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t: The aim of this paper is to sele
t the main rea
tions of a biopro
essfrom a set of plausible metaboli
 pathways provided by expert knowledge. Weuse a methodology aiming at determining the pseudo-stoi
hiometri
 
oe�
ientmatrix of a ma
ros
opi
 mass balan
e based model. First, the size of the system isidenti�ed and a subspa
e where the biopro
ess dynami
s lives is established. In ase
ond step, the set of a priori plausible rea
tions is 
ompared with the identi�edsubspa
e and the most adequate rea
tions are sele
ted. This approa
h is appliedto 
heese ripening experimental data. As the main result the method leads to theidenti�
ation of a metaboli
 network that 
an be the base for dynami
al modeldevelopment.Copyright 
©2007 IFACKeywords: Modelling, Identi�
ation, Cheese ripening, Metaboli
 network.

1. INTRODUCTIONThe ripening pro
ess is one of the most importantsteps for many 
heese makers. Cheese ripening isa solid substrate fermentation based on a 
omplexe
osystem 
omposed of ba
teria, yeast and mould.For example, 
onsidering only non la
ti
 a
id ba
-teria, Ogier et al. identi�ed 14 to 20 spe
ies fordi�erent 
heese types (Ogier et al., 2004). Devel-opment of a ripening mi
robial 
onsortium, asso-
iated with residual la
ti
 a
id ba
teria a
tivities,leads to organolepti
 features of the 
heese: (i)rind apparition (mainly 
omposed of Peni
illiumCamemberti in Camembert), (ii) texturization de-pending on dea
idi�
ation, proteolysis and liposy-sis, and (iii) aroma 
ompounds produ
tions.For 
heese ripening, several studies des
ribe thegrowth 
hara
teristi
s for a given spe
ies ,e.g.

(Aldarf et al., 2006; Riahi et al., 2007; Barba etal., 2001), but to our knowledge, a ma
ros
opi
model of 
heese ripening does not exist.Ma
ros
opi
 modelling 
an be used to base on-line tools for 
ontrol and diagnosis of biopro
esses.It is also an interesting way to 
hara
terize themain phenomena that take pla
e, espe
ially whena 
omplex e
osystem is used. In the 
onsideredapproa
h the system is represented by a limitednumber of rea
tions, whi
h are assumed to repre-sent the main mass �uxes throughout the system.This paper is based on a two step methodologyaiming at identifying the stru
ture of the pseudo-stoi
hiometri
 (PS) 
oe�
ients matrix (Bernardand Bastin, 2005a; Bernard and Bastin, 2005b).The �rst step 
onsists in evaluating the numberof rea
tions to be taken into a

ount using a prin-
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ipal 
omponent analysis. In the se
ond step theunknown 
oe�
ients are 
omputed by introdu
ingadditional 
onstraints in the PS matrix.In the present study, the aim is slightly di�erent:A set of realisti
 theoreti
al rea
tions is assumedthat may represent the 
heese ripening (i.e. themetaboli
 pathways identi�ed for the di�erentspe
ies), and we determine among this set thosewhi
h are mainly triggered. More pre
isely, theidea 
onsists in 
omparing ea
h theoreti
al re-a
tion (represented by a ve
tor of R
n) to theve
torial subspa
e identi�ed together with the PSmatrix stru
ture.This approa
h is used on data 
olle
ted alongthree experimental ripening runs of surfa
e-mould
heese (Camembert-type).2. MATERIALS AND METHODS2.1 Cheese produ
tion and ripeningSoft 
heeses (Camembert-type) were manufa
-tured in a sterile environment as previously de-s
ribed in (Le
ler
q-Perlat et al., 2004). 45 
heesesper produ
tion run were manufa
tured. Afterdrainage, the 
heeses were asepti
ally transferredto a sterile ripening 
hamber (volume = 0.99 m3,regulated at 13◦C); this point was 
onsidered asthe initial time. Ripening duration is 14 days,the 
heeses were turned over on day 5. The at-mospheri
 
hanges were des
ribed with CO2 andO2 sensors. Sin
e the ripening 
hamber was usedwithout an input air�ow, the variation of these gas
on
entrations depended only of ex
hange withprodu
ts. During the ripening, a 
heese was re-moved daily for analysis of la
tose and la
ti
 a
idat the rind and at the 
ore level (see (Le
ler
q-Perlat et al., 2000) for more details). Three runswere realized. They were 
arried out with a pe-riodi
ally renewed atmosphere: if ne
essary, theCO2 
on
entration was de
reased to 2% by a 6m3/h �ow rate daily air inje
tion. In pra
ti
e, theatmosphere was not renewed ex
ept 30 min perday.2.2 Determination of the number of rea
tions2.2.1. Biopro
ess dynami
al model The generi
model of a multi-
ompartment biopro
ess 
an bewritten as follows:

dξ

dt
= Kr(t) − v(t) + φ(t), (1)where ξ = (ξ1, ξ2, . . . , ξn)T is the set of bio
hemi-
al 
on
entrations, whi
h des
ribe the biopro
essstate. v(t) is the net balan
e between in�ows andout�ows and φ(t) represents the �uxes betweenthe 
onsidered 
ompartments. The term Kr(t)

represents the transformation phenomena in thebiorea
tor. r(t) = (r1(t), r2(t), . . . , rp(t))
T is ave
tor of the rea
tion rates; it is supposed todepend on the state ξ and environmental fa
tors.Matrix K is the pseudo-stoi
hiometri
 matrix as-so
iated with the ma
ros
opi
 rea
tion network.The 
oe�
ient Kij , i = 1, . . . , n and j = 1, . . . , prepresents the relationship between the jth rea
-tion and the ith 
on
entration. A positive Kijvalue is related to produ
t biosynthesis, whilesubstrate 
onsumption is observed when Kij isnegative; if Kij = 0 this spe
ies is not involvedin the jth rea
tion.2.2.2. Dimension of the rea
tion network In ama
ros
opi
 approa
h, the aim is to de�ne thesmallest number of rea
tions that 
an represent
on
entration dynami
s keeping a biologi
al andbio
hemi
al meaning. Let us denote

u(t) =
dξ

dt
+ v(t) − φ(t)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 dynami
al behaviour
ould be obtained with a matrix K of lowerdimension, by de�ning appropriate rea
tion rates.The determination of the dimension of the u(t)spa
e is a 
lassi
al problem in statisti
al analysis
orresponding to the prin
ipal 
omponent analy-sis. To address this question, u(t) is 
onsidered at
N time instants with N > n and we gather theseve
tors in a matrix U . The number of rea
tionsis then determined by 
ounting the number ofnon zero singular values of UUT (Bernard andBastin, 2005b).In pra
ti
e, with experimental data, there are nozero eigenvalues for the matrix UUT due to per-turbations (e.g. measurement noise, numeri
al ap-proximation of the derivative). But note that thesingular values 
orrespond to the varian
e asso
i-ated with the 
orresponding eigenve
tors (inertiaaxis)(Johnson and Wi
hern, 1992). The method
onsists thus in sele
ting the p �rst prin
ipal axes,whi
h represent a 
umulated varian
e larger thana �xed threshold (e.g. 90%).2.3 Pseudo-stoi
hiometri
 matrix identi�
ationLet ρ be the n × p matrix made of the p �rsteigenve
tors of the n × n matrix UUT . ρ is anorthonormal basis of ImK. Therefore, there existsa p × p matrix G su
h that

K = ρGTo identify G (and thus K), p2 additional stru
-tural 
onstraints from the a priori knowledge on
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the rea
tion network are needed (see (Bernard andBastin, 2005a)). A 
onstraint 
an for example bederived from normalization with respe
t to onespe
ies. It 
an also be assumed that a spe
ies doesnot intervene in a given rea
tion. Finally, for the
jth rea
tion, p 
oe�
ients must be imposed todetermine the n − p unknown 
oe�
ients.In this paper, the obje
tive is not to identify Kbut to sele
t within the a priori rea
tion set - theones that are 
ontained in the image of K. Indeed,from expert knowledge, a set of p̃ > p possibletheoreti
al rea
tions 
an be de�ned. Ea
h rea
tionis asso
iated to a PS ve
tor k̃.j . Note that in many
ases, we have p̃ > n. To make the 
omparisonbetween the various PS ve
tors easier, ea
h ofthe rea
tions is normalized, and thus ||k̃.j || = 1,
j = 1, ..., p̃ is assumed.
ρ is made of the eigenve
tors that are asso
iatedto most of the varian
e in U . For more e�
ien
yin the sele
tion pro
ess we 
onsider however the�rst p+1 eigenve
tors. Ea
h of the p 
olumn of Kshould then be a linear 
ombination of these p+1eigenve
tors.We propose to 
onfront the set of theoreti
alrea
tions (with known PS 
oe�
ients) with theseevaluated p + 1 eigenve
tors. For this we have to
ompute the distan
e between the rea
tion ve
tors
k̃.j and the ve
torial spa
e generated by ρ. Thusthe de
omposition of k̃.j on Im (ρ) and Im (ρ)⊥is 
onsidered:

k̃.j = ρG.j + ǫ.j (2)where ǫ.j belongs to Im (ρ)⊥. k.j = ρG.j is theestimated pseudo-stoi
hiometri
 ve
tor proje
tionin the p-dimensional subspa
e. The distan
e tothis subspa
e, is thus assessed by the square normof the residuals (SNR): ||ǫ.j ||
2.The SNR is therefore an indi
ator of the perti-nen
e of the 
onsidered rea
tion: when SNRj =0, it means that the jth rea
tion is exa
tly inthe subspa
e of Im (K). On the 
ontrary, whenSNRj = 1, this rea
tion 
annot be represented(sin
e ||k̃.j || = 1, SNRj ∈ [0, 1]). Computing allthe SNRj asso
iated to k̃.j , the best result 
an beidenti�ed.Then in a se
ond step, we will remove k̃.j from

Im (ρ). For this, we repla
e ρp+1 (the eigenve
-tor asso
iated to the smallest eigenvalue) with
k.j in the basis made of the ρi (provided that
ρT

p+1k.j 6= 0; if this is the 
ase ρp) is sele
ted.Then we re
ompute a new orthonormal basis of
ρ1, . . . , ρp, k.j keeping k.j as one of the basis ve
-tor. This 
an be done using a Gram-S
hmidt pro-
ess initialised with k.j . It leads to the orthonor-mal basis ρ̃1, . . . , ρ̃p, k.j .Finally the redu
ed matrix ρ̃ = [ρ̃1, . . . , ρ̃p] is
onsidered, and we restart the analysis using this

Figure 1. S
hemati
 view of the 
arbon substratedynami
s inside a half 
heese.matrix to sele
t the next rea
tion within theremaining set of a priori rea
tions. The pro
ess isstopped on
e the p rea
tions have been sele
ted.3. MAIN REACTION OF THE CHEESERIPENING3.1 A priori set of rea
tions for the 
heeseripening pro
essFigure 1 represents the main paths for 
arbon (assubstrate) dynami
s during 
heese ripening. It isworth noting that the biomass yield 
oe�
ientsare very low for the various rea
tions. They arenegligible when 
onsidering the mass �ow balan
ebetween substrates and produ
ts (all the 
oe�-
ients are expressed in 
arbon or oxygen mole).First of all, la
ti
 a
id ba
teria a
tivities may takepla
e in a homofermentative pathway:
0.71S1

r1a(·)
−−−→ Xlab + 0.71S2

(3)where S1, S2, Xlab, are 
on
entrations of la
tose,la
ti
 a
id and la
ti
 a
id ba
teria, respe
tively.In some 
ases, a heterofermentative pathway 
anbe triggered (this pathway is not represented inFigure 1):
0.80S1

r1b(·)
−−−→ Xlab + 0.45S2 + κ1E + κ2COd

2(4)where E is ethanol and COd
2 the dissolved 
arbondioxide. The stoi
hiometry being 
onstrained by

κ1 + κ2 = 0.45. This ba
terial 
onsortium isa
tive during the a
idi�
ation of the 
urd beforethe ripening and residual a
tivity may 
ontinueduring the �rst days of the ripening.Se
ondly, ripening strains may use la
tose for thegrowth by fermentative pathways
S1

r2(·)
−−−→ Xr + COd

2
(5)
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with Xr the mi
robial ripening 
onsortium. Atthe rind level, respirative metabolisms due to gasex
hange with the atmosphere are set up:
0.71S1 + 0.71O2

r3a(·)
−−−→ Xr + 0.71CO2

0.71S2 + 0.71O2
r3b(·)
−−−→ Xr + 0.71CO2

0.32S1 + 0.32S2 + 0.63O2
r3c(·)
−−−→ Xr + 0.63CO2(6)where O and C are the oxygen and 
arbon dioxideatmospheri
 
on
entrations respe
tively.For pro
ess modelling we 
onsider moreover thefollowing hypotheses:

• Respiration is assumed to be only possible atthe interfa
e between 
heese and atmosphere.
• Two 
ompartments 
an represent the spatialdynami
s: namely, the rind and the 
ore.

υr = 0.34 and υc = 0.66 are the respe
tivevolume fra
tions of 
ompartments. A third
ompartment is also represented, the atmo-sphere 
lose to the 
heese.
• Six variables are 
onsidered (unfortunately,

COd
2 is not measured). Sc

1, Sc
2 (for the 
ore)and Sr

1 , Sr
2 (for the rind) are obtained by o�-line measurements. C and O are 
omputedfrom on-line atmospheri
 measurements.

• In order to 
enter the data (by subtra
t-ing the average value) and have homoge-neous units, all 
on
entrations are expressedin 
arbon moles per fresh 
heese kilogram:molC.kgch
−1 or in oxygen moles per fresh
heese kilogram: molO.kg−1

ch for O.Figure 2 represents 
on
entration dynami
s forthe three experiments. Cubi
 smoothing splinefun
tions are used to obtain derivate values ato�ine a
quisition times. This method allows to
ompute rea
tion rate from 
on
entration data(Bardow and Marquardt, 2004) by minimizing thenoise in�uen
e.The system is 
omposed by three 
ompartments(
ore, rind and atmosphere). To take into a

ountthe dilution e�e
ts between 
ompartments, 
on-
entration variations are ponderated by volumefra
tion:
dξ

dt
V = Kr(t) − v(t) + φ(t)with

V =

























1 0 · · · · · · · · · 0

0 1
. . . ...... . . . υr

. . . ...... . . . υr

. . . ...... . . . υc 0
0 · · · · · · · · · 0 υc

























(7)
3.1.1. Determination of the ex
hange rate φ(t)In this se
tion we estimate the di�usion 
oe�
ient

Figure 2. Ripening variables for three experiments(molC.kg−1
ch or mol0.kg−1

ch for O).between rind and 
ore. The di�usion rate Jx
⋆(mol.s−1) of a spe
ies S⋆ (mol) in one dimension

x (m) through a given surfa
e s (m2) is 
lassi
allyrepresented by the Fi
ks �rst law:
Jx

⋆ = −D⋆s
∂S⋆

∂xwith D⋆ (m2.s−1) the di�usion 
oe�
ient. Froma theoreti
al point of view, D⋆ is de�ned by theStokes-Einstein equation (Poling et al., 2000):
D⋆ =

κBT

6πηβ⋆

(8)with κB the Boltzmann 
onstant, T the tempera-ture, η the vis
osity of the produ
t and β⋆ theradius of gyration of the spe
ies S⋆. Di�usiondynami
s inside the 
heese is approximated by themass transferQS⋆
between 
ore and rind 
ompart-ments:

QS⋆
= d⋆(S

c
⋆ − Sr

⋆)

d⋆ is a mass transfer 
oe�
ient (d−1), it 
an beapproximated by:
d⋆ ≃ α

D⋆

h2
(9)with α (s.d−1) an unit 
onversion 
onstant and

h the distan
e between the 
enters of gravityof 
ore and rind (here 0.0135m). From (8, 9)a relationship between la
tose and la
ti
 a
idtransfer 
oe�
ients is de�ned:
d2 =

β1

β2
d1 = γd1 (10)
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with β1 = 3.55Å and β2 = 1.85Å. φ(t) is thengiven by:
φ(t) =

















0 0
0 0
d1 0
0 γd1

−d1 0
0 −γd1

















×

(

Sc
1(t) − Sr

1(t)
Sc

2(t) − Sr
2(t)

)

Sin
e �uxes between 
ore and rind are representedby φ, K is blo
k diagonal
K =

















k1,1 · · · k1,ν 0 · · · 0
k2,1 · · · k2,ν 0 · · · 0
k3,1 · · · k3,ν 0 · · · 0
k4,1 · · · k4,ν 0 · · · 0
0 · · · 0 k5,ν+1 · · · k5,p

0 · · · 0 k6,ν+1 · · · k6,p















and a rea
tion network at the 
ore level 
an beisolated. From mass 
onservation for rν+1, ..., rp,we 
an write :
dSc

1

dt
+

dSc
2

dt
= −d1 ((Sc

1 − Sr
1) + γ (Sc

2 − Sr
2))The 
oe�
ient d1 is identi�ed by linear regressionusing experimental data. We obtain d1 = 0.094d−1(with a 95% 
on�den
e interval [0.072 0.116]). Us-ing (10), we get d2 = 0.197d−1. Using equation(9), the 
orresponding la
ti
 a
id di�usion 
oef-�
ient is 4.2×10−10m2.s−1. This value is in linewith (Gerla and Rubiolo, 2003) who estimated adi�usion 
oe�
ient of 1×10−10m2.s−1 in an Ar-gentinian semi-hard 
heese; the di�eren
e 
ouldbe explained by the 
heese type sin
e Camembertwater 
ontent is higher (55% versus 45%).3.2 Experimental determination of the number ofrea
tionsThe method is now applied to the data issuedfrom three experiments. u(t) is 
omputed andmatrix UUT is analysed. The explained varian
ea

ording to rea
tion number is illustrated byFigure 3. Three rea
tions allow to represent 91%of the information.3.3 Identi�
ation of the main rea
tionsUsing relationships (3-6) at 
ore and rind level,a set of thirteen possible rea
tions is 
onsidered.The results are presented in Table 1. The smallestSNR value (step 1: 0.0013) is obtained for rr
3b, arespirative pathway from la
ti
 a
id at rind level.The se
ond rea
tion is a la
ti
 a
id heterofermen-tative pathway at 
ore level (rc

1b, SNR = 0.0037 atstep 2). The last sele
ted rea
tion is a fermentativepathway from la
tose at rind level (rr
2, SNR =0.043 at step 3). Note that this pro
ess leads to the

Figure 3. Explained varian
e(bar) and 
umulatedexplained varian
e (⋆) with respe
t to thenumber of rea
tions for 
heese ripening.Assumed EstimatedUnknown value value interval
R1 −k11/k21 −1 −0.89 [ −0.93 −0.84 ]
R2 −k11 −1 −0.94 [ −1.09 −0.79 ]

R3 k21 1 1.07 [ 0.91 1.23 ]
R4 −k62 −0.5 −0.39 [ −0.59 −0.19 ]Table 2. Parameters values of the regres-sionssele
tion of one rea
tion for ea
h type of metaboli
pathway.With rr

3b, rc
1b and rr

2 the PS matrix is:
K =

















k11 0 0
−k21 0 0

0 0 −1
−1 0 0
0 −1 0
0 k62 0















Using the Bernard and Bastin method, the 
o-e�
ient 
an be reidenti�ed (see (Bernard andBastin, 2005b)); unfortunately the 3rd rea
tion
annot be 
he
ked. The asso
iated regressions arethe following:
R1 : u1(t) = −k11

k21

u2(t)

R2 : u1(t) = −k11u5(t)
R3 : u2(t) = k21u5(t)
R4 : u6(t) = −k62u4(t)

(11)All these regressions are signi�
ant with a 5%threshold; 
oe�
ients are a

urately estimated(see Table 2) and are 
lose to theoreti
al values.Note the very small value for k62, whi
h is smallerthan for an heterofermentative pathway; it 
ouldbe due to the approximation of the di�usionphenomena. Indeed, the relationship (10) wasestablished by negle
ting the valen
e of the la
ti
a
id ion, whi
h probably in�uen
es the di�usion
oe�
ient.
187



Conversion 
oe�
ient : k̃T
.j

(kT
.j

) SNR at ea
h step
C O Sr

1
Sr

2
Sc

1
Sc

2
1 2 3La
ti
 a
id fermentative pathway

rr
1a 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

rc
1a 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

rr
1b

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
rc
1b

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
rr
2

0(−0.02) 0(0.11) −1(−0.96) 0(−0.13) 0(−0.06) 0(−0.10) 0.043 0.043 0.043

rc
2

0(0.13) 0(−0.08) 0(−0.06) 0(0.20) −1(−0.90) 0(0.16) 0.1 0.1 0.87Respirative pathway
rr
3a 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

rr
3b

0.58(0.55) −0.58(−0.60) 0(0) −0.58(−0.58) 0(−0) 0(−0.01) 0.0013 ∅ ∅

rr
3c 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 0.9Table 1. Pseudo-stoi
hiometri
 ve
tors (�rst step of the pro
edure for k.j) and squarenorm of residuals (SNR) asso
iated to ea
h rea
tion for the three identi�
ation steps.4. CONCLUSIONIn this paper, a method to identify the main rea
-tions in a biopro
ess from a set of a priori possiblerea
tions is presented. The subspa
e asso
iatedto the PS matrix is 
omputed a

ording to theexplained varian
e from the data. We 
an thenevaluate the rea
tion ve
tors to be tested fromtheir distan
e to this subspa
e, leading to thesele
tion of the most expli
ative rea
tions. Thisapproa
h was applied to 
heese ripening pro
essusing three experiments. Three main rea
tions arefound: (i) respirative pathway of la
ti
 a
id at rindlevel (ii) fermentative pathway of la
tose at rindlevel and (iii) la
ti
 a
id fermentative pathway at
ore of the 
heese. On
e the PS matrix has beenidenti�ed, the next step is the modelling of theasso
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