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Abstract: Trehalose is a reserve carbohydrate, which occurs naturally in yeast and acts
as a stress protectant for cells. Due to its features, trehalose is used in many industries
(food, biopharmaceuticals, cosmetics). Its production/accumulation may be triggered and
enhanced by the culture operating conditions, among which the feed flow rate and the start
of the starvation period play the most important role. This paper presents a simulation
study based on a novel model validated with experimental data, highlighting the interplay
between trehalose maximization and biomass maximization. Several single-objective and multi-
objective constrained optimization problems are solved using the control vector parameterization
approach. It is shown that maximizing either the trehalose concentration or the biomass
amount leads to solutions which are not appealing in practice. The best solution is obtained by
maximizing trehalose concentration with a lower bound on the biomass amount. A comparison
of the optimal solution to experimental data reveals that, although approximately the same
amount of biomass can be obtained with different feeding profiles and starvation times, the
maximization of trehalose concentration requires feeding most of the culture medium in the
first part of the experiment while starting the nitrogen starvation at an early stage.
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control vector parameterization, stress protectant

1. INTRODUCTION

Trehalose is a disaccharide formed of two glucose molecules
which is naturally synthesized within yeasts as well as
insects and plants. Over the years, this sugar drew the
attention of several industries such as the agro-food, the
pharmaceutical and the cosmetics industries (Ohtake and
Wang, 2011).

In the baker’s yeast industry, understanding and control-
ling Saccharomyces cerevisae’s intracellular accumulation
of trehalose has become of utmost importance. During
the various phases leading to dry yeast, the yeast cells
are facing several stresses linked to the culture medium
(hypertonicity, potentially toxic levels of ethanol) and to
the mechanical process (yeast drying) leading to increased
mortality rates. Moreover, the dried cells must survive the
conservation time span and still recover their metabolic
activities once they are activated by the baker. The in-
tracellular accumulation of trehalose in yeast has been
proven to be of crucial importance for cells resistance
to various stresses. Not only is trehalose a carbon and

⋆ This research has been funded by the Wallonia Region (SPW
Recherche) and supported by Wagralim, the agri-food innovation
cluster in Wallonia Region, within the framework of the WA-SuNuP
project.

energy reserve, but it also helps maintaining the structural
integrity of the cell in stressful conditions generated by the
cell’s environment (Tapia and Koshland, 2014; Saini et al.,
2018). Trehalose is, therefore, often referred to as a stress
protectant. In fact, Wiemken (1990) argues that trehalose
is more a stress protectant rather than a carbohydrate
reserve.

Industrial production of S. cerevisiae is usually performed
in fed-batch bioreactors. However, the art of selecting
the best culture conditions to optimize the quantity and
quality of commercial baker’s yeast is not an easy task
and generally results in a long and tedious trial and er-
ror process. This can be overcome by performing model-
based process optimization (Richelle and Bogaerts, 2014;
Mahmoodi and Nassireslami, 2021). Models simulating the
growth of S. cerevisiae include generally the growth of cells
on glucose and the overflow metabolism (Sonnleitner and
Käppeli, 1986). Models predicting trehalose accumulation
in yeast are scarce, hence, model-based optimization stud-
ies regarding trehalose accumulation are not available.

On the contrary, maximizing the amount of cells at the
end of the culture, while minimizing the amount of ethanol
seems to be the most common criterion for optimization
of yeast cultures. Numerous studies have been published,
which consider the control or optimization of the culture



conditions in view of improving the quantity and quality
of biomass. Depending on the approach employed, these
studies can be roughly classified in three groups: i) direct
optimization using dynamic programming (Berber et al.,
1998), genetic algorithms (Yüzgeç et al., 2009), control
vector parameterization (Atasoy et al., 2013); ii) control
of ethanol concentration at a critical level (Valentinotti
et al., 2003; Renard et al., 2006); iii) control/maximization
of biomass growth rate (Picó et al., 2009).

In view of trehalose importance for various industries,
maximization of trehalose accumulation during the growth
of S.cerevisiae is a sensitive and worth investigating re-
search topic, with high impact. This paper presents a
simulation study, which aims to highlight the interplay
between the maximization of trehalose accumulation in
yeast and the maximization of biomass, which represents
also an important technological optimization problem. The
study is performed based on a recent model identified from
experimental data of S.cerevisiae fed-batch cultures (Huet
et al., 2022), which extends the previously proposed model
of yeast growth with coordinated uptake of glucose and
ammonium (Richelle et al., 2014) to account for storage
and mobilization of trehalose. The paper is organized as
follows. Section 2 describes the process and introduces the
macroscopic reaction scheme employed in the modeling.
Section 3 details the macroscopic dynamical model (Huet
et al., 2022) used in this study. The model-based optimiza-
tion is discussed in Section 4, starting with the introduc-
tion of the control vector parameterization approach em-
ployed and detailing the investigated optimization prob-
lems. Conclusions are drawn in Section 5.

2. PROCESS DESCRIPTION AND MACROSCOPIC
REACTION SCHEME

High yeast cell densities are achieved in a bioreactor op-
erated in fed-batch mode, where nutrients are supplied
continuously, while the produced cells, unused nutrients
and conversion products are not removed before the end
of the operation. The most common model used to de-
scribe yeast growth assumes that the cells need only a
carbon source (typically glucose) for growth and includes
the overflow metabolism as described by Sonnleitner and
Käppeli (1986) to account for the Crabtree effect. How-
ever, aside the carbon source a nitrogen source (ammo-
nium) is also required as nitrogen plays an important role
in microorganisms growth and the activation of the cellular
metabolism, since it is a main component of proteins and
nucleic acids. Hence, the model employed in this work
considers the coordinated uptake of glucose and ammo-
nium and characterizes the storage and mobilization of
trehalose. In fully aerobic conditions, the model relies on
the reaction network (Richelle et al., 2014; Huet et al.,
2022)

G
r1−→ k1X

G
r2−→ k2X + k4E + k7A

E
r3−→ k3X (1)
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where X, G, N , E, A, Gint and T respectively denote
the biomass, extracellular glucose, ammonium, ethanol,

intracellular α-ketoglutarate, intracellular glucose and
intracellular trehalose. k1 . . . k8 represent the pseudo-
stoichiometric coefficients. The reactions included in the
network (1) express: i) biomass growth on glucose through
respiration; ii) biomass growth on glucose through fer-
mentation, with ethanol production and α-ketoglutarate
accumulation; iii) biomass growth on ethanol through
respiration, which is only possible if the global glucose
uptake is inferior to the maximum respiratory capacity
and occurs only in the presence of ethanol; iv) formation of
biomass on ammonium as well as coordinated consumption
of α-ketoglutarate, therefore boosting the fermentation
as α-ketoglutarate is considered an inhibitor of the fer-
mentation; v) storage of trehalose by consumption of the
intracellular glucose and trehalose mobilization as release
of the intracellular glucose.

3. MACROSCOPIC DYNAMICAL MODEL

The system dynamics are described by the mass balance
equations
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where X, G, N , E are volumetric concentrations (g/L)
of, respectively, biomass, external glucose, ammonium
and ethanol, A is the intracellular concentration of α-
ketoglutarate (g/gX), F is the feed flow rate, V is the
culture volume, Gin and N in are, respectively, the glucose
concentration and ammonium concentration in the feed,
and T (g/L) is the product between the intracellular
trehalose concentration and biomass concentration. ri,
i = 1 . . . 4, are the reaction rates. The specific rate of
respiration, the glucose uptake rate and ammonium uptake
rate are given by
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while the overflow metabolism is expressed similarly as
in (Sonnleitner and Käppeli, 1986) through the kinetic
rates

r1 = min (rG, rO)

r2 = max (0, rG − rO) (4)
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E
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The storage and mobilization of trehalose are described by
the kinetic rates

rsT = µsTmax · rG (t− τs) ·
KIsN

N +KIsN
(5)

rmT = µmTmax · r3 (t− τm) · T

T +KmT

which exhibit a delayed dependence (with time delay τs
(h)) of trehalose storage on the extracellular glucose up-
take rate rG and a delayed dependence (with time delay
τm (h)) of trehalose mobilization on ethanol respiration
rate r3. Additionally, the storage is inhibited by high am-
monium concentration, while the mobilization is limited
by trehalose availability.

The parameters of model (1)-(5) are identified from ex-
perimental data. The experimental database consists of
four experiments, each of them lasting for 21 hours. The
main difference between the experiments is given by the
concentrations of nutrients glucose and ammonium in the
influent flow. Two of these experiments consider ammo-
nium starvation, meaning that no ammonium (N in = 0) is
supplied in the feed flow from the starvation time onwards.
Ammonium starvation has been proven to maximize intra-
cellular accumulation of reserve carbohydrates such as tre-
halose (Wiemken, 1990). Measurements are collected for
15 to 16 time instants per experiment and include: biomass
concentration, extracellular glucose concentration, ammo-
nium concentration, ethanol concentration and intracellu-
lar trehalose concentration. The identification of the model
without the dynamics of trehalose is described in (Richelle
et al., 2014), while the identification of trehalose dynamics
is detailed in (Huet et al., 2022). The model parameters
employed in this study are given in Table 1.

Table 1. Model parameters

Name Value Units Name Value Units

k1 0.5998 gX/gG µNmax 1.1903 gN/gX/h
k2 0.0662 gX/gG KG 0.1524 gG/L
k3 0.9386 gX/gE KI 3.1817 gE/L
k4 0.2452 gE/gG KE 0.1 gE/L
k7 0.2389 gA/gX/gG KN 2.9370 gN/L
k8 1.0150 gX/gN KA 9.0014 gA/L
α 0.4445 gG/gX/h KIA 5.5981 gA/L

µGmax 2.5364 gG/gX/h KIA2 5.7737 gA/L
µsTmax 0.0500 gT/gG KmT 0.01 gT/L
µmTmax 0.4796 gT/gE τs 6.080 h
KIsN 0.3317 gN/L τm 3.3905 h

4. MODEL-BASED OPTIMIZATION

4.1 Control variables and vector parameterization

The culture medium feeding is operated with a single
pump. It contains glucose and ammonium concentrations
respectively equal to Gin = 300 g/L and N in = 33 g/L.
To apply a nitrogen starvation, the culture medium can
be replaced at a given time tNs with the same one except
that N in = 0. To approximate the continuous time feed
flow rate F (t), a vector parameterization is used:

F (t) = F (k), tk−1 ≤ t < tk, k = 1 . . . N (6)

where N is the number of constant feeding flow rates
used for defining the feeding time profile and F (k) are
their corresponding values. A mesh refinement is used that

consists in increasing the discretization in three successive
steps, with N = 5, N = 10 and, finally, N = 20. At each
step, the total number of control variables is N + 1, i.e.,
N constant plateaus F (k) defining the feeding profile and
the starvation time tNs.

4.2 Limit case studies: trehalose maximization or biomass
maximization

We first consider the problem of maximizing the final intra-
cellular trehalose concentration (T (tf )/X(tf ) in gT/gX),
without any consideration on the final biomass amount.
Hence, the optimization problem is defined as

max
F (k), tNs

JT (F (k), tNs) = max
F (k), tNs

T (tf )/X(tf ) (7)

subject to

system dynamics (2)-(5)

max
t

V (t) ≤ 9.5L, 0 ≤ t ≤ 21 h

0 ≤ F (k) ≤ 0.9L/h, k = 1 . . . N (8)

0 ≤ tNs ≤ 21 h

Note that in all the optimization problems considered in
this paper, the following operating conditions have system-
atically been used (corresponding to the real Experiment 4
in the paper by Huet et al. (2022)):

• the duration of the culture is fixed: tf = 21 h;
• the initial conditions are fixed: X(0) = 0.13 g/L,
G(0) = 0.192 g/L, N(0) = 0.29 g/L, E(0) =
0.084 g/L, T (0) = 0.005 g/L, A(0) = 0 gA/gX,
V (0) = 6.5 L;

• a sampling volume of 0.05 L is withdrawn from the
culture every two hours from t = 0 h to t = 12 h,
then every hour from t = 12 h to t = 21 h.

All the optimization problems were solved with the Mat-
lab function fminsearchcon (with the tuning parameters
MaxIter and MaxFunEvals set to 20∗ (N+1), N+1 being
the total number of control variables). Initializing with a
constant feeding at 0.17 L/h, i.e., almost the maximum
constant feeding, and no nitrogen starvation,

F (k) = 0.17L/h, k = 1 . . . 5, tNs = tf = 21h, (9)

and solving the optimization problem (7) with con-
straints (8) leads to a final intracellular trehalose con-
centration T (tf )/X(tf ) = 0.26 gT/gX, a final biomass
X(tf )V (tf ) = 98 g and a final biomass concentration
X(tf ) = 10.9 g/L. The time profiles of all the state
variables are presented in Fig. 1. Nitrogen starvation is
applied during the whole culture (tNs = 0) and the culture
medium is rapidly fed at the culture start. The final intra-
cellular trehalose concentration is large in comparison with
values found in the literature (e.g., 0.13 gT/gX in (Aranda
et al., 2004), however, this result was obtained without
process optimization). Values in that range are outside
the validation range of the model (Huet et al., 2022).
Maximizing the final intracellular trehalose leads, however,
to a low final biomass amount.

At the opposite, we may consider the problem of maxi-
mizing the final biomass (X(tf )V (tf ) in g), without any
consideration on the final intracellular trehalose concen-
tration. Hence, the optimization problem is defined as

max
F (k), tNs

JX (F (k), tNs) = max
F (k), tNs

X(tf )V (tf ) (10)
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Fig. 1. State variables and optimal feeding (lower right) time profiles for trehalose maximization (solution of (7), (8)).
Vertical blue dashed line indicates nitrogen starvation time.

0 10 20

Time [h]

0

50

X
 [

g
/L

]

0 10 20

Time [h]

0

5

10

G
 [

g
/L

]

0 10 20

Time [h]

0

5

N
 [

g
/L

]

0 10 20

Time [h]

0

5

E
 [
g
/L

]

0 10 20

Time [h]

0

0.2

0.4

T
 [
g

/L
]

0 10 20

Time [h]

0

0.02

0.04
T

 [
g
T

/g
X

]

0 10 20

Time [h]

0

0.5

1

A
 [
p

ro
p

o
rt

io
n

a
l 
to

 g
A

/g
X

]

0 10 20

Time [h]

6

7

8

V
 [
L

]

0 10 20

Time [h]

0

0.5

1

F
 [

L
/h

]

Fig. 2. State variables and optimal feeding (lower right) time profiles for biomass maximization (solution of (10), (8)).
Vertical blue dashed line indicates nitrogen starvation time.

subject to (8). Initializing with a constant feeding at 0.01
L/h and no nitrogen starvation,

F (k) = 0.01L/h, k = 1 . . . 5, tNs = tf = 21h, (11)

and solving the optimization problem (10) with con-
straints (8) leads to a final intracellular trehalose concen-
tration T (tf )/X(tf ) ≈ 0, a final biomass X(tf )V (tf ) =
519 g and a final biomass concentration X(tf ) = 59.3
g/L. The time profiles of all the state variables are pre-
sented in Fig. 2. On the contrary to the case of trehalose
maximization, nitrogen starvation is applied during the
whole culture (tNs = 21 h). The feeding flow rate keeps
at a low level during the first half of the culture, with
a limited fermentation phase that accumulates ethanol
up to 4 g/L. This ethanol is then consumed through
respiration, followed by a respiration phase on glucose
that is maintained with an exponential feeding flow rate,
hence maximizing the yield from glucose to biomass. The
final intracellular concentration is close to 0. These two
limit cases show that maximizing trehalose and biomass
are competing objectives. The next section tries to solve

the problem with a multi-objective optimization of both
trehalose and biomass.

4.3 Multi-objective optimization of trehalose and biomass

In order to simultaneously account for trehalose and
biomass maximization, a multi-objective optimization
problem is proposed:

max
F (k), tNs

Jmulti (F (k), tNs) = (12)

max
F (k), tNs

λJT (F (k), tNs)wT + (1− λ)JX (F (k), tNs)wX

subject to (8). JT (F (k), tNs) and JX(F (k), tNs) are, re-
spectively, defined in (7) and (10), and wT = 1/0.25,
wX = 1/500 are normalizing factors whose values are
directly deduced from the optimal values obtained for JT
and JX in section 4.2. The weight λ ∈ [0, 1] drives the
multi-objective cost function (12) between the two limit
cases JT (for λ = 1) and JX (for λ = 0).

The solutions of (12), (8), starting from initial condi-
tions (9) or (11), have been computed for several values
of λ ∈ [0, 1] (details not shown). For λ ∈ [0.8, 1], the
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Fig. 3. State variables and optimal feeding (lower right) time profiles for multi-objective optimization (solution
of (12), (8) with λ = 0.5). Vertical blue dashed line indicates nitrogen starvation time.
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Fig. 4. State variables and optimal feeding (lower right) time profiles for constrained optimization (blue curves: solution
of (7), (8), (13) with XMIN = 20 g/L) compared to experimental results of Experiment 4 in Huet et al. (2022) (red
circles and red curve). Vertical blue and red dashed lines indicate nitrogen starvation times. This figure shows that
different feeding strategies can lead to similar biomass productions, but with very different trehalose accumulations.

results correspond to the solution obtained when max-
imizing trehalose, i.e., for λ = 1, presented in section
4.2 and Fig. 1. For λ ∈ [0, 0.25], the results correspond
to the solution obtained when maximizing biomass, i.e.,
for λ = 0, presented in section 4.2 and Fig. 2. For
λ ∈ [0.3, 0.75], the results systematically correspond to
an intermediate solution, leading to a final intracellular
trehalose concentration T (tf )/X(tf ) ≈ 0.11 gT/gX, a
final biomass X(tf )V (tf ) ≈ 280 g and a final biomass
concentration X(tf ) ≈ 30 g/L. This result is a trade-off
between trehalose maximization and biomass maximiza-
tion. The results presented in Fig. 3 correspond to the
optimal solution when solving (12), (8) with λ = 0.5 from
initialization (11). There is a very short nitrogen starvation
(tNs = 20.5 h), which is close to the limit case of biomass
optimization, and most of the culture medium is fed during
the first quarter of the culture, which is similar to the
limit case of trehalose optimization. As we do not obtain a
continuum of intermediate solutions, with different levels
of trehalose accumulation and of biomass production, we

propose in the next section another optimization problem
to be solved, i.e., trehalose maximization constrained with
a lower bound for the final biomass.

4.4 Trehalose maximization constrained with a lower
bound for the final biomass

Aiming at maximizing final intracellular trehalose accu-
mulation while preserving a lower bound on the final
biomass amount, we define a new constrained optimization
problem, i.e., (7), (8) to which an additional constraint is
imposed:

XMINVMAX ≤ X(tf )V (tf ) (13)

where VMAX = 9.5 L, according to (8), and XMIN can be
chosen a priori. We will consider XMIN ∈ [10, 30] g/L
given, on the one hand, the biomass concentration ob-
tained in section 4.2 when maximizing the final trehalose
concentration (X(tf ) = 10.9 g/L) and, on the other hand,
that we are looking for higher final trehalose concentra-
tions than the one obtained in the intermediate result
of section 4.3, i.e., T (tf )/X(tf ) ≈ 0.11 gT/gX with a



final biomass concentration X(tf ) ≈ 30 g/L. One diffi-
culty when using the Matlab function fminsearchcon for
solving (7), (8), (13) is that we have to provide an initial
feeding flow rate F (k), k = 1 . . . 5, that satisfies all the
constraints, including the additional one given in (13).
This cannot be obtained with a constant feeding as was
done in (9) or (11). Hence, we define an initial decreasing
time profile of the type

F (k) = (5− k)F ∗, k = 1 . . . 5, F ∗ = 0.083L/h (14)

that satisfies (8), (13) ∀XMIN ∈ [10, 30] g/L. The re-
sults obtained by solving (7), (8), (13) with the initializa-
tion (14) are given in Table 2. A progressive trend is ob-
served between the limit values of XMIN : when the lower
bound on the biomass concentration XMIN increases, the
final intracellular trehalose concentration T (tf )/X(tf ) de-
creases and the starvation phase starts later (at tNs).
In Fig. 4, the optimal results for XMIN = 20 g/L are
compared with the experimental results obtained in the
Experiment 4 in Huet et al. (2022) (from a set of 4 exper-
iments used for the parameter identification of model (2)-
(5)). Although the final biomass concentration is very
similar (about 20 g/L), the other state variables exhibit
significantly different time profiles given the strong differ-
ences between the optimal and the experimental feeding
profiles. Feeding the culture medium essentially in the first
half of the culture and starting the nitrogen starvation
phase much earlier (after 4h instead of 15h), should help
more than doubling the final accumulation of intracellular
trehalose (0.16 gT/gX instead of 0.07 gT/gX).

Table 2. Optimal results obtained by solv-
ing (7), (8), (13) with the initialization (14)

XMIN T (tf )/X(tf ) X(tf )V (tf ) X(tf ) tNs

g/L gT/gX g g/L h

10 0.26 98 11 0
15 0.17 143 16 1.6
20 0.16 190 20 3.9
25 0.14 238 25 10.5
30 0.11 285 31 18.1

5. CONCLUSION

In this paper, the two competing objectives of final in-
tracellular trehalose maximization and final biomass max-
imization in Saccharomyces cerevisiae fed-batch cultures
are analyzed with different approaches: independently, in
a multi-objective optimization problem and, finally, in a
constrained optimization problem where trehalose is max-
imized and a lower bound on the final biomass is included
in the constraints. The multi-objective optimization can
be driven with the weights on the two criteria, leading to
three different solutions: the two limit cases and an inter-
mediate one where the trehalose accumulation is limited
to 0.11 gT/gX. More trade-off solutions can be obtained
with the constrained optimization, e.g. a final trehalose
accumulation of 0.16 gT/gX with a final biomass of 20
g/L, which is more than the double we obtained experi-
mentally for the trehalose (0.07 gT/gX) with a suboptimal
feeding profile. These optimal results should of course be
validated experimentally in future research. Constraints
on the ethanol accumulation could also be included in the
optimization problem, depending on the application con-
text, e.g. (almost) no ethanol production in biopharmaceu-
tical applications or ethanol accumulation in baker’s yeast

production. Finally, closed-loop optimal control could be
analyzed, using a state observer for the on-line estimation
of the intracellular trehalose concentration.
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