA

KSA + A + aagG + aaeE

)
(3c)

where aij represents the inhibition effect of the jth substrate on
the utilization of the ith substrate by the organism [39]. If aij = 1,
the jth substrate has the same inhibition effect as the ith substrate
itself on the ith substrate utilization. If aij > 1, the jth substrate has
inhibition on the ith substrate utilization. If aij is much greater than
1, the jth substrate has a repression effect on the utilization of the
ith substrate by the microorganism. �max,G , �max,E , and �max,A are
the maximum specific growth rates on glucose, ethanol and acetic
acid, respectively. The variables G, E and A are the glucose, ethanol
and acetic acid concentrations. The variables �E and �A are added
to �max,G to account for any effect of ethanol or acetic acid inhi-
bition on the glucose growth rate. These variables are functions of
the ethanol and acetic acid concentration, respectively, whose func-
tionalities are determined using the inhibition studies discussed in
Section 2.3.

The mass balance for substrate governs the production of
biomass. The energy requirement for cellular maintenance is very
small relative to that of growth [24], and for that reason it is
neglected in the mass balance calculations. Then, the glucose con-
sumption rate is given by Eq. (4), where YX/G is the biomass yield
coefficient on glucose.

dG

dt
= −�GX

YX/G
(4)

The ethanol production from fermentative catabolism of glucose
occurs during the exponential growth phase and is growth associ-
ated [37,40], hence ethanol formation is related to the yeast growth
on glucose, shown by the first term of Eq. (5). The second term rep-
resents the amount of ethanol that is consumed by the yeast cells,
where YX/E is the biomass yield coefficient on ethanol.

dE

dt
= k1�GX − �EX

YX/E
(5)

Similarly, the acetic acid model takes into account the amount
produced by the consumption of glucose and ethanol as well as the
acetic acid consumed by the yeast cells, where YX/A is the biomass
yield coefficient on acetic acid. We  assumed that the acetic acid
formation occurred in the growth phase of the cells.

dA

dt
= (k2�G + k3�E) X − �AX

YX/A
(6)

Carotenoid production in X. dendrorhous yeast cultures is
partially growth associated, occurring in both the growth and sta-
tionary phase [40]. As the genes incorporated into the S. cerevisiae

SM14 strain of interest came from an X. dendrorhous strain, it
is assumed that the recombinant yeast would follow the same
behavior. Therefore, �-carotene production can be related to cell
growth and biomass concentration by the Luedeking-Piret equation
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iven in Eq. (7), where ˛i represents the coefficients for growth-
ssociated product formation related to the yeast growth on
ach substrate, and � is the coefficient for non-growth-associated
arotenoid production [42].

dP

dt
= (˛1�G + ˛2�E + ˛3�A) X + ˇX (7)

.5.2. Parameter estimation
In the previous section we have developed five dynamic model

quations for cell growth (Eq. (1)), substrate consumption (Eq. (4)),
thanol and acetic acid formation and depletion (Eqs. (5) and (6))
nd �-carotene production (Eq. (7)). This section will explain how
he parameters of these model equations were estimated from
xperimental data. The parameter estimation is done in two steps,
rst to determine the optimal parameters in the growth rate equa-
ions and then to find the optimal parameters in the dynamic model
quations using the determined growth rate parameters. Values
sed to initialize the two parameter estimation algorithms were
elected from literature for the growth of S. cerevisiae and X. den-
rorhous [24,41,43].

The data used in estimating the parameters of the model were
ltered using a cubic smoothing spline method, a piecewise func-
ion that has a high degree of “smoothness”, available in Matlab
44]. From the batch cultivation data, we can distinguish three dif-
erent growth rates related to the substrate that is being consumed
t any particular moment in the cultivation. The specific growth
ate expression is a generalized Monod model for the growth of an
rganism on mixed substrates (Eqs. (2) and (3)). Specific growth
ate � was calculated as

 =
ln

(
x2
x1

)
t2 − t1

(8)

With the collected data and the developed parameter estimation
lgorithm, the optimal parameters were estimated for the specific
rowth rate. The objective function used is the sum of squared
rrors (SSE) between the known data and model predictions and
ses the Matlab fmincon function.

To estimate the parameters of the dynamic mass balance equa-
ions, we propose the use of an expression that minimizes the
oefficient of determination, R2, as the objective function. The R2 is

 value that ranges from zero to unity and indicates the “goodness”
f the fit between the model and the data. Using this value, the
bjective function avoids the necessity of weighting the equations,

 common method found in the literature due to the order of mag-
itude difference in the expected concentrations of carotenoids
ersus the other products [24].

Knowing that the best R2 value for each curve to be unity, the
bjective function for the second optimization is shown in Eq. (9),

J = ∂f

∂y
=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

∂f1
∂y1

∂f2
∂y1

∂f1
∂y2

∂f2
∂y2

· · ·

∂f1
∂yn

∂f2
∂yn

...
. . .

...

∂fn
∂y1

∂fn
∂y2

· · · ∂fn
∂yn

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

, S = ∂y

∂pj

=

here the coefficient of determination was calculated for each vari-
ble of the system.

in  Z = 5 −
(

R2
p + R2

x + R2
s + R2

e + R2
a

)
(9)
ring Journal 114 (2016) 226–236 229

Eq. (10) shows how each R2 value is calculated, where the sum
of the square error (SSE) is given by Eq. (11), �2

i
being the squared

difference between the data value and the predicted value at a
given time point. Eq. (12) represents the total of sum squares (SST)
which is the difference between the value to be predicted and the
arithmetic mean of the observed data.

R2 = 1
m

m∑
j=1

(
1 − SSE

SST

)
(10)

SSE =
n∑

i=1

�2
i (11)

SST =
n∑

i=1

(yi − ȳ)2 (12)

The constraints of this optimization problem are the 5 dynamic
mass balances describing the concentration of each component
in the system. This programming problem is solved by setting
the parameters optimized in the growth rate equations and using
an iterative looping method that passes between the fmincon
algorithm and ode45 algorithm found in Matlab to estimate the
remaining parameters. Fig. 4 summarizes the steps that the param-
eter estimation algorithm takes to calculate the optimal value for
the differential equations that describes our system.

2.5.3. Local sensitivity analysis – direct differential method
Local sensitivity analysis is the analysis of the output of a set of

models with respect to small perturbations in the model parame-
ters or initial conditions. One of the most widely used methods for
doing this analysis is the calculation of sensitivity indices, S, via the
direct differential method. Calculation of these sensitivity indices
requires the development of differential equations of the sensitivity
index, shown in Eq. (13), which include calculations of the Jacobian
matrix of the system as well as the derivative of each model with
respect to the parameter or initial condition of interest [45]. The
definition of the Jacobian matrix J, sensitivity index vector S, and
vector of function-parameter derivatives Fj is shown in Eq. (14).
This results in a large scale system of differential equations which
need to be solved simultaneously with the initial conditions shown
in Eq. (15).

d

dt

∂y

∂pj

= ∂f

∂y

∂y

∂pj

+ ∂f

∂pj

= J∗Sj + Fj (13)

,j

,j

. .

,j

⎤
⎥⎥⎥⎥⎦ , F j = ∂f

∂pj

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

∂f1
∂pj

∂f2
∂pj

. . .

∂fn
∂pj

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

(14)

Att = 0, s
(

yn, yi
n

)
= 1; s

(
yn, pj

)
= 0; s

(
yn, yi

n±1

)
= 0 (15)

The kinetic models used to describe the carotenoid production
by S. cerevisiae SM14 above consist of 5 ordinary differential equa-
tions, 5 initial conditions, and 10 variables of interest. To implement
the direct differential method described above, equations were

developed for 75 total sensitivity indices. These equations were
solved simultaneously and the results were analyzed to determine
the parameters most important to each model equation when small
perturbations are considered.
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Fig. 4. Optimization scheme used to determine

.5.4. Global sensitivity analysis – ANOVA method
While local sensitivity analysis looks at the sensitivity of a solu-

ion in a close proximity to the optimal solution, it is also worth
nalyzing the sensitivity of the models for the full range of pos-
ible parameter values. For this, global sensitivity analysis can be
sed, which instead of considering only small perturbations in one
arameter at a time focuses on parameter variations over the entire
ossible parameter space. In addition, global sensitivity indices can
xamine the combined effect of multiple parameters on the model
olutions. Unlike local sensitivity analysis, which considers the sen-
itivity of the model subject to the nominal optimal parameters, the
lobal sensitivity analysis considers the sensitivity of the model
ver the entire feasible space of the parameters. Consequently, the
alculated global sensitivity indices allow the study of the mathe-
atical model rather than a specific solution.
The method used for calculating the global sensitivity index

elies upon stochastic variations of parameters. The method uses
 normally distributed search of the parameter space and subse-
uent analysis of the variance (ANOVA) in the model outputs [46].
his is called the ANOVA method and utilizes a Monte Carlo search
ethod to produce a large number (2N > 10,  000) of parameter

nputs (�).

j =
(

�j
1, . . .,  �j

2N

)

The large number of sample points is then split into two matrices
f equal size, denoted by �j and �′

j
below. These two  matrices will
e the basis for the calculation of the global sensitivity indices.

j =
(

�j
1, . . .,  �j

N

)
=

(
�j, 	j

)

ptimal parameters of the batch kinetic model.

�′
j =

(
�j

N+1, . . .,  �j
2N

)
=

(
�′

j, 	′
j

)
To begin the algorithm, the rows belonging to the individ-

ual variable or combination of variables of interest are swapped
between the matrices �j and �′

j
, as shown below.

�∗
j

=
(

�j, 	′
j

)
�′∗

j
=

(
�′

j
, 	j

)

The equations are solved with each parameter set found in the

matrices �j and �∗
j
, and are given by f

(
�j

)
and f

(
�∗

j

)
in Eqs. (16)

through (18). Using the model outputs it is possible to calculate
their variances with respect to the original data set, the set of vari-
ables of interest, denoted byy, and the set of all other parameters,
denoted by z, using Eqs. (16) through (19).

1
N

N∑
j=1

f
(

�j

) P→f 2
0 (16)

1
N

N∑
j=1

f 2
(

�j

) P→D + f 2
0 (17)

1
2N

N∑
j=1

[
f
(

�j

)
− f

(
�∗

j

)]2 P→Dtot
z (18)

tot
Dy = D − Dz (19)

With the variances known it is possible to calculate two global
sensitivity indices for the variable set of interest. This is done by
using Eqs. (20) and (21). The first global sensitivity index, Sy, is a
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F oncentration and carotenoids production in batch cultures of S. cerevisiae with (a) 20 g/L
i d twice, with samples taken in duplicate for each.

m
s
s
e
s
S
i
t
T
f
c

S

S

u
m
m

1

2

3

ig. 5. Time courses of cell growth, glucose consumption, ethanol and acetic acid c
nitial  glucose and (b) 90 g/L glucose. Experiments with 20 g/L glucose were repeate

easure of the sensitivity of the model with respect to only the
ingle variable of interest. For example, SG,YXG

would denote the
ensitivity of the glucose model with respect to only the YXG param-
ter. The second sensitivity index, Stot

Y , is the measure of the total
ensitivity that a model has to a parameter y. Unlike the first index,
y, this second index also accounts for the variance associated with
nteractions between all parameters and the parameter of interest,
hus accounting for the total variance associated with parameter y.
o contrast with SG,YXG

, the sensitivity index Stot
G,YXG

would account
or the sensitivity of not only SG,YXG

but also of the sensitivity of any
ombination of parameters combined with YXG .

y = Dy

D
(20)

tot
y = Dtot

y

D
(21)

These sensitivity indices can have values between zero and
nity. While intermediate values of these are not necessarily infor-
ative, there are a few extreme cases which can divulge how the
odel and parameters interact [47]:

. If Sy = Stot
y , the variable of interest is not involved in any interac-

tion with other input factors.

. If Sy = Stot

y = 0, the model does not depend on the variable of
interest.

. If Sy = Stot
y = 1, the model depends only on the variable of inter-

est.
Fig. 6. The dissolved oxygen profile for a batch culture of S. cerevisiae with 20 g/L
initial glucose.

3. Results and discussion

3.1. Bioreactor cultivation results

Fig. 5a shows the batch culture profiles of the cell growth,
�-carotene production, ethanol and acetic acid production and sub-
sequent consumption, and glucose consumption of S. cerevisiae
SM14 in a stirred-tank bioreactor with 20 g/L initial glucose. Fig. 6
shows the time profile for the dissolved oxygen content in the

bioreactor as a percentage of the saturation value, which remains
above 70% for the duration of the experiments. The yeast exhibited
an exponential growth period in the initial 24 h, until the glucose
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Table 1
Optimal parameter estimates for the batch kinetic models.

Parameter Value Units Parameter Value Units

�max,G 0.2516 h−1 aAE 1.0031 g Cell
g Ethanol

KSG 0.4137 gGlucoseL−1 YXG 0.1855 g Cell
g Glucose

�max,E 0.0218 h−1 YXE 0.3637 g Cell
g Ethanol

KSE 0.5618 gEthanolL−1 YXA 1.0163 g Cell
g Acetic Acid

�max,A 0.0182 h−1 ˛1 0.7545 mg Product
g Glucose

KSA 0.4506 gAcetic AcidL−1 ˛2 13.9280 mg Product
g Ethanol

aGE 1.2964 ˛3 1.1089 mg Product
g Acetic acid

aGA 1.0318  ̌ 0.2804 mg Product
g Cell·hr

aEG 1.0636 k1 1.7300 g Ethanol
g Cell
32 M.C. Ordoñez et al. / Biochemical E

as exhausted and the ethanol had reached its maximum concen-
ration of 5.42 g/L. After glucose depletion, ethanol was utilized
s a carbon source, resulting in ethanol depletion and an acetic
cid peak concentration of 1.19 g/L at 50 h. After this time, the
cetic acid was consumed. After 24 h, the yeast presented a slow
rowth period to reach a maximum biomass density of 7.9 g/L. Beta-
arotene production started in the early exponential growth phase
nd continued throughout the cultivation period. The �-carotene
roduction increased markedly when consuming the subproducts,
eaching nearly 120 mg/L at the end of a 72 h cultivation period.

Fig. 5b shows the batch culture profiles with the initial glucose
aised to 90 g/L. When compared to Fig. 5a the same trends are seen
ith regard to each component in the system. In addition, it can

e noted that the �-carotene yield is comparable, 15.2 mg  L−1 h−1

hen charged with 20 g/L versus 15.4 mg  L−1 h−1 when 90 g/L is
sed. These results are similar to those shown in Fig. 1, where flask
xperiments show similar yields in the 20 g/L and 100 g/L initial
lucose cases. However, when comparing the productivities of the
wo systems, it can be seen that an increase in initial substrate
oncentration leads to a longer initial lag phase, a result shown
n literature for various biochemical systems [48,49]. These longer
ultivation times lead to a drop in the process productivity, 1.67
or the 20 g/L system versus 0.90 for the 90 g/L system, and thus an
ncrease in initial substrate is not suitable for economically practical
ommercial implementation.

.2. Inhibition studies

The performed experiments reveal that the substrate concentra-
ions studied did not present any inhibition effect in the strain as
he maximum growth rate remained roughly constant up to glucose
oncentrations of 200 g/L (data not shown). The effect of ethanol
nhibition in the S. cerevisiae SM14 can be observed in Fig. 7a,

here inhibition is seen for amounts of ethanol as low as 4.5 g/L.
he growth rate is drastically affected with ethanol concentration
igher than 30 g/L and completely inhibits the growth of the cells
t 65 g/L. The acetic acid study is shown in Fig. 7b, which illustrates
hat cell growth is affected at low concentrations of acetic acid,
quivalent to 2 g/L. At 8.6 g/L cell growth is completely inhibited by
cetic acid.

Using these data, it is possible to determine a normalized func-
ional form for the inhibition effect of ethanol (�E) and acetic acid
�A) on the growth rate of S. cerevisiae SM14 on glucose. It has been
hown in literature that equations such as that shown in Eq. (22)
ave been used to fit cellular growth inhibition, where the toxic-

ty parameter � is commonly found to be unity and the Ecrit is the
ritical ethanol threshold beyond which there is no observable cell
rowth [50–52].

obs = �max

(
1 − E

Ecrit

)�

(22)

For this work it was determined that this linear system would
ot accurately model the inhibition effects of ethanol and acetic
cid due to their nonlinear behavior. The functions of ethanol and
cetic acid inhibition used in this work were chosen as an extension
f these linear models to higher order polynomial models of their
espective concentration, as shown by Eqs. (23) and (24), to try and
apture the nonlinearity of the inhibition data. The fits given by
hese models are shown as the red lines in Fig. 7a for ethanol and
ig. 7b for acetic acid, respectively.

E = 1 − 4.1 × 10−6 · E3 + 1.4 × 10−4 · E2 − 9.1 × 10−3 · E (23)
A = 1 − 0.011 · A2 − 0.021 · A (24)

The maximum concentration of ethanol and acetic acid found
n the bioreactor during cultivation was 5.4 g/L and 1.2 g/L, respec-
aEA 1.0058 k2 0.0936 g Acetic Acid
g  Cell

aAG 1.0000 k3 0.2937 g Acetic Acid
g  Cell

tively. Based on the inhibition studies, we can determine that the
ethanol reduces the maximum glucose growth rate by approxi-
mately 6.5% and the acetic acid inhibition results in a decrease of
about 5.7%.

3.3. Parameter estimation

The developed kinetic model equations (Eqs. (1) through (7))
contain a total of 22 model parameters, all of which were estimated
by using the previously described parameter estimation algorithm
and the batch culture time profiles are shown in Fig. 8. The values
of the optimal parameters obtained from the parameter estimation
are compiled in Table 1. The model simulation provided the coeffi-
cients of determination for each variable of R2

X =0.989, R2
G =0.998,

R2
P =0.993, R2

E =0.995 and R2
A =0.807; these R2 values show that

the predictive model can represent the experimental data with
high accuracy. It is useful to note that the model predicts only pro-
duction of carotenoids to be non-growth associated during glucose
utilization and highly growth associated during ethanol utilization,
as seen by the parameter ˛1 being zero and ˛2 being two orders of
magnitude larger than � at the optimal solution.

3.4. Local sensitivity analysis

The effect of each parameter and the initial values of the state
variables was  calculated and plotted as shown in Fig. 9. Fig. 9a illus-
trates the sensitivity of the variables with respect to Yxg . The glucose
shows a high sensitivity during the time period it is used in the cul-
tivation and then the sensitivity decreases to zero. The minimum
and maximum values of glucose sensitivity are 0 and 60. Then, we
can say that the local sensitivity of the glucose with respect to the
parameter Yxg is 0 < Slocal < 60. The same analysis was  done for all
the inputs and results are summarized Table 2. Fig. 9b presents the
effect of the initial condition of the ethanol on the profiles of the
state variables, where the negative sensitivity values represent an
inhibitory effect.

In Table 2, we  highlight the inhibitory effects captured by the
model at the optimal values when changes in ethanol and acetic
acid initial conditions are made. The predicted final value of the �-
carotene shows a high sensitivity for small changes in the values of
Yxg , Yxe, or initial biomass concentration Gi. Changes in the param-
eters governing the biomass production from glucose and ethanol
would be expected to have an effect on the carotenoid production
as it is an intracellular product (highlighted in pink in Table 2). The
parameter �, symbolizing the non-growth associated carotenoid
production, is a very influential variable in the prediction of �-

carotene production, so small changes in this parameter lead to
a larger effect on the carotenoid estimates, as seen by the elevated
sensitivity index for the product. Other state variables are affected
by parameter changes to a much smaller degree, most notably the
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Fig. 7. The inhibition effect of (a) ethanol and (b) acetic acid sub-products on the growth rate of S. cerevisiae SM14 on glucose. Experimental data is represented by the
markers and the obtained fit is denoted by the continuous red line. (For interpretation of the references to color in this figure legend, the reader is referred to the web  version
of  this article.)

Fig. 8. Time profiles and curves of best fit for the cell growth, glucose consumption, ethanol and acetic acid concentration and carotenoids production in batch cultures of S.
cerevisiae with 20 g/L initial glucose. Cultivation data are represented by the markers and the optimal fit by the solid lines.
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ig. 9. Local sensitivity analysis of the models at the optimal solution for the (a) glu

ensitivity of biomass, glucose and ethanol with respect to the YXG

arameter (highlighted in orange in Table 2) and the biomass and
thanol with respect to the initial biomass inoculum Xi (highlighted
n green in Table 2).
.5. Global sensitivity analysis

Fig. 10 shows the relevant results from the global sensitivity
nalysis. In Fig. 10a we show that the global

(
Sy

)
and total

(
Stot

y

)

ield with respect to biomass (YXG) and (b) the initial concentration of ethanol (Ei).

sensitivity indices of all variables concerning biomass production
were identical, thus we conclude that the variance in this model is
not associated with any interaction between variables at any time.
During the first 9 h, the biomass model is only influenced by the
k1 parameter representing the ethanol formation during glucose

consumption. Between 9 and 25 h, the time pertaining to glucose
consumption and ethanol and biomass production, the variance in
the model outputs are due to both k1 and Yxg . After 50 h the Yxe
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Table 2
Minimum and maximum local sensitivity index values for each process variable with respect to all parameters and initial conditions. (For interpretation of the references to
color  in the text, the reader is referred to the web version of this article.)

Fig. 10. Global sensitivity analysis of the (a) biomass, (b) ethanol, (c) carotenoids, (d) acetic acid, and (e) glucose models.
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arameter begins to affect the variance in the biomass model as it
s associated with ethanol consumption.

Ethanol formation and glucose consumption are related by the
arameter k1, leading to the only source of variance in the ethanol
odel during the time of ethanol production on glucose, as shown

n Fig. 10b. Later, the ethanol is being consumed to form biomass
nd acetic acid, and the model variance begins to depend on the
ield of biomass on glucose, Yxg , the yield of biomass on ethanol,
xe, as well as the coefficients k1 and k3. At the end of the cultivation,
nteraction effects between k1 and Yxe are present, as seen in the
ivergence of the total global sensitivity from the individual global
ensitivity.

The main source of variance in the �-carotene model through
he first 16 h of the process was a result of the � parameter. As the
ultivation progresses, the variance of the model shifts to depend
n both � and Yxg . The biomass formation is directly related with
he substrate consumption, which is expressed in the models by
he parameter Yxg . The amount of �-carotene is then related to the
mount of biomass through the non-growth association parameter
. Due to these interactions, after 16 h it is intuitive that these two
arameters would play an important role in the model variance.
dditionally, it can be seen that these two related parameters do
ot have any interaction effects on the model variance, as shown

n Fig. 10c.
The global sensitivity analysis of acetic acid is shown in Fig. 10d.

he acetic acid is present in the cultivation in small amounts com-
ared to other variables and it is also affected by glucose, ethanol
nd biomass; this is reflected on the global sensitivity analysis
esults for acetic acid. Initially the variance in the model is due
nly to parameter k2, which represents the acetic acid formation by
lucose consumption. Later, the model variance is affected by the
arameters associated with glucose and ethanol yield with respect
o biomass (Yxg, Yxe), ethanol formation (k2), and acetic acid for-

ation due the ethanol depletion (k3). The total sensitivity index
epresents the same global sensitivity effect on the acetic acid as
he variables did; therefore we determine that the variance in the
cetic acid model does not represent interaction with the related
ariables at any time.

The glucose model variance can be seen in Fig. 10e and shows
esults from the variance in the first 9 h depend on the yield of
iomass on glucose, Yxg , which is due the biomass formation during
his period of the cultivation. Later, the variance of the model is
ue to both Yxg and k1; this is because of ethanol formation and
uring this time the global sensitivity shows the same effect as the
otal sensitivity. After the glucose is consumed, the total sensitivity
iffers from the global sensitivity, thus we conclude that the glucose
odel represents accurate information regarding interaction with

he related variables.
The remaining variables Yxa, ˛1, ˛2 and ˛3 did not show any

ffect on the variance in the model predictions.

. Conclusions

This study develops models and estimates the parameters nec-
ssary for accurately describing the growth of S. cerevisiae SM14 and
he resulting product profiles, specifically glucose, ethanol, acetic
cid, and �-carotene. Results indicate that the proposed model
nd estimated parameters are sufficient for describing the growth
ith glucose consumption and subproducts formation and deple-

ion in batch cultures of S. cerevisiae SM14. Additionally, utilization

f the coefficient of determination R2 in the objective function pro-
ides a reliable optimal solution for parameter estimation of the
odel equations. It avoids the normalization of the equations or

he weighting of them.

[

[

ring Journal 114 (2016) 226–236 235

The local sensitivity analysis reflects the inhibition effect of
the ethanol and acetic acid concentration in the system and also
indicates for which parameters we  must have accurate parameter
estimation in order to develop a suitable description of the cultiva-
tion process. Global sensitivity analysis gives an understanding of
the mathematical models in all the input space. The results show
appropriate connections between the model variance, parameters
of study, and characteristics of the cultivation process.

The methods presented here have a much wider application
than the single case study of �-carotene production from genet-
ically altered S. cerevisiae.  Modified versions of these models and
methods can be applied to any biological system for which there
is a set of sub-products that experience generation and depletion
through the course of a single batch fermentation. Additionally, the
models described for this specific case study can be used in future
optimization and controls studies, including applications in fed-
batch and continuous production processes. Finally, knowledge of
the S. cerevisiae kinetics is the first step toward the analysis large-
scale production for which the economic impact of biologically
produced nutraceuticals can be ascertained.
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