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Abstract: The aim of this paper is to select the main reactions of a bioprocess
from a set of plausible metabolic pathways provided by expert knowledge. We
use a methodology aiming at determining the pseudo-stoichiometric coefficient
matrix of a macroscopic mass balance based model. First, the size of the system is
identified and a subspace where the bioprocess dynamics lives is established. In a
second step, the set of a priori plausible reactions is compared with the identified
subspace and the most adequate reactions are selected. This approach is applied
to cheese ripening experimental data. As the main result the method leads to the
identification of a metabolic network that can be the base for dynamical model

development. Copyright (©) 2007 IFAC
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1. INTRODUCTION

The ripening process is one of the most important
steps for many cheese makers. Cheese ripening is
a solid substrate fermentation based on a complex
ecosystem composed of bacteria, yeast and mould.
For example, considering only non lactic acid bac-
teria, Ogier et al. identified 14 to 20 species for
different cheese types (Ogier et al., 2004). Devel-
opment of a ripening microbial consortium, asso-
ciated with residual lactic acid bacteria activities,
leads to organoleptic features of the cheese: (i)
rind apparition (mainly composed of Penicillium
Camemberti in Camembert), (ii) texturization de-
pending on deacidification, proteolysis and liposy-
sis, and (iii) aroma compounds productions.

For cheese ripening, several studies describe the
growth characteristics for a given species ,e.g.
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(Aldarf et al., 2006; Riahi et al., 2007; Barba et
al., 2001), but to our knowledge, a macroscopic
model of cheese ripening does not exist.

Macroscopic modelling can be used to base on-
line tools for control and diagnosis of bioprocesses.
It is also an interesting way to characterize the
main phenomena that take place, especially when
a complex ecosystem is used. In the considered
approach the system is represented by a limited
number of reactions, which are assumed to repre-
sent the main mass fluxes throughout the system.

This paper is based on a two step methodology
aiming at identifying the structure of the pseudo-
stoichiometric (PS) coefficients matrix (Bernard
and Bastin, 2005a; Bernard and Bastin, 2005b).
The first step consists in evaluating the number
of reactions to be taken into account using a prin-



cipal component analysis. In the second step the
unknown coefficients are computed by introducing
additional constraints in the PS matrix.

In the present study, the aim is slightly different:
A set of realistic theoretical reactions is assumed
that may represent the cheese ripening (i.e. the
metabolic pathways identified for the different
species), and we determine among this set those
which are mainly triggered. More precisely, the
idea consists in comparing each theoretical re-
action (represented by a vector of R™) to the
vectorial subspace identified together with the PS

matrix structure.

This approach is used on data collected along
three experimental ripening runs of surface-mould
cheese (Camembert-type).

2. MATERIALS AND METHODS
2.1 Cheese production and ripening

Soft cheeses (Camembert-type) were manufac-
tured in a sterile environment as previously de-
scribed in (Leclercq-Perlat et al., 2004). 45 cheeses
per production run were manufactured. After
drainage, the cheeses were aseptically transferred
to a sterile ripening chamber (volume = 0.99 m?3,
regulated at 13°C); this point was considered as
the initial time. Ripening duration is 14 days,
the cheeses were turned over on day 5. The at-
mospheric changes were described with CO5 and
05 sensors. Since the ripening chamber was used
without an input airflow, the variation of these gas
concentrations depended only of exchange with
products. During the ripening, a cheese was re-
moved daily for analysis of lactose and lactic acid
at the rind and at the core level (see (Leclercg-
Perlat et al., 2000) for more details). Three runs
were realized. They were carried out with a pe-
riodically renewed atmosphere: if necessary, the
CO3 concentration was decreased to 2% by a 6
m? /h flow rate daily air injection. In practice, the
atmosphere was not renewed except 30 min per
day.

2.2 Determination of the number of reactions

2.2.1. Bioprocess dynamical model The generic
model of a multi-compartment bioprocess can be
written as follows:

% _ Kr(t) - o(t) + (1), (1)

dt
where & = (£1,&,...,&,)T is the set of biochemi-
cal concentrations, which describe the bioprocess
state. v(t) is the net balance between inflows and
outflows and ¢(t) represents the fluxes between
the considered compartments. The term Kr(t)
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represents the transformation phenomena in the
bioreactor. r(t) = (ri(t),r2(t), ... ,rp(t))7 is a
vector of the reaction rates; it is supposed to
depend on the state £ and environmental factors.
Matrix K is the pseudo-stoichiometric matrix as-
sociated with the macroscopic reaction network.
The coefficient K;;,7=1,...,nand j =1,...,p
represents the relationship between the j*™ reac-
tion and the i*" concentration. A positive Kj;
value is related to product biosynthesis, while
substrate consumption is observed when K; is
negative; if K;; = 0 this species is not involved
in the j** reaction.

2.2.2. Dimension of the reaction network In a
macroscopic approach, the aim is to define the
smallest number of reactions that can represent
concentration dynamics keeping a biological and

biochemical meaning. Let us denote
dg
== 4v(t)— ot
ult) = S + () - (1)
From equation (1) we have
u(t) = Kr(t)

K is assumed to be a full rank matrix, otherwise,
it would mean that the same dynamical behaviour
could be obtained with a matrix K of lower
dimension, by defining appropriate reaction rates.

The determination of the dimension of the wu(t)
space is a classical problem in statistical analysis
corresponding to the principal component analy-
sis. To address this question, u(t) is considered at
N time instants with N > n and we gather these
vectors in a matrix U. The number of reactions
is then determined by counting the number of
non zero singular values of UUT (Bernard and
Bastin, 2005b).

In practice, with experimental data, there are no
zero eigenvalues for the matrix UU” due to per-
turbations (e.g. measurement noise, numerical ap-
proximation of the derivative). But note that the
singular values correspond to the variance associ-
ated with the corresponding eigenvectors (inertia
axis)(Johnson and Wichern, 1992). The method
consists thus in selecting the p first principal axes,
which represent a cumulated variance larger than
a fixed threshold (e.g. 90%).

2.3 Pseudo-stoichiometric matriz identification

Let p be the n x p matrix made of the p first
eigenvectors of the n x n matrix UU”. p is an
orthonormal basis of Zm K. Therefore, there exists
a p X p matrix G such that

K = pG

To identify G (and thus K), p? additional struc-
tural constraints from the a priori knowledge on



the reaction network are needed (see (Bernard and
Bastin, 2005a)). A constraint can for example be
derived from normalization with respect to one
species. It can also be assumed that a species does
not intervene in a given reaction. Finally, for the
4t reaction, p coefficients must be imposed to
determine the n — p unknown coefficients.

In this paper, the objective is not to identify K
but to select within the a priori reaction set - the
ones that are contained in the image of K. Indeed,
from expert knowledge, a set of p > p possible
theoretical reactions can be defined. Each reaction
is associated to a PS vector IEJ Note that in many
cases, we have p > n. To make the comparison
between the various PS vectors easier, each of
the reactions is normalized, and thus ||k || = 1,
j=1,...,p is assumed.

p is made of the eigenvectors that are associated
to most of the variance in U. For more efficiency
in the selection process we consider however the
first p+ 1 eigenvectors. Each of the p column of K
should then be a linear combination of these p+ 1
eigenvectors.

We propose to confront the set of theoretical
reactions (with known PS coefficients) with these
evaluated p + 1 eigenvectors. For this we have to
compute the distance between the reaction vectors
I;_j and the vectorial space generated by p. Thus
the decomposition of kj on Im (p) and Im (p)*
is considered:

kj=pGj+e,; (2)

where € ; belongs to Im (p)t. k; = pG ; is the
estimated pseudo-stoichiometric vector projection
in the p-dimensional subspace. The distance to

this subspace, is thus assessed by the square norm
of the residuals (SNR): [[e ;||

The SNR is therefore an indicator of the perti-
nence of the considered reaction: when SNR; =
0, it means that the j* reaction is exactly in
the subspace of Im (K). On the contrary, when
SNR; = 1, this reaction cannot be represented
(since ||k ;]| = 1, SNR; € [0,1]). Computing all
the SNR,; associated to I;;_j, the best result can be
identified.

Then in a second step, we will remove l;,j from
Im (p). For this, we replace p,+1 (the eigenvec-
tor associated to the smallest eigenvalue) with
k; in the basis made of the p; (provided that
p;_lk_j # 0; if this is the case pp) is selected.
Then we recompute a new orthonormal basis of
P1,---,Pp,k.j keeping k ; as one of the basis vec-
tor. This can be done using a Gram-Schmidt pro-
cess initialised with k ;. It leads to the orthonor-
mal basis p1,...,pp, k. ;.

Finally the reduced matrix g = [p1,...,0p) is
considered, and we restart the analysis using this
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Figure 1. Schematic view of the carbon substrate
dynamics inside a half cheese.

matrix to select the next reaction within the
remaining set of a priori reactions. The process is
stopped once the p reactions have been selected.

3. MAIN REACTION OF THE CHEESE
RIPENING

3.1 A priori set of reactions for the cheese
Tipening process

Figure 1 represents the main paths for carbon (as
substrate) dynamics during cheese ripening. It is
worth noting that the biomass yield coefficients
are very low for the various reactions. They are
negligible when considering the mass flow balance
between substrates and products (all the coeffi-
cients are expressed in carbon or oxygen mole).

First of all, lactic acid bacteria activities may take
place in a homofermentative pathway:

r1a ()
—

(3)

where S7, S2, Xj4p, are concentrations of lactose,
lactic acid and lactic acid bacteria, respectively.
In some cases, a heterofermentative pathway can
be triggered (this pathway is not represented in
Figure 1):

0.715; Xiap +0.715,

r16(+)
—

0.805, Xiap + 0.45S5 + k1 E + ko COY
(4)
where E is ethanol and COY the dissolved carbon
dioxide. The stoichiometry being constrained by
K1 + Ko 0.45. This bacterial consortium is
active during the acidification of the curd before
the ripening and residual activity may continue

during the first days of the ripening.

Secondly, ripening strains may use lactose for the
growth by fermentative pathways

s 29, x, 4 cod (5)



with X, the microbial ripening consortium. At
the rind level, respirative metabolisms due to gas
exchange with the atmosphere are set up:

r34(")
_

735 (")
RELAEN

0.715, + 0.710,
0.7155 4+ 0.710,
0.3257 + 0.3253 + 0.6302

X, +0.71CO4
X, +0.71COq

X, 4+ 0.63C0O,
(6)

where O and C are the oxygen and carbon dioxide

atmospheric concentrations respectively.

r3e()
_—

For process modelling we consider moreover the
following hypotheses:

e Respiration is assumed to be only possible at
the interface between cheese and atmosphere.
Two compartments can represent the spatial
dynamics: namely, the rind and the core.
v, = 0.34 and v. = 0.66 are the respective
volume fractions of compartments. A third
compartment is also represented, the atmo-
sphere close to the cheese.

Six variables are considered (unfortunately,
COY is not measured). S¢, S5 (for the core)
and S7, S4 (for the rind) are obtained by off-
line measurements. C' and O are computed
from on-line atmospheric measurements.

In order to center the data (by subtract-
ing the average value) and have homoge-
neous units, all concentrations are expressed
in carbon moles per fresh cheese kilogram:
molc.kga, ~! or in oxygen moles per fresh
cheese kilogram: molo.kg;h1 for O.

Figure 2 represents concentration dynamics for
the three experiments. Cubic smoothing spline
functions are used to obtain derivate values at
offline acquisition times. This method allows to
compute reaction rate from concentration data
(Bardow and Marquardt, 2004) by minimizing the
noise influence.

The system is composed by three compartments
(core, rind and atmosphere). To take into account
the dilution effects between compartments, con-
centration variations are ponderated by volume
fraction:

d
d—fv = Kr(t) —v(t) + ¢(t)
with

B B 0
01

V= U (7)

o

ve 0
0 cevvenonn 0 v,

3.1.1. Determination of the exchange rate ¢(t)
In this section we estimate the diffusion coefficient
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Figure 2. Ripening variables for three experiments
(molc.kg,! or molg.kg ;! for O).

between rind and core. The diffusion rate J7
(mol.s~ 1) of a species S, (mol) in one dimension
x (m) through a given surface s (m?) is classically
represented by the Ficks first law:
08,
Jf =—Dys——
* e
with D, (m2.s71) the diffusion coefficient. From
a theoretical point of view, D, is defined by the
Stokes-Einstein equation (Poling et al., 2000):

- KBT
 6mfs

with kg the Boltzmann constant, T' the tempera-
ture, n the viscosity of the product and §, the
radius of gyration of the species S,. Diffusion
dynamics inside the cheese is approximated by the
mass transfer Qg, between core and rind compart-
ments:

(8)

*

QS* = d*(Sf - S:)
d, is a mass transfer coefficient (d=1), it can be
approximated by:

D
d, ~ o=

= )
with a (s.d~!) an unit conversion constant and
h the distance between the centers of gravity
of core and rind (here 0.0135m). From (8, 9)
a relationship between lactose and lactic acid
transfer coefficients is defined:

_ B

do = —d; =~d 10
2521 a1 ()



with 8, = 3.55A and By = 1.85A. ¢(t) is then
given by:

0 0
0 0
a0 Se(t) — ST(#)
=10 4 | <S§(t>—S§“(t>>
—-d; 0
0 7’yd1

Since fluxes between core and rind are represented
by ¢, K is block diagonal

Eiqg-- ki O 0

koq - kay O 0

| ksq - ks, O 0
K= ka1 oo ks O -0
0 -+ 0 kspg1 - ksp

0 0 Kept1 -+ Fop

and a reaction network at the core level can be
isolated. From mass conservation for r,41,...,7p,
we can write :

ase  dss
at | dt

The coefficient d; is identified by linear regression
using experimental data. We obtain d; = 0.094d !
(with a 95% confidence interval [0.0720.116]). Us-
ing (10), we get dy = 0.197d~!. Using equation
(9), the corresponding lactic acid diffusion coef-
ficient is 4.2x107'°m2.s~!. This value is in line
with (Gerla and Rubiolo, 2003) who estimated a
diffusion coefficient of 1x107°m?2.s~! in an Ar-
gentinian semi-hard cheese; the difference could
be explained by the cheese type since Camembert
water content is higher (55% versus 45%).

—dy (57 = 51) + 7 (55 — 53))

3.2 Experimental determination of the number of
reactions

The method is now applied to the data issued
from three experiments. u(t) is computed and
matrix UU7T is analysed. The explained variance
according to reaction number is illustrated by
Figure 3. Three reactions allow to represent 91%
of the information.

3.3 Identification of the main reactions

Using relationships (3-6) at core and rind level,
a set of thirteen possible reactions is considered.
The results are presented in Table 1. The smallest,
SNR value (step 1: 0.0013) is obtained for 73, a
respirative pathway from lactic acid at rind level.
The second reaction is a lactic acid heterofermen-
tative pathway at core level (r{,, SNR — 0.0037 at
step 2). The last selected reaction is a fermentative
pathway from lactose at rind level (r5, SNR =
0.043 at step 3). Note that this process leads to the
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Figure 3. Explained variance(bar) and cumulated
explained variance (%) with respect to the
number of reactions for cheese ripening.

Assumed  Estimated
Unknown  value value interval
R1 —kn/k‘gl —1 —0.89 [ —0.93 —0.84]
Ry —ku -1 —0.94 [—1.09 —0.79]
Rs  kn 1 107 [0.91 1.23]
Ry —keo -05 —0.39 [—0.59 —0.19]
Table 2. Parameters values of the regres-
sions

selection of one reaction for each type of metabolic
pathway.

With 7%, r{, and r5 the PS matrix is:

kin 0 0

—kan 0 O

0 0 -1

K= -1 0 0
0 -1 0

0 k2 O

Using the Bernard and Bastin method, the co-
efficient can be reidentified (see (Bernard and
Bastin, 2005b)); unfortunately the 3" reaction
cannot be checked. The associated regressions are
the following:

Rl . U1Et; = 7]72111,2?;
Ro:ui(t) = —kius(t
Roiw() = ko) D
R4 . Uﬁ(t) = 7]4362U4(t)

All these regressions are significant with a 5%
threshold; coefficients are accurately estimated
(see Table 2) and are close to theoretical values.
Note the very small value for kgo, which is smaller
than for an heterofermentative pathway; it could
be due to the approximation of the diffusion
phenomena. Indeed, the relationship (10) was
established by neglecting the valence of the lactic
acid ion, which probably influences the diffusion
coefficient.



Conversion coefficient : I;j;(kj;)

SNR at each step

C O ST Sy S¢ S 1 2 3
Lactic acid fermentative pathway
7, 0(=0.13)  0(0.24) —0.71(—0.59) 0.71(0.34) 0(—0.18) 0(—0.29) 0.35 0.52 0.52
r{, 0(=0.06)  0(0.03) 0(0.02) 0(—0.08) —0.71(-0.75) 0.71(0.64) 0.018 0.018 0.94
r,  0(=0.09)  0(0.20) —0.89(—0.80) 0.45(0.16) 0(—0.14) 0(—0.23) 0.22 0.28 0.28
rf,  0(0.02) 0(—0.02) 0(—0.01) 0(0.04) —0.89(—0.87) 0.45(0.48) 0.0037 0.0037 &
Fermentative pathway
Ty 0(—0.02)  0(0.11) —1(—0.96) 0(—0.13) 0(—0.06) 0(—0.10) 0.043 0.043 0.043
r§ 0(0.13) 0(—0.08) 0(—0.06) 0(0.20) —1(—0.90) 0(0.16) 0.1 0.1 0.87
Respirative pathway
r, 0.58(0.44) —0.58(—0.40) —0.58(—0.48) 0(—0.31) 0(—0.16) 0(—0.25) 0.24 0.68 0.68
rh,  0.58(0.55) —0.58(—0.60) 0(0) —0.58(—0.58) 0(—0) 0(—0.01) 0.0013 & &
rf.  0.63(0.54) —0.63(—0.55) —0.32(—0.26) —0.32(-0.49) 0(-0.09) 0(—0.14) 0.075 0.9 0.9

Table 1. Pseudo-stoichiometric vectors (first step of the procedure for k ;) and square
norm of residuals (SNR) associated to each reaction for the three identification steps.

4. CONCLUSION

In this paper, a method to identify the main reac-
tions in a bioprocess from a set of a priori possible
reactions is presented. The subspace associated
to the PS matrix is computed according to the
explained variance from the data. We can then
evaluate the reaction vectors to be tested from
their distance to this subspace, leading to the
selection of the most explicative reactions. This
approach was applied to cheese ripening process
using three experiments. Three main reactions are
found: (i) respirative pathway of lactic acid at rind
level (ii) fermentative pathway of lactose at rind
level and (iii) lactic acid fermentative pathway at
core of the cheese. Once the PS matrix has been
identified, the next step is the modelling of the
associated growth rates.
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