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This work proposes an original sequential parameter identification method of a dynamic model of
Escherichia coli BL21(DE3) fed-batch cultures. The proposed macroscopic model is based on the overflow
(or bottleneck) metabolism assumption of Sonnleitner and Kappeli, suggesting two metabolic pathways
(respirative and respiro-fermentative), and consists of a set of nonlinear mass balance differential equa-
tions. Model unknown parameters are estimated from dedicated experimental data collected from a
5-liter pilot bioreactor. Experiments are designed in order to force switches from one metabolic path-
way to another. A sequential identification procedure, based on a specific data partitioning, is achieved
and results are qualitatively and quantitatively assessed using Fisher information. The resulting dynamic
model is in good agreement with the experimental data, and could be used for process optimization
and/or control. The identification procedure could also easily be transposed to other processes.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Escherichia coli is one of the most popular host microorgan-
isms for the production of several biopharmaceuticals, such as
recombinant proteins, insulin, hormones, among others. E. coli
has several interesting features, including rapid growth, possibly
high cell densities, known genome sequence and simple nutri-
tional requirements. To reach high cell densities, a rich medium
supplemented with a high glucose concentration appears to be a
straightforward approach. However, an excessive concentration of
this carbon source can lead, under aerobic conditions, to acetate
production which inhibits cell growth. This phenomenon is known
as overflow metabolism or short-term Crabtree effect [1].

It has been suggested that the acetate formation could be due to
an imbalance between glucose metabolism and respiration, NADH
excess, repression of the TCA cycle via an enzymatic limitation [2-4]
and a lack of regulation in the maximum glucose uptake rate veloc-
ity by the phosphotransferase system [5]. It is likely that all these
causes are interrelated. In practice, it is observed that both rapid
growth and high glucose levels may contribute to the production
of acetate [6], and a critical level of glucose can be defined, which
depends on the strain, culture conditions and medium composition.
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Several strategies based on the process operating conditions
have been used to reduce the acetate production, where cells are
forced to grow below the critical specific growth rate using a fed-
batch culture mode. Different feeding strategies can be used such
as exponential feeding, pH-stat, DO-stat, among others [7,8]. These
strategies require the development of control algorithms which
rely on the measurement (or estimation) of the key components.
Controllers also require a minimum of process a priori knowledge,
in the form of a dynamic model. For this purpose, grey-box models
are often developed, as opposed to descriptive white-box models
derived from metabolic fluxes (as in [9,10]). These models should
predict the real system behaviour with reasonable accuracy, while
remaining as simple as possible to avoid parameter identifiability
issues (too many parameters cannot be identified from a set of lim-
ited experimental data), complexity issues (the relative complexity
of the models precludes stability and performance analysis), as well
as computational issues (the model might be used in a model-based
control strategy).

Sonnleitner and Kappeli [11] proposed a mechanistic model of
overflow in baker yeast cultures, based on the bottleneck assump-
tion. It assumes that aerobic glucose metabolism is ruled by the cell
respiratory capacity and carried out through two pathways: one
fraction of glucose is metabolized through oxidation (respiration)
while the other one is used in a reductive pathway (fermentation),
producing ethanol. On the other hand, ethanol can also be metab-
olized by oxidation as substitute carbon source. This catabolism is
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assumed to be governed by the respiratory capacity of the cells
represented by a bottleneck. When glucose flux is low enough
(subcritical) and entirely contained into the bottleneck, only oxida-
tive metabolism is activated, i.e. glucose and/or ethanol oxidation.
Growth on glucose and/or ethanol occurs indeed in parallel. Con-
versely, if the glucose flux exceeds (supracritical) the respiration
bottleneck, part of glucose is oxidized and what remains is reduced
in ethanol production.

Regarding E. coli, several authors consider Sonnleitner bottle-
neck assumption as a basis for the elaboration of their models
[12,5,13,14,6,8,15]. One of the most detailed models is presented in
[5]where each pathway is subdivided into a flux used for anabolism
and another one used for energy purposes. However, this leads
to a more complex representation with additional parameters.
Recently, [16] proposed an original moving-horizon on-line esti-
mation method aiming at validating quickly an identified model
of new strains, resulting for instance, of genetic modifications or
mutations).

The bottleneck assumption is of course not the only interpreta-
tion of the Crabtree effect. For instance, [17] considers overflow
metabolism as a consequence of acetate cycling, as observed in
recent proteomic studies. Also, in-depth studies of physiological
aspects are reported in the literature, such as [18-22]), but they
go beyond the level of description which is adequate for process
control, in a large sense.

In this latter connection, the vast majority of the dynamic
models consider the critical level triggering acetate formation as
constant. However, some recent models assume that the critical
glucose uptake rate decreases with the increase of acetate concen-
tration. Thus, acetate inhibition has to be taken into account in the
respiratory capacity, assuming a varying critical glucose specific
uptake rate. It is the case for the E. coli model developed in [8] and
the generic overflow model presented in [23].

In this context, the objective of this study is to establish a
dynamic model of fed-batch cultures of E. coli BL21(DE3), and to
estimate model parameters based on a relatively large set of exper-
imental data. The proposed model is derived in the same spirit as
[8]and[15],i.e. with state estimation (software sensor) and control
applications in view (such as in [24-26]).

Experiment design is used in order to define informative operat-
ing conditions, and a sequential identification procedure based on
data partitioning (inspired by [27]) is developed. Parameter accu-
racy is assessed using the Fisher Information Matrix (FIM) and the
evaluation of confidence intervals for the parameters and the model
prediction.

This paper is organized as follows. Section 2 introduces the for-
mulation of a macroscopic model of fed-batch cultures of E. coli.
Section 3 presents parameter estimators applied in this study. The
experimental setup is described in Section 4 and experiment design
in Section 4.4. Data partitioning, parameter identifiability and the
related sequential parameter identification procedure are respec-
tively presented in sections 5, 5.1 and 6. Conclusions are drawn in
Section 7.

2. Macroscopic model of E. coli

The macroscopic model considered in this study describes the
metabolism of E. coli through the following reaction scheme:

Substrate oxidation: ks;S + ko 0" kyy X 4+ kcy C (1a)

Substrate fermentation: ksS + kop Oﬂixkxz X+kay A+key C
(1b)

Acetate oxidation: kasA + ko3 O’gka X+kes C (1c)

where X, S, A, O and C are, respectively, the concentration in the
culture medium of biomass, glucose, acetate, dissolved oxygen and
carbon dioxide. kg (i=1, 2, 3,£=X, S, P, O, C) are the yield coeffi-
cients and 11, 1y and 3 are the specific growth rates which are
based on Sonnleitner’s bottleneck assumption [11]: the cells are
likely to change their metabolism because of their limited oxida-
tive capacity. In other words, when the concentration of glucose is
larger than the critical concentration S and likewise the glucose
consumption rate is larger than the critical consumption rate fsyit,
the cells will produce acetate. This respiro-fermentative mode is
represented by reactions (1a) and (1b). On the other hand, when
the substrate becomes limiting, i.e. the substrate concentration is
lower than the critical level, then the available substrate is oxidized.
Moreover, acetate, if present in the culture medium, is oxidized as
a secondary carbon source. This respirative mode is explained by
reactions (1a) and (1c).
Hence, the specific growth rates are defined by:

min(qs, qscrit)

L (2a)
U = max(()’;zs — qscrit) (2b)
52
max(0,
M3 = % (2¢)
and the consumption rates are given by:
S
qs = %maxm (3a)
~_ Y9 _ * iA « _ domax
qscrit = Kos qomax 71(1}‘ iy qomax” = Kos (3b)
k it — A
Qac = OS(QScnt QS) (3C)

kOA A+ Ka

where qs and (smgx are the glucose consumption rate and its
maximal value, respectively. gs. is the critical consumption rate
associated to the respiratory capacity qo and gomax is the maximal
value. qac is the acetate consumption rate. kgs and kg, are respec-
tively the yield coefficients between the oxygen and substrate
consumptions and between oxygen and acetate consumptions [8].
Their function is to normalize the oxygen consumption rate in order
to compare the glucose consumption rate and the acetate consump-
tion rate, respectively. Ks, K4 and K are the saturation constants for
glucose, acetate and oxygen, respectively. Kj, is the acetate inhibi-
tion constant. It is important to note that cultures are assumed to
be well oxygenated (i.e. no limitation of oxygen is considered).

Mass balance equations for a bioreactor operated in batch-mode
are defined by (4)-(6). Note that the mass balances are normalized
with respect to the substrates (ksy = ks = ka3 = 1).

d§

7 —Ke-DE+F+Q (4)
l l k
X X1 Kx2 X3
S -1 -1 0 23
E=(A), kK=( 0 ko 1) ¢=(uX (5)
0 —k01 —](02 —ko3 "3
C

kci kea o ke
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0 0
DSin 0
F=(o0 ) Q=( 0 ) (6)
0 OTR
0 —CTR

OTR is the oxygen transfer rate which is defined as the amount of
oxygen transferred from the gas phase to the liquid phase. The sol-
ubility of oxygen in the culture medium is low, and one can assume
that all the dissolved oxygen is almost instantaneously consumed,
leading to a slow-fast approximation with dO/dt~ 0. As dilution
effects are negligible, OTR can be expressed as:

OTR = (ko111 + koz 42 + ko33 )X (7)

CTR represents the carbon dioxide transfer rate from the liquid
to the gas phase. Compared to the oxygen, the solubility is much
higher and is enhanced by the production of bicarbonate at the
operating pH (pH 7). Hence, the dissolved concentration cannot be
considered constant.

3. Parameter estimation procedure
3.1. Model parametrization

A bioprocess model is developed from the a priori knowledge
of the biological system, i.e. the appropriate choice of a reaction
scheme (1), kinetics (2) and mass balance equations of the key
macroscopic components (5) and (6). The next logical step is the
estimation of the model parameters from experimental data. How-
ever, accurate estimation of model parameters is a difficult task in
relation with the collection of data from experiments carried out
in different conditions, varying for instance the initial concentra-
tions in batch experiments or the dilution rate profile in fed-batch
experiments. The selection of a range of operating conditions is
particularly important to ensure a sufficient amount of informa-
tion about the several underlying biological phenomena included
in the model, and in turn about the parameters describing these
phenomena (for instance, inhibition can only be detected when
concentrations are driven in specific ranges). Information is more-
over impacted by the level of noise corrupting the data.

Parameter estimation is based on the minimization of a cost
function measuring the distance between the experimental data
and the model prediction. In the following, the parameter identi-
fication methods used in this study are presented as well as the
quantification of the uncertainty on the estimation.

3.2. Non-linear least squares estimator

A non-linear dynamical model can be written in a state-space
form as:

E=f(£0,0), §0)=4&(0) (8)

where &(t, 0) is the state space vector and 6 is the vector of
parameters. The model output and the vector of measurements are
represented, respectively, by:

where n; is the number of measurement times, 0" is the true value
of the parameters (assuming that the model structure is correct, i.e.
there is no error of characterization), and &, represents the mea-
surement errors which are assumed to be independent, white with
a zero-mean Gaussian distribution, i.e. ¢, ~ N(0, X).

y(k) =ym(k, )+ ¢, k=1,... . n 9)

The parameter estimates are solutions of the following mini-
mization problem:

6 = argminJ(0) (10)
0

A weighted least-square cost function is given by:
ne

JO) = 0t) = ymlti, ) T 0(t) ~ Yim(ti, 6)) (11)
k=1

The definition of the cost function J(6) depends on the selection
of the weighting matrix X. Assuming that measurements are cor-
rupted by independent and identically distributed white noises, X
is a diagonal matrix with identical elements

o2 0 0
$-lo o o 2=J9 (12)
ng—p
0 0 o2

and the measurement variance can be estimated a posteriori when-
ever needed. In (12), p represents the number of parameters and n;
the number of measurements. In this work, the matrix X is chosen
to represent independent, but not identically distributed noises. X
includes an a priori chosen scaling matrix, e.g. a diagonal matrix S
with the square of the maximum output values could be used to
scale the variables, i.e.

)

ng—p
and possibly, a posterior estimate of the covariance of the measure-
ment errors.

In the particular case where the model is linear in the parame-
ters or can be linearized, minimization (10) has an analytic solution.
Otherwise, the Nelder-Mead method, as implemented in function
‘fminsearch’ is used in this study to solve the minimization prob-
lem. This method minimizes a function of several variables without
using derivatives, iterating transformations of a simplex in param-
eter space, i.e. of a polytope with p+1 dimension vertices. The
advantage of this method is its relative robustness to noise in the
cost function, but it suffers from a slow convergence. It is impor-
tant to note the presence of local minima if the initial guesses are
far away from the true parameters since the method tends to con-
verge to the closest minimum with respect to the initial guess. A
solution is to apply a multi-start procedure using a large number
of different initial guesses.

Smeas (13)

3.3. Parametric sensitivity and uncertainty

A parameter will be accurately estimated if it has a strong
influence on the model output. Thus, the larger the influence, the
more accurate the estimated value. This influence can be quantified
through parametric sensitivities computed by:
dye _Of  Of y(0)
=2 = 2y 4 0)= 14

ot 8yy6 % Y6(0) % (14)
For the ease of comparison, each sensitivity function is normal-
ized by multiplying it with the parameter value under study and
dividing it by the mean value ymeqn of the state variable as follows:

Wi _6,
891' Yimean

In order to characterize the uncertainty in the estimated param-
eters, a bound on the covariance matrix can be obtained based on
the inverse of the Fisher information matrix (FIM):

P~ FIM1(6, ) (16)

(15)
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Fig. 1. Experiment 1. Time profiles of feed-rate, biomass, acetate, glucose, added acid and base, pH, volumetric fractions of CO, and O, and stirrer speed. (For interpretation
of the references to color in the text, the reader is referred to the web version of this article.)

Under the assumption of Gaussian noise, the FIM can be computed
by:

FIM = 3 yy&(0), ) - 1yg(E(). B) (17)
i=1

The 95% of confidence interval for 6} is given by: @J + 20y, with oy,
) J

being the standard deviation of @j and corresponds to the square
root of the j, diagonal element of P.

4. Materials and methods
4.1. Strain and culture medium

The considered strain is E. coli BL21(DE3), which is widely used
in industry and produces less acetate than other E. coli strains [2].

The medium composition is based on the work of [28], defined
for high cell density (DHCD medium) and composed by (per
liter of deionized water): MgSO4 - 7H,0 (1.2g), (NH4),HPO4
(6.6 g), citric acid (1.7g), KHyPO4 (13.3g), trace metal solution
(10mL). One liter of trace metal solution contains Fe(Ill)citrate
(6 g), MnCl,-4H,0 (1.5 g), Zn(CO0),-2H,0 (0.8 g), Na;Mo04-2H,0
(0.25g), CuCl,-2H,0 (0.15g) and EDTA (0.8 g). In the current batch
cultures, DHCD medium is supplemented with 5 g/L of glucose. In
fed-batch cultures, feeding solution contains glucose (500 g/L) and
MgSO4 (13 g/L). During the preparation, solutions were filtered to
avoid contamination during cultures.

4.2. Experimental set-up

Cell cultures are performed in a 5L Biostat B+ from Sartorius-
Stedim. This bioreactor is equipped with a water jacket for
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Fig. 2. Experiment 2. Time profiles of feed-rate, biomass, acetate, glucose, added acid and base, pH, volumetric fractions of CO, and O, and stirrer speed. R : respirative
regime from scenario 1. RF;: respiro-fermentative regime from scenario 2. R.3: Respirative regime from scenario 3. Re4: respirative regime from scenario 4.

temperature control, agitation rotor, sensors and regulation for
dissolved oxygen, pH and temperature.

Biomass concentration is measured off-line using optical
density (at 600 nm) from a Shimadzu UV Spectrophotometer, corre-
lated with dry cell weight. Glucose in the supernatant is measured
using the DNS method which is based on the presence of reduc-
ing sugars. Acetate in the culture supernatant is detected using an
enzymatic kit from Megazyme.

Itis important to note that biomass determination takes around
10 minutes and it is carried out after every sampling. In the case of
glucose measurements, the results are obtained within 45 min and
carried out every 2 sampling times. However, acetate determina-
tion takes much longer. Consequently, acetate samples are frozen
and analysis are achieved, generally, at the end of the culture.

During the fed-batch phase, samples are taken almost every
hour. However, in some cases, the sampling is shorter, to catch
the dynamics induced by quick feed-rate changes, or larger, for
instance, in the case of an overnight batch.

The off-gas stream is dehumidified by a condenser and directed
towards a gas analyzer DUET from system C-industry which mea-

sures the volumetric fractions of oxygen and carbon dioxide. This
information is used for computing the OTR (oxygen transfer rate)
and CTR (carbon transfer rate) as follows:

QqirMo, (02in, — O20ut)  QairMco,(COzin — CO20ut )

OTR = 22.4Vy » CIR= 22.4Vy

(18)

with Qg being the volumetric air inflow rate (1/h), Mo, the molar
mass of oxygen, Mco, the molar mass of CO3, Oy, (COzj,) the molar
fraction of oxygen (CO,) in the inlet gas, Oyt (CO2y¢) the volumet-
ric fraction of oxygen (CO;) in the outlet gas which is measured
by the gas analyser and V), the working volume in the bioreac-
tor. Finally, the factor 22.4 refers to the molar volume of a gas
(Igas/molggs) in standard conditions of temperature and pressure.
Four experiments are performed. The cell cultures consist in a
batch phase followed by a fed-batch one. Previously, a pre-culture
containing DHCD medium and 10g/L of glucose is performed
in a shake flask at 37°C and an agitation of 200 rotations per
minute (RPM). For experiments 1 and 2, pre-cultures are incubated
overnight for 14 h. The bioreactor is inoculated with the pre-culture
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Fig. 3. Experiment 3. Time profiles of feed-rate, biomass, acetate, glucose, added acid and base, pH, volumetric fractions of CO, and O, and stirrer speed. RF,: respiro-

fermentative regime from scenario 2.

and the initial optical density (OD) reaches typically 0.3 to 0.6.
The batch phase is monitored during the day. Once the glucose is
depleted, the feeding solution is added and the fed-batch starts.

For experiments 3 and 4, both batch phases, pre-cultures and
reactor cultures, differ from the previous experiments. Indeed, pre-
culture is performed during the day and the incubation lasts 6 h. The
batch phase in the bioreactor is performed overnight, lasts 14 h and
is not monitored. The initial optical density (OD) in batch phase is
very low in order to reach glucose depletion later than experiments
1 and 2. Nevertheless, cells are facing starvation for a few hours.
However, it was reported that E. coli remains metabolically active
and can quickly resume growth when the required nutrients are
available [29,30].

4.3. Experimental strategy

The operating conditions affect the uncertainty of the parameter
estimation (available sensors, inputs, measurement times, among
others). Moreover, it is very important to design experiments

taking the final objective into account [31]: in the current case,
parameter identification. The fed-batch experiments are carried
out setting different feed-rate profiles in order to provide infor-
mative measurements with respect to the parameters associated
to both metabolic regimes: respirative and respiro-fermentative.
Moreover, the following scenarios might be observed during fed-
batch cultures:

1. Scenario 1: Cells consume glucose as sole carbon source, i.e. no
acetate is present in the culture, and no acetate production is
observed. In this case, only the first reaction (1a) is concerned
and cells are in respirative regime. It follows that:

S
ds < qscrit> QAc=0—>M1=QS=QSmaxKST: M2 =pn3=0
(19)

2. Scenario 2: Cells are overflowed with glucose (consequently as
sole carbon source) and acetate is produced. Cells are in respiro-
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fermentative regime and associated reactions are (1a) and (1b) is concerned and the related consumption rate reaches its max-
so that reaction rates become: imal value:
K; . . .
ds > Qscrits  9ac =0 — (1 = Gsqrie = %max*ﬁ: (20) qs =0; kQA(S Ascrit; )IM : M2=0; uz=
— _ ) _ _ Kos\Gscrit — s
M2 =(gs — Qscrie); U3 =0 dac = Yon Ak, (22)

3. Scenario 3: Glucose and acetate are present in the medium and
cells consume both of them. Cells are therefore in respirative

regime and reactions (1a) and (1c¢) are concerned. It comes that: Some other important issues must be taken into account for

S the design of the experimental conditions: (i) Concerning the
qs +qa = qscrit = M1 =(qs = %maxm3 p2 =0; identification of the half-saturation constant in (3a), substrate con-
(21)  centration measurements in the range of plausible values of Ks

kos(qscric —qs) A

U3 =(qac = should be used. However, Ks is generally so small (the order of
magnitude is generally ranging from 0.01 to 0.1 g/L) that its iden-
4. Scenario 4: Only acetate is present in the medium and is con- tifiability is poor, mainly because of the level of accuracy of the

sumed by the cells. In this particular case, only acetate oxidation available analytical methods, generally located in the same range.

koa A+ Ky
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Table 1 Table 3
Selected samples related to cases 1-2. Identified parameters for the first two scenarios.
Experiments Selected data from cases 1-2 Parameter Value Units
2 a-b kx1 0.1849 4+ 0.0096 glg
3 b-e kxa 0.2899 +0.0061 glg
4 a-b kaz 0.4324+0.0172 gle
Qsmax 3.2818+0.036 h-!
Qomax 1.4032 +0.0342 h-1
Table 2 Ks 0.0502 + 0.0093 g/l
Vertices of the multistart parameter polytope. Kia 2.0410+0.2393 g/l
Parameters Lower bound Upper bound
kx1 0.1 1 stepwise manner. The cells are evolving either in respirative regime
kx2 0.1 1 or respiro-fermentative regime, close to the metabolic switch.
5?‘3 8-?1 } In experiment 2, the optical density and glucose concentration
q/;:m 01 1 at the beginning of the batch phase are 0.2 and 5.2 g/, respectively.
Gomax 0.1 1 The batch phase ends around 5 h when glucose is almost completely
Ks 0.01 1 depleted (the remaining glucose concentration is lower than 0.1 g/1,
?‘A (1) o }0 see Fig. 2a). During the fed-batch phase, three exponential feed
A 3

(ii)) When the inhibition is negligible, i.e. the concentration of
acetate is much lower than the inhibition constant, expression (3b)
is reduced to a classical Monod law. In this case, the identifiability
of Ki4 is, for the same reason as in (i), very poor. Since the values of
K;is range from 5 to 15 g/L, a large acetate concentration is required
in order to be able to detect the inhibition.

Taking all the above-mentioned points into consideration, the
experimental strategy will consist in fed-batch cultures using spe-
cific feed rate profiles triggering the metabolic switch.

For instance, an exponential feed rate F;, is imposed in the first
experiment (see Fig. 1) and calculated as follows:

Wset VoXgetset(t=to)
 kxs Sin

where ser is the foreboded specific growth rate, kxs is the yield
coefficient defined as grams of produced biomass per grams of
consumed substrate, Vo and Xy are the initial volume and biomass
concentrations, respectively, ty is the initial feeding time and S;,
is the substrate concentration in the inflow, i.e. 500 g/L of glucose.
Expression (23) assumes that the fed-batch culture can be operated
under glucose limitation, i.e. the remaining glucose concentration
in the bioreactor is below the critical level. The tested tse Values
are in the range of 0.15-0.5h1.

Fin (23)

4.4. Experiment results

As above-mentioned, 4 fed-batch cultures are performed. In
experiment 1 (Fig. 1), the bioreactor is inoculated with 150 mL
of seed culture, the initial OD is 0.3, the glucose concentration
measured at the beginning of the batch phase is 5.7 g/L, and the
Initial culture volume is 3.15L. During the batch phase, biomass
reaches a concentration of 1.42 g/L (OD =5.55). The on-line flags for
the ending of batch phase, resulting from glucose depletion, are
the sudden increase of pH from its set-point, requiring acid addi-
tion, the decrease of CO5,,¢ (implying that 0,4, increases) and the
decrease of RPM since cells demand less oxygenation (red dashed
circles). The fed-batch phase starts at 6.5h of culture time. An
exponential feed flow rate with jisee =0.2 h~1 is applied in the time
period 6.5-14 h (Fig. 1 between arrows a and b). During this period,
CO, and RPM increase due to the important glucose oxidation. The
pHdecreases and base is added. The biomass follows an exponential
growth and the glucose concentration remains between 0.04 and
0.15g/1, so that no significant acetate production is observed. Then,
the feeding is turned-off for one hour (Fig. 1b and c) before resum-
ing it according to the initial exponential trajectory (Fig. 1¢ and
d). After this exponential feeding, the feed rate is manipulated in a

flow rate trajectories are applied, interrupted by intermediate
step changes. During this experiment, cells switch several times
between the metabolic regimes. In the culture period a-b (Fig. 2),
an exponential feeding with pser=0.30h~1 is applied, driving the
cells into the respiro-fermentative metabolic pathway. This dataset
therefore corresponds to cases 1 and 2. In b, the feed rate is sud-
denly set to zero and, as expected, acetate is rapidly re-consumed.
A new exponential trajectory with pser=0.15h~1 starts one hour
later. Cells are following the respirative pathway, first facing case
4 (when the feed-rate is zero and glucose depleted) and 3 until the
culture ends.

In experiment 3, the exponential feeding trajectory is divided in
two parts with pisee =0.4 and 0.5 h~1. The two periods are separated
by a zero-feed interval of two hours. Acetate is produced during the
whole culture, even when the feed-rate drops to zero, reaching a
concentration of 8.7 g/1; see Fig. 3. Cells are in respiro-fermentative
regime, corresponding to case 2.

In experiment 4, the fed-batch phase is achieved with two expo-
nential feed rates, first ptser =0.4h~1 and ptser=0.13 h~! towards the
end of the culture. Acetate reaches a maximum concentration of
16.3 g/L, severely inhibiting biomass growth during the last hours
while glucose is kept at a very low concentration in the culture
medium (0.08-0.2 g/L). It is therefore assumed that cells grow fol-
lowing the fermentative regime (Fig. 4).

5. Data exploitation

The E. coli model (4) includes nonlinear differential equations
for the biomass (X), glucose (S) and acetate (A) concentration, and
an algebraic equation for the OTR evolution (quasi steady-state
assumption on dissolved oxygen). The data will be partitioned
according to its relation to a differential or algebraic state, and
according to the metabolic switch, i.e. cases 1-2 or cases 3-4.

The parameter sets to be identified using nonlinear least squares
are therefore:

Oni12 = [kx1kx2ka2qsmaxqomaxKsKial (24)
and

Oni3za = [kx3Ka(kos/koa)l (25)
while the parameter sets handled by the linear least squares are:
0112 = [ko1koz] (26)
and

O34 = [ko3] (27)

The details of the data partitioning are summarized in Table 1 for
cases 1-2. Experiments 2 to 4 are selected for identification and



30 C. Retamal et al. / Biochemical Engineering Journal 135 (2018) 22-35

Experiment 1 Experiment 2
20 T T T T T 10 T T T T T
oy oy
5 151 1 E)
o 10 E b st g
£ £
s 5r 1 o
o a
0 1 L | 1 . 0 . L . L .
12 14 16 18 20 22 24 8 9 10 11 12 13 14
1 T T T T T
g Jo4f 1
2 T 243
@05 4 @ O T
8 3 02} g
o o
= 201 g
o o
o . ° N n n n N
12 14 16 18 20 22 24 8 9 10 11 12 13 14
5 T T T T T 10 T T T T T
T4 E g I -
gaf 1 3
5] ] % I I I
© ©
o4 L . L : . .
12 14 16 18 20 22 24 8 9 10 1 12 13 14
time (h) time (h)
Experiment 3 Experiment 4
20 T T T T T 20 T T T T T T T T
jry ry
S 15+ g S 15+ g
@ 10f g @ 100 .
£ i i 3 5
a I a
0 | . \ L 0 L . . L L .
12 13 14 15 16 17 18 14 15 16 17 18 19 20 21 22 23

-

glucose (g/L)

o

IR R R L

5 '
1

n
13

[
T
1

acetate (g/L)
ao o 8
|
P

.
2 13 14 15 16 17 18
time (h)

glucose (g/L)

IBNERREEEEN

iR-)

w
=3

acetate (giL)
N
o
'—o—
.

S
T
—
-
—
—
L

—tr
18 19 20 21 22 23
time (h)

X
"
o
>
=

Fig. 5. Direct and cross validations applying nonlinear weighted least squares method to scenarios 1 and 2. -: simulated values, o: discrete measured values with 95%

confidence intervals.

direct validation while Experiment 1 is dedicated to model cross-
validation.

The ratio kos/koa can be considered as a single parameter close
to 1 ([5] and [8]), which is also assumed here.

5.1. Parameter identifiability
In order to support data partitioning, parameter identifiability

is assessed based on the FIM (17).
From the datarelated to cases 1-2, the following FIM is obtained:

FIMq; = 10*
1.0369 1.6993 —0.0170 0.3649 -0.0221 -1.2345 -0.0053
1.6993 3.4503 0.0786 0.7076 —0.1388 -2.5008 -0.0214
-0.0170 0.0786 0.1280 0.0211 -0.0395 -0.0785 -0.0102
0.3649 0.7076 0.0211 0.1614 -0.0311 —0.5500 —0.0044
-0.0221 -0.1388 -0.0395 —0.0311 0.0310 0.1083  0.0044
-1.2345 -2.5008 -0.0785 —0.5500 0.1083 1.9799  0.0159
-0.0053 -0.0214 -0.0102 —-0.0044 0.0044 0.0159 0.0010
(28)

Since (28) is full-rank with a condition number of 6.0802 - 10%,
parameters can be considered as practically identifiable.

Regarding the data related to cases 3-4, the following FIM is
obtained:

(29)

M 108<3.6490 0.1116)
34 =

0.1116 0.0038

which is also full-rank with a condition number of 9.0119-103,
confirming practical identifiability.

6. Sequential parameter identification

As parameter identification is always a difficult problem, a
divide and conquer approach, where the initial problem is cut into
smaller subproblems, is advisable. In this approach, the results of
one identification subproblem feed the next one. Each subprob-
lem is therefore dedicated to a small parameter subset, the other
parameters being fixed from previous identification steps/results.
There is a risk of parameter bias in such approach (as a param-
eter subset is fixed, it influence the search of the free parameter
space). To alleviate this, it is recommended to complete the sweep
through the several subproblems by a global nonlinear identifica-
tion of all the parameters (starting from initial conditions which
should not be too far away, even if some bias exists), and to use a
multistart strategy for the full procedure. The sequential procedure
is inspired from our successful results in another study [27], with
the major difference that identification subproblems were guided
by parameter sensitivities, whereas in the present study, partition
is suggested by differential/agebraic states and metabolic switch.

The sequence can be outlined as follows:

1. nonlinear sub-model identification of the assumed respiro- fer-
mentative scenarios 1 and 2 and corresponding biomass, glucose
and acetate data partition.
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Fig. 6. Parametric sensitivities related to scenarios 1 and 2.

2. nonlinear sub-model identification of the assumed respirative
scenarios 3 and 4 and corresponding biomass, glucose and
acetate data partition. Identified parameters from the first step
are assumed to be known and not re-identified.

3. linear sub-model identification of the assumed respiro- fermen-
tative scenarios 1 and 2 and corresponding OTR and CTR data
partition. Identified parameters from the first two steps are
assumed to be known and not re-identified. Biomass, glucose
and acetate concentrations are predicted by the first nonlinear
sub-model.

4. linear sub-model identification of the assumed respirative sce-
narios 3 and 4 and corresponding OTR and CTR data partition.
Identified parameters from the first three steps are assumed to be
known and not re-identified. Biomass, glucose and acetate con-
centrations are predicted by the first two nonlinear sub-models.

5. full nonlinear model identification (considering both metabolic
pathways) using the previously identified parameter sets as ini-
tial guesses and corresponding biomass, glucose and acetate data
partitions.

6. full linear model identification (considering both metabolic
pathways) using parameters identified during the fifth step and
corresponding OTR and CTR data partitions. Biomass, glucose and
acetate concentrations are predicted by the corresponding full
nonlinear model.

6.1. Nonlinear sub-models

Parameter identification related to X, S and A data is achieved
through nonlinear weighted least squares calling the MATLAB
optimizer “fmincon” and the ODE solver “ode15s” several times
(typically three times, new parameter initial guesses being the

result of the previous optimizer call) using a covariance matrix X
playing the role of a diagonal scaling matrix with maximum output
values as in (13). Fmincon is a Successive Quadratic Programming
(SQP) optimizer using a gradient-based method that is designed to
work on constrained problems.

A multistart procedure is used to explore the parameter space
and possibly detect the global minimum. Initial guesses for the
parameters to be identified belong to a polytope whose vertices
correspond to lower and upper bounds (which are used in “fmin-
con” under the form of optimization constraints), and are listed in
Table 2. The number of multistart iterations is set to 30. In order to
select the best result, three criteria, presented in descending order
of importance, are suggested: fitting between model prediction
and experimental data during direct and cross validations (qualita-
tive assessment), the cost function residual (estimation precision)
and estimated parameter discrepancies quantified by confidence
intervals (estimation accuracy).

6.1.1. First sub-model

The resulting first sub-model validation (best result from the
30 runs related to scenarios 1 and 2) is shown in Fig. 5 and the
corresponding parameter values are summarized in Table 3.

As expected from (28), confidence intervals are quite tight. The
most important uncertainty concerns Kjs (12% of the estimated
value). Regarding direct validation, the model fits well with the
experiment (2, 3 and 4) data and cross-validation (experiment 1)
also shows satisfactory results even if glucose seems slightly under-
estimated. Relatively large error bounds on glucose and acetate
measurements are observed when the state values are almost zero,
indicating the level of precision (and information on the concerned
states) that can be expected from the model for such experiments
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Table 4 Table 5
Identified parameter set related to scenarios 3 and 4. Parameter associated to the gas dynamics.
Parameter Values Units Parameter Value Units
kxs 0.0412 +0.0001 g/g ko 1.2622 +£0.1794 glg
Ka 0.3928 +0.002 g/l ko2 0.2519+0.0704 glg
ko3 0.5658 +0.1342 g/g
ket 0.9436+0.1794 glg
. . . ke 0.1223 +0.0704 glg
reaching the sensitivity level of the analytical methods (located ke 04218 +0.1342 gle

around 0.1 g/L). Accurate estimation becomes impossible and the
concentrations should be considered as zero.

Fig. 6 shows the time evolution of the sensitivity functions of
biomass, glucose and acetate with respect to parameters during
experiments used for direct validation, i.e. experiments 2, 3 and 4.

From the sensitivities related to the three experiments, kx;
seems to influence significantly the three states while, in exper-
iment 2, the influence of qomaex and gsmax iS quite important on
glucose concentration and to less extent on biomass and acetate
concentrations. Acetate is influenced mainly by kx; and kg,. The
remaining parameters (i.e. kx,, Ks and K4 ) have moderate influence.
Sensitivities from experiment 4 are comparable to experiment 2.
However, concerning experiment 3, biomass concentration is influ-
enced mostly by qsmax, Gomax and kxo. Glucose is largely influenced
by qsmax, followed by ky,. The major influence on acetate concen-
tration variations is provided by k4,. On the other hand, parameters
associated to the glucose uptake rate are influencing acetate con-

centration, as well. Then, almost all the parameters have some
degree of influence on biomass, glucose and acetate. Hence, this
experiment is by far the most informative for parameter identi-
fication. Considering the three experiments as a whole, Kj4 has
a much more moderate influence, significantly on biomass con-
centration, influenced by acetate inhibition. This could explain the
higher uncertainty level compared to other parameters.

6.1.2. Second sub-model

The previously identified parameters from scenarios 1 and 2 are
now assumed to be known and set to the identified values of Table 3.
The resulting second sub-model validation (best result from the
30 runs related to scenarios 3 and 4) is shown in Fig. 7 and the
corresponding parameter values are shown in Table 4.
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Confidence intervals are still quite satisfactory and parametric
sensitivities are shown in Fig. 8. As observed, the model fits moder-
ately well the measurements. Regarding sensitivities, parameters
kxs and K, have a large influence on glucose and acetate con-
centrations. Conversely, parameter influence on biomass is almost
negligible.

6.2. Linear sub-model

The next step consists in identifying the parameters associated
to the gas dynamics using the linear least squares method. As shown
in (7) oxygen is assumed to be in steady state so that the oxygen
transfer rate (OTR) is almost equal to the oxygen uptake, leading
to a linear relation OTR = (ko1 1 X+ ko 2 X + ko3 3X)X where the
explicative variables u; (i=1, 2, 3), are now supposed to be perfectly
known, that is, considering parameter values from the nonlinear
sub-models and the corresponding biomass, glucose and acetate
predictions.

Table 6

Full model.
Parameters Values Units
k1 0.1849 4+ 0.0096 glg
kxo 0.2899 +0.0061 glg
kx3 0.0412 4 0.0001 glg
kaz 0.432440.0172 glg
smax 3.2818+0.036 h!
qomax 1.4032 +0.0342 h-!
Ks 0.0502 4+ 0.0093 g/l
Kia 2.0410+0.2393 g/l
Ka 0.3928 +0.002 g/l
kos/koa 1
kot 0.737440.0698 glg
ko> 03194 +0.0667 glg
ko3 1.3418+£0.4614 glg
ket 0.7608 + 0.0698 glg
ke 0.1055 +0.0667 glg
kes 0.8461+0.4614 glg

Rearranging (7) to get a linear expression, we obtain:
@' = [11X 12X paX] 0 =[kor koz kos) (30)

As explained in [8], the condition of dissolved carbon dioxide in
the medium is more complex since carbon dioxide is by far more
soluble than oxygen and, rigorously, CTR~ CER (where CER is the
carbon transfer evolution rate) is not true. However, since no dis-
solved carbon dioxide measurement from the experimental plant
is currently available, this rough assumption is made.

Applying the quasi-steady state assumption and neglecting dilu-
tion, kc1, ke and k3 are also estimated as in (30).

The identified parameters associated to the gas dynamics are
shown in Table 5. Confidence intervals are relatively small even for
kos and k3 where the data set is though limited to 12 samples.

The fitting between model prediction and experimental data of
OTR and CTR, shown in Figs. 9 and 10 in direct and cross validations,
are still quite satisfactory.

Interestingly, although the determination of CTR is based on a
steady-state assumption which is a priori not always valid, model
validation shows that the model correctly fits the measurements.
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Fig. 11. Direct validation of the nonlinear full-model using parameter values from Tables 3 and 4. -: simulated values, o: discrete measured values.
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6.3. The full model

The full model is now validated using the four experiments and
previous sequentially identified parameter values are used as new
initial guesses for the nonlinear least square method. As a matter

of fact, taking into account model fitting with the data, the solver
does not lead to any improvement, suggesting that the sequential
identification method leads to the best results shown in Fig. 11.
The model predicts satisfactorily data general tendencies (see
Fig. 11) even if glucose concentration predictions still seem
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less accurate when reaching low levels. However, biomass and
acetate concentrations, which are important indicators of E. coli
metabolism, are, in overall, quite well predicted. Parameter values
are shown in Table 6.

Conversely to the nonlinear part, the full linear model fits better
the experimental data as shown in Fig. 12. However, parametric
uncertainty is unfortunately not improved as shown in Table 6.

The global lack of improvement supports the idea that the pro-
posed sequential method performs well and allows to approach
quickly very good parameter estimates while decreasing model
complexity (i.e. the number of parameters and therefore the search
space dimension) and, consequently, computational effort. By way
of example, one sub-model identification run using three times
the “fmincon” solver is achieved within 30 seconds to 2 min by a
core —i7 — 6560U computer 2.20-2.21 GHz with 8 Go RAM, while
one equivalent full model identification run is achieved within
10 minutes to half an hour using the same computational device.

7. Conclusion

In this study, parameter identification of a BL21(DE3) E. coli
strain is carried out using 4 fed-batch experiments. The experi-
mental strategy aims at designing informative cultures in which
cells follow two possible metabolic pathways. The suggested mech-
anistic model structure indeed assumes the existence of overflow
metabolism leading to either respirative or respiro-fermentative
regime and accurate feed flow rate trajectories are carefully set to
meet both of them.

Achieving a specific partitioning of the data, parts of the
stoichiometry and kinetics are successively identified applying
sequentially nonlinear and linear least squares methods. A mul-
tistart procedure is also applied in order to explore the parameter
space and possibly detect the global minimum. The selection of the
best set is carried out taking into account, in descending order of
importance, the fitting during direct and cross-validations, the cost
function values and the uncertainty on the identified parameters.
Parametric sensitivities are used to check the informative quality of
the experiments as well as to characterize parametric uncertainty.

Validation of the full model using all the available data from
the 4 experiments is quite satisfactory: even if the model shows
moderate estimation accuracy for very low glucose concentrations,
model predictions reproduce the right tendencies of experimental
data.
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