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∗∗ INRIA, COMORE, BP 93, F-06902 Sophia-Antipolis,Frane. (olivier.bernard�inria.sophia.fr)Abstrat: The aim of this paper is to selet the main reations of a bioproessfrom a set of plausible metaboli pathways provided by expert knowledge. Weuse a methodology aiming at determining the pseudo-stoihiometri oe�ientmatrix of a marosopi mass balane based model. First, the size of the system isidenti�ed and a subspae where the bioproess dynamis lives is established. In aseond step, the set of a priori plausible reations is ompared with the identi�edsubspae and the most adequate reations are seleted. This approah 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 dynamial modeldevelopment.Copyright ©2007 IFACKeywords: Modelling, Identi�ation, Cheese ripening, Metaboli network.

1. INTRODUCTIONThe ripening proess is one of the most importantsteps for many heese makers. Cheese ripening isa solid substrate fermentation based on a omplexeosystem omposed of bateria, yeast and mould.For example, onsidering only non lati aid ba-teria, Ogier et al. identi�ed 14 to 20 speies fordi�erent heese types (Ogier et al., 2004). Devel-opment of a ripening mirobial onsortium, asso-iated with residual lati aid bateria ativities,leads to organolepti features of the heese: (i)rind apparition (mainly omposed of PeniilliumCamemberti in Camembert), (ii) texturization de-pending on deaidi�ation, proteolysis and liposy-sis, and (iii) aroma ompounds produtions.For heese ripening, several studies desribe thegrowth harateristis for a given speies ,e.g.

(Aldarf et al., 2006; Riahi et al., 2007; Barba etal., 2001), but to our knowledge, a marosopimodel of heese ripening does not exist.Marosopi modelling an be used to base on-line tools for ontrol and diagnosis of bioproesses.It is also an interesting way to haraterize themain phenomena that take plae, espeially whena omplex eosystem is used. In the onsideredapproah the system is represented by a limitednumber of reations, whih are assumed to repre-sent the main mass �uxes throughout the system.This paper is based on a two step methodologyaiming at identifying the struture of the pseudo-stoihiometri (PS) oe�ients matrix (Bernardand Bastin, 2005a; Bernard and Bastin, 2005b).The �rst step onsists in evaluating the numberof reations to be taken into aount using a prin-
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ipal omponent analysis. In the seond step theunknown oe�ients are omputed by introduingadditional onstraints in the PS matrix.In the present study, the aim is slightly di�erent:A set of realisti theoretial reations is assumedthat may represent the heese ripening (i.e. themetaboli pathways identi�ed for the di�erentspeies), and we determine among this set thosewhih are mainly triggered. More preisely, theidea onsists in omparing eah theoretial re-ation (represented by a vetor of R
n) to thevetorial subspae identi�ed together with the PSmatrix struture.This approah is used on data olleted alongthree experimental ripening runs of surfae-mouldheese (Camembert-type).2. MATERIALS AND METHODS2.1 Cheese prodution and ripeningSoft heeses (Camembert-type) were manufa-tured in a sterile environment as previously de-sribed in (Lelerq-Perlat et al., 2004). 45 heesesper prodution run were manufatured. Afterdrainage, the heeses were aseptially 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 desribed with CO2 andO2 sensors. Sine the ripening hamber was usedwithout an input air�ow, the variation of these gasonentrations depended only of exhange withproduts. During the ripening, a heese was re-moved daily for analysis of latose and lati aidat the rind and at the ore level (see (Lelerq-Perlat et al., 2000) for more details). Three runswere realized. They were arried out with a pe-riodially renewed atmosphere: if neessary, theCO2 onentration was dereased to 2% by a 6m3/h �ow rate daily air injetion. In pratie, theatmosphere was not renewed exept 30 min perday.2.2 Determination of the number of reations2.2.1. Bioproess dynamial model The generimodel of a multi-ompartment bioproess an bewritten as follows:

dξ

dt
= Kr(t) − v(t) + φ(t), (1)where ξ = (ξ1, ξ2, . . . , ξn)T is the set of biohemi-al onentrations, whih desribe the bioproessstate. v(t) is the net balane between in�ows andout�ows and φ(t) represents the �uxes betweenthe onsidered ompartments. The term Kr(t)

represents the transformation phenomena in thebioreator. r(t) = (r1(t), r2(t), . . . , rp(t))
T is avetor of the reation rates; it is supposed todepend on the state ξ and environmental fators.Matrix K is the pseudo-stoihiometri matrix as-soiated with the marosopi reation network.The oe�ient Kij , i = 1, . . . , n and j = 1, . . . , prepresents the relationship between the jth rea-tion and the ith onentration. A positive Kijvalue is related to produt biosynthesis, whilesubstrate onsumption is observed when Kij isnegative; if Kij = 0 this speies is not involvedin the jth reation.2.2.2. Dimension of the reation network In amarosopi approah, the aim is to de�ne thesmallest number of reations that an representonentration dynamis keeping a biologial andbiohemial 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 dynamial behaviourould be obtained with a matrix K of lowerdimension, by de�ning appropriate reation rates.The determination of the dimension of the u(t)spae is a lassial problem in statistial analysisorresponding to the prinipal omponent analy-sis. To address this question, u(t) is onsidered at
N time instants with N > n and we gather thesevetors in a matrix U . The number of reationsis then determined by ounting the number ofnon zero singular values of UUT (Bernard andBastin, 2005b).In pratie, with experimental data, there are nozero eigenvalues for the matrix UUT due to per-turbations (e.g. measurement noise, numerial ap-proximation of the derivative). But note that thesingular values orrespond to the variane assoi-ated with the orresponding eigenvetors (inertiaaxis)(Johnson and Wihern, 1992). The methodonsists thus in seleting the p �rst prinipal axes,whih represent a umulated variane larger thana �xed threshold (e.g. 90%).2.3 Pseudo-stoihiometri matrix identi�ationLet ρ be the n × p matrix made of the p �rsteigenvetors of the n × n matrix UUT . ρ is anorthonormal basis of ImK. Therefore, there existsa p × p matrix G suh that

K = ρGTo identify G (and thus K), p2 additional stru-tural onstraints from the a priori knowledge on
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the reation network are needed (see (Bernard andBastin, 2005a)). A onstraint an for example bederived from normalization with respet to onespeies. It an also be assumed that a speies doesnot intervene in a given reation. Finally, for the
jth reation, p oe�ients must be imposed todetermine the n − p unknown oe�ients.In this paper, the objetive is not to identify Kbut to selet within the a priori reation set - theones that are ontained in the image of K. Indeed,from expert knowledge, a set of p̃ > p possibletheoretial reations an be de�ned. Eah reationis assoiated to a PS vetor k̃.j . Note that in manyases, we have p̃ > n. To make the omparisonbetween the various PS vetors easier, eah ofthe reations is normalized, and thus ||k̃.j || = 1,
j = 1, ..., p̃ is assumed.
ρ is made of the eigenvetors that are assoiatedto most of the variane in U . For more e�ienyin the seletion proess we onsider however the�rst p+1 eigenvetors. Eah of the p olumn of Kshould then be a linear ombination of these p+1eigenvetors.We propose to onfront the set of theoretialreations (with known PS oe�ients) with theseevaluated p + 1 eigenvetors. For this we have toompute the distane between the reation vetors
k̃.j and the vetorial spae generated by ρ. Thusthe deomposition 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-stoihiometri vetor projetionin the p-dimensional subspae. The distane tothis subspae, is thus assessed by the square normof the residuals (SNR): ||ǫ.j ||
2.The SNR is therefore an indiator of the perti-nene of the onsidered reation: when SNRj =0, it means that the jth reation is exatly inthe subspae of Im (K). On the ontrary, whenSNRj = 1, this reation annot be represented(sine ||k̃.j || = 1, SNRj ∈ [0, 1]). Computing allthe SNRj assoiated to k̃.j , the best result an beidenti�ed.Then in a seond step, we will remove k̃.j from

Im (ρ). For this, we replae ρp+1 (the eigenve-tor assoiated 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 seleted.Then we reompute 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-Shmidt pro-ess initialised with k.j . It leads to the orthonor-mal basis ρ̃1, . . . , ρ̃p, k.j .Finally the redued matrix ρ̃ = [ρ̃1, . . . , ρ̃p] isonsidered, and we restart the analysis using this

Figure 1. Shemati view of the arbon substratedynamis inside a half heese.matrix to selet the next reation within theremaining set of a priori reations. The proess isstopped one the p reations have been seleted.3. MAIN REACTION OF THE CHEESERIPENING3.1 A priori set of reations for the heeseripening proessFigure 1 represents the main paths for arbon (assubstrate) dynamis during heese ripening. It isworth noting that the biomass yield oe�ientsare very low for the various reations. They arenegligible when onsidering the mass �ow balanebetween substrates and produts (all the oe�-ients are expressed in arbon or oxygen mole).First of all, lati aid bateria ativities may takeplae in a homofermentative pathway:
0.71S1

r1a(·)
−−−→ Xlab + 0.71S2

(3)where S1, S2, Xlab, are onentrations of latose,lati aid and lati aid bateria, respetively.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 stoihiometry being onstrained by

κ1 + κ2 = 0.45. This baterial onsortium isative during the aidi�ation of the urd beforethe ripening and residual ativity may ontinueduring the �rst days of the ripening.Seondly, ripening strains may use latose for thegrowth by fermentative pathways
S1

r2(·)
−−−→ Xr + COd

2
(5)
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with Xr the mirobial ripening onsortium. Atthe rind level, respirative metabolisms due to gasexhange 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 onentrations respetively.For proess modelling we onsider moreover thefollowing hypotheses:

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

υr = 0.34 and υc = 0.66 are the respetivevolume frations of ompartments. A thirdompartment 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 subtrat-ing the average value) and have homoge-neous units, all onentrations are expressedin arbon moles per fresh heese kilogram:molC.kgch
−1 or in oxygen moles per freshheese kilogram: molO.kg−1

ch for O.Figure 2 represents onentration dynamis forthe three experiments. Cubi smoothing splinefuntions are used to obtain derivate values ato�ine aquisition times. This method allows toompute reation rate from onentration data(Bardow and Marquardt, 2004) by minimizing thenoise in�uene.The system is omposed by three ompartments(ore, rind and atmosphere). To take into aountthe dilution e�ets between ompartments, on-entration variations are ponderated by volumefration:
dξ

dt
V = Kr(t) − v(t) + φ(t)with

V =
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(7)
3.1.1. Determination of the exhange rate φ(t)In this setion 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 speies S⋆ (mol) in one dimension

x (m) through a given surfae s (m2) is lassiallyrepresented by the Fiks �rst law:
Jx

⋆ = −D⋆s
∂S⋆

∂xwith D⋆ (m2.s−1) the di�usion oe�ient. Froma theoretial 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 visosity of the produt and β⋆ theradius of gyration of the speies S⋆. Di�usiondynamis 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 distane between the enters of gravityof ore and rind (here 0.0135m). From (8, 9)a relationship between latose and lati aidtransfer 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)

)

Sine �uxes between ore and rind are representedby φ, K is blok 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 reation 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�dene interval [0.072 0.116]). Us-ing (10), we get d2 = 0.197d−1. Using equation(9), the orresponding lati aid 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�erene ouldbe explained by the heese type sine Camembertwater ontent is higher (55% versus 45%).3.2 Experimental determination of the number ofreationsThe method is now applied to the data issuedfrom three experiments. u(t) is omputed andmatrix UUT is analysed. The explained varianeaording to reation number is illustrated byFigure 3. Three reations allow to represent 91%of the information.3.3 Identi�ation of the main reationsUsing relationships (3-6) at ore and rind level,a set of thirteen possible reations is onsidered.The results are presented in Table 1. The smallestSNR value (step 1: 0.0013) is obtained for rr
3b, arespirative pathway from lati aid at rind level.The seond reation is a lati aid heterofermen-tative pathway at ore level (rc

1b, SNR = 0.0037 atstep 2). The last seleted reation is a fermentativepathway from latose at rind level (rr
2, SNR =0.043 at step 3). Note that this proess leads to the

Figure 3. Explained variane(bar) and umulatedexplained variane (⋆) with respet to thenumber of reations 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-sionsseletion of one reation for eah type of metabolipathway.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 reationannot be heked. The assoiated 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 aurately estimated(see Table 2) and are lose to theoretial values.Note the very small value for k62, whih is smallerthan for an heterofermentative pathway; it ouldbe due to the approximation of the di�usionphenomena. Indeed, the relationship (10) wasestablished by negleting the valene of the latiaid ion, whih probably in�uenes the di�usionoe�ient.
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Conversion oe�ient : k̃T
.j

(kT
.j

) SNR at eah step
C O Sr

1
Sr

2
Sc

1
Sc

2
1 2 3Lati aid 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-stoihiometri vetors (�rst step of the proedure for k.j) and squarenorm of residuals (SNR) assoiated to eah reation for the three identi�ation steps.4. CONCLUSIONIn this paper, a method to identify the main rea-tions in a bioproess from a set of a priori possiblereations is presented. The subspae assoiatedto the PS matrix is omputed aording to theexplained variane from the data. We an thenevaluate the reation vetors to be tested fromtheir distane to this subspae, leading to theseletion of the most expliative reations. Thisapproah was applied to heese ripening proessusing three experiments. Three main reations arefound: (i) respirative pathway of lati aid at rindlevel (ii) fermentative pathway of latose at rindlevel and (iii) lati aid fermentative pathway atore of the heese. One the PS matrix has beenidenti�ed, the next step is the modelling of theassoiated growth rates.ACKNOWLEDGMENTWe thank Dr. A. Tromlin for providing the radiusof gyration of latose and lati aid.REFERENCESAldarf, M., F. Fourade, A. Amrane and Y. Pri-gent (2006). Substrate and metabolite dif-fusion within model medium for soft heesein relation to growth of Peniillium amem-bertii. Journal of Industrial Mirobiology andBiotehnology 33, 685�692.Barba, D., F. Beolhini, G. Del Re, G. Di Gia-omo and F. Veglio (2001). Kineti analysis ofKluyveromyes latis fermentation on whey:bath and fed-bath operations. Proess Bio-hemistry 36, 531�536.Bardow, A. and W. Marquardt (2004). Inremen-tal and simultaneous identi�ation of reationkinetis: methods and omparison. ChemialEngineering Siene 59, 2673�2684.

Bernard, O. and G. Bastin (2005a). Identi�a-tion of reation networks for bioproesses: de-termination of a partially unknown pseudo-stoihiometri matrix. Bioproess and Biosys-tems Engineering 27, 293�301.Bernard, O. and G. Bastin (2005b). On the es-timation of the pseudo-stoihiometri matrixfor mass balane modeling of biotehnologialproesses.Mathematial Biosienes 193, 51�77.Gerla, P. and A. Rubiolo (2003). A model for de-termination of multiomponent di�usion o-e�ients in foods. Journal of Food Engineer-ing 56, 401�410.Johnson, R. and D. Wihern (1992). Applied mul-tivariate statistial analysis. Prentie-Hall.New Jersey.Lelerq-Perlat, M.-N., A. Oumer, F. Buono, J.-L. Bergere, H.-E. Spinnler and G. Corrieu(2000). Behavior of Brevibaterium linensand Debaryomyes hansenii as ripening �orain ontrolled prodution of soft smear heesefrom reonstituted milk: Protein degradation.Journal of Dairy Siene 83, 1674�1683.Lelerq-Perlat, M.-N., F. Buono, D. Lambert,E. Latrille, H.-E. Spinnler and G. Corrieu(2004). Controlled prodution of amembert-type heeses. part 1: Mirobiologial andphysiohemial evolutions. Journal of DairyResearh 35, 346�354.Ogier, J.-C., V. Lafarge, V. Girard, A. Rault,V. Maladen, A. Gruss, J.-Y. Leveau andA. Delaroix-Buhet (2004). Moleular �nger-printing of dairy mirobial eosystems by useof temporal temperature and denaturing gra-dient gel eletrophoresis. Applied and Envi-ronmental Mirobiology 70, 5628�5643.Poling, B.E., J.M. Prausnitz and J.P. O'Connell(2000). The properties of gases and liquids.MGraw-Hill. New-York.Riahi, M.H., I.C. Trélea, D. Pique, M.N.Lelerq-Perlat, A. Hélias and G. Corrieu(2007). A model desribing Debaryomyeshansenii growth and substrates onsumption
188



during a smear soft heese deaidi�ation andripening. Journal of Dairy Siene (aepted).

189



 

190


	T22_32_Final_Manuscript.pdf
	emptypage0.pdf

