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Abstract

During lactic acid fermentation in batch and coatins culture using Lactobacillus
helveticus seed culture is usually carried out without phiteal, while culture is carried out
at pH controlled at the optimal value to overcomhibitory effects. In this study, novel
mathematical models are set up to describe lacit production in batch and continuous
fermentation. The Luedeking-Piret expression wasretiore previously modified by
introducing additional terms involving the undissed form of the lactic acid, the main
inhibitory species, in case of batch cultures withpH control. To describe growth, the
Verlhust model which proved to describe satisfacigmowth kinetics was considered. The
model was found to match both experimental growith groduction data. Another model was
also developed involving the residual lactose cotration to account for carbon substrate
limitation, responsible for cessation of productidaring batch cultures ofactobacillus
helveticus at controlled pH. This model matched experimerdata accurately. Two
generalized models were then deduced from the adsquessions. The results obtained show
that the generalized models gave a satisfactorgriggisn of experimental data in various
culture conditions, since they were validated dycaltures at pH control and in absence of
pH control, as well as for different nitrogen suwgpkntation of culture media. Both models,
as well as the Luedeking-Piret model, were develajgedescribe successfully continuous

two-stage culture df. helveticus

Keywords: lactic acid, Fermentation, Modeling

Résumé
Au cours de la fermentation lactique en discontow en continu, la préculture se fait
généralement a pH libre tandis que la culture #eafgpH régulé, et ce pour éviter une

inhibition par l'acide formé. Dans ce travail, deuveaux modeles mathématiques ont été



développés pour décrire la croissance et la ptaoud'acide lactique. Le modele de
Luedeking-Piret a été modifié en introduisant, d'part, I'effet inhibiteur de I'acide lactique
non dissocié dans le cas de la préculture. Pogrdmssance, le modele de Verlhust a été
utilise dans ce travail. Le modéle développé déamitectement les résultats expérimentaux
jusqu'a la fin de la fermentation. D'autre partinafie rendre compte d'une limitation
nutritionnelle, ce qui est le cas lors de I'étapecdlture (& pH régulé) un second modele a été
développé en introduisant la concentration résldueh substrat carboné. Pour éviter
l'utilisation de ces deux modeles, deux modéle®mgdisés ont été développés qui tiennent
compte a la fois de [I'effet inhibiteur de l'aci&tique non dissocié et des limitations
nutritionnelles. Ces modeles décrivent bien lesiltés expérimentaux a pH libre et a pH

régulé. Ces modéles ont été appliqués avec suaaessal'un bioréacteur biétagé en continu.

Mots Clés: acide lactique, Fermentation, Modélisation

Weooo( " # $ !
* ) (pH* + : : pHI- . S A I T S
b * | ! - "( (3 T G VAR
Luedeking-Piret 6t 7 56 A A [HL]
[HL ]inh
* 6 (- . " 8 03 LhpHO : ™ ( ( -% ) (
( R S A ! 9: '( Luedeking-Piret
' [1—S"ﬂj "{56> 5 6 * % < +( - . =8 %2
s
* 6 (kL pH1 % (0 % 2 * e
6 ( ( -4 2 $ 9 o6& y P <
*78 % o " =h %2 *6 ! =h 9:
! 9 ( 9
3 h B < B A



TABLE OF CONTENT

Acknowledgements
F A o oY1 = (o1 P Al
Table Of CONTENT. .. ... e e e e e e e ettt S

TaADIES LISt .o T

10 T =TS I P

CHAPTER I: INTRODUCTION

[. INTRODUCTION. ..ot e s L

CHAPTER II: LITERATURE REVIEW

1. LITERATURE REVIEW.... ... e
[1-1. INTRODUCTION. ...ttt e e e e e e ee e e
[1-2. Unstructured ModelS....... ..o 4
2.a Batch fermentation............cccoo oo e
2. a. 1. GrOWLKINETICS ... en et e e e e e e e e 4
2.a.2. ProduCt KINELICS........co v e e e 20
2.b Continuous fermentation................coociiiiiiiiiiiii 0039
[1-3. Structured ModelS ... 49
3.8, GrOWEHKINELICS ... . et e e e e 49
3.b. Product KINEtiCS.........ooviie e i v nen e e D0

CHAPTER Ill: MATERIAL AND METHODS

[II: MATERIAL AND METHODS... ... ottt s 52
11 I\ [ Tod foTo s =T g 1] 1 o PP 52

1I-2 . Media and Culture ConditioN.......covoe oo e e e e e e 52

2. 1. Cultures with and without pH control (@kex IV 81 and 2).................. 52



2. 2. Cultures at different pH de control (Btea IV 8 1 and3)..................... 53

2. 3. Continuous cultures (Chapter IV8 4)........cocoiiiiiiiiiiiiii e, 54
-3 .Analytical MethOdsS. ... ....coi i e e e e e ee s 55

3. 1. Bacterial conCentration.............ovouuiieiie it s e 55

3.2. Lactate CONCENIratiON. ..ottt it e e em s 56

3.3. Sugar CONCENLIAtION........oove it e e e e e een e e DO
3.4. AZOt CONCENTIALION. .. ..\t ee et et et e et e e e e e et e e e e e vmen 56

1.4 . Numerical methodsS.......c.oovee e e e e e nnn ... B0

CHAPTER IV: MODELING

CHAPTER IV: MODELLING ... ..ottt it it e e veaiean, 60

IV-1. INHIBITION MODEL FOR SEED CULTURE (IM model) .................. 62
1.1. INTRODUCTION......iiiiiiiii i e e im0, 02
1.2. RESULT AND DISCUSSION..........coooiiiiiiiee e .03

1.3. CONCLUSION. .. oo e e e e e e 70

IV-2. SUBSTRATE LIMITATION MODEL AND GENERALIZED MO DEL

FOR SEED CULTURE AND CULTURE (SLM and GM1 models)........ 71
2.1, INTRODUCTION. .. oottt e e e e et e e e e 71
2.2. RESULTS AND DISCUSSION.....ciutiii it e e s e 73
2.2.a. Cultures at pH controlled at 5.9.........ccoiiiiiii e 75
2.2.b. Cultures without pH control ............ .o, 77

2.3.CONCLUSION. ...ttt 081



IV-3. GROWTH MODEL IMPROVEMENT (GM2 model) AND
COMPARISON OF THE GENERALIZED MODELS (GM1 and GM2). 81

3.1 INTRODUCTION. ... a0 81
3.2. RESULTS AND DISCUSSION......ciiiiiiiii e 83

3.3. CONCLUSION. ... a0 92

IV-4. MODELLING OF A TWO STAGE CONTINUOUS CULTURE. ........... 93
4.1. INTRODUCTION......oiiiiiiii i, 93

4.2. OVERALL MASS BALANCE. ... e 94
4.2.1. First stage (Seed culture —no pH odntr..............ocoiiennn . 94
A.21. a. FOr growWth. ... 94
4.21. b FOr producCtion..........ccciuiirii i e e 95
4.2.2. Second stage (Culture — pH contraesl.9)......................... 95
A4.22.a. FOr growth. .. ..o e e 95
4.22. b. FOr producCtion..........ccoviiries e e e e e e 95

IV-4.3. MODEL DEVELOPMENT ... 96

4.3.1. Growth MOdel......ee i 96
4.3.1a. First stage (Seed culture —no pH contral)..............ccooiiiiin i, 96
4.3.1b. Second stage (Culture — pH controlled at 5.9)...........cc.cooviiiiinn e 97
4.3.2. Production MOdelS.........c.uiiii i e s 97
4.3 2A. Luedeking-Piret model. ........cc.viiiiiii i i e 97
4.3. 2. A.1. First stage (Seed cultur@-pH control..........c.cooiiiiiiiii i i 97
4.3 2.2. Second stage (Culture — pH controlled Bt 5 ... ... vvvvvi i vieiiiieiereeeneeeies 98
4.3.2. B. Modified Luedeking-Piret model...............ccoooiiii i 98



4.3.2.B.1 First stage (Seed culture —no pH control..........ccccoeeeeevvvieeiiieciicieeeeen... 98

4.3.2. B.2. Second stage (Culture — phtrotled at 5.9......ovvv i e i, 99
4.3.2. C. Generalized model..............ccooiiiiiiiii i i 101
4.3.2. C.1. First stage (Seed culture —no pH ontr ....oovveeiiiieiiieieeee e 101
4.3.2. C.2. Second stage (Culture — pH cONtroRe&iS). .. .......uuveeereeerinineeeimeeeieenns 101
IV-4.4. RESULTS AND DISCUSSION... ..ot e e 102
4.4.1. First Stage (Seed CUulture)..........ccooiiiiiiiii e e 102
4.4.2. Second Stage (CUltUre).......c.oe i e, 104
[V-4.5. CONCLUSION. .. ..ot e e e e e e e e eaeeen e 111

CHAPTER V: CONCLUSIONS AND

PROSPECTS

V. CONCLUSIONS ... eeesnnnnneeeennn 102

NOMENCIATUI. ... e e e e e e 115
REFE R EN CES . ..ot e e e e e e e e e e 119
Y 0] 0 1= T



Table list

Title N° of page

Table IV-1. Parameters extracted from the model for growtd an 64
lactic acid production data of batch cultures ofhelveticus carried

out without pH control on whey permeate supplenckmigh 5, 10, 20

g I YE and the RM supplementation

Table 1V-2. Parameters extracted from experimental growthlaciit 66
acid production data of batch cultures of L. hebwet carried out
without pH control on whey permeate supplementdd @; 10, 20 gl

1 YE and the RM supplementation

Table IV -3. Parameters given by the growth model (Eq.IV-4) fo 75
batch cultures of L. helveticus carried out atqutrolled at 5.9 and
without pH control on supplemented whey

Table 1V-4. Parameters extracted from the production models 77
(Egs.IV-7, 11 and 12jpr lactic acid production data of batch cultures

of L. helveticus carried out at pH controlled & Bn whey permeate
supplemented with 10 ¢ lyeast extract and the RM supplementation
Table IV-5. Effect of the residual lactose concentratiaa an the 78

growth- and non-growth-associated parts of prodactbtained in

. S
case of a substrate limitation terrgf:A*%+B*x*(l—ﬁj
S

(Eq.IV-10), and both substrate limitation and intidn terms, namely
the following expression

[@:A*%+B*x*(l—ﬁj*(l— [HL] B (Eq.IV-15), during

dt dt S |HL |inh

batch cultures of L. helveticus carried out withptt control on whey
permeate supplemented with 10§ yeast extract.

Table IV-6.Parameters derived from the models for lactic acid 80
production (Egs.IV-7, 11 and 12%uring batch cultures of L.
helveticus carried out without pH control on wheermpeate

supplemented with 5, 10, 20§ YE and the RM supplementation.



Table IV-7.Calculated growth (Eq.IV-3) and production (Eq1%2)
parameters given by the generalized models ‘GMdbfich cultures
of L. helveticus carried out on supplemented wheynmeate at pH

controlled at 5.9, without pH control and at vasacidic pH control.

Table IV-8.Calculated growth (Eq.IV-17) and production (Eg1Y)
parameters given by the generalized models ‘GMebfaich cultures
of L. helveticus carried out on supplemented wheymeate at pH

controlled at 5.9, without pH control and at vasacidic pH control.

Table IV-9.Lactic acid concentration at steady stzﬁqein the seed

culture stage obtained by considering the growth) @nd non-

growth-associated (Bparameters deduced from the fitting of batch

cultures of L. helveticus carried out on the saneelionm

Table 1V-1C.Growth- (A) and non-growth-associated JBarameters
deduced from the fitting of batch cultures of LIMeticus carried out
on the same medium and used for the determinafitimedactic acid

concentrations at steady steﬁgin the culture stage.

10

86

87

104

105



Figure list

Title N° of Page

Figurelll.1. Program flow chart of the iterative algorithm uged 59
the numerical resolution (‘\GM2’ model) of growthguation (IV-

17, chapter V), and production, equation (IV-1Aagter 1V).

Figure IV-1. Experimental growthe() and pH {J) data recorded 65
during L. helveticus growth on whey permeate sep@nted with

5 (a), 10 (b) and 20 (c) g*lyeast extract and the RM
supplementation (d); growth model, Eq.4 (continuliues).

Figure IV-2. Experimental total lactic acid productiom ) data 68
recorded during L. helveticus growth on whey pen@ea
supplemented with 5 (a), 10 (b) and 20 (c) géast extract and the

RM supplementation (d). Calculated production (nocae
integration of EQ.IV-7) time-courses (continuousel, as well as

the calculated growth-associated (numerical integraof Eq.I1V-8)

(dot line) and non-growth-associated (numericakegnation of

Eq.IV-9) (dash line) parts of the total lactic apidduction

Figure 1V-3. Specific growth p (a) and productiop (@p) rate time- 69
courses, as well as the Luedeking-Piret plgtys) | (c), recorded

during L. helveticus growth on whey permeate supplated with 5

g I'* yeast extract, experimental daf3) @nd calculated values (dot

line) and the RM supplementation, experimental daa and
calculated values (continuous line).

Figure IV- 4. Growth (a) and lactic acid production (b, c, d) 73
kinetics during batch cultures of L. helveticus wmg at pH
controlled at 5.9 on whey supplemented with 10'gykast extract

(A) and the RM supplementation);( calculated data=) by means

of the generalized model GM, Eq.IV-12 (b), the dtdie limitation

model SLM, Eq.IV-11 (c) and the inhibition model INEQ.IV-7

(d).

Figure 1V-5. Growth (a) and lactic acid production (b, c, d) 74

11



kinetics during batch cultures of L. helveticuswg without pH
control on whey supplemented with 10 g Least extract/) and
the RM supplementatiorr); calculated data—) by means of the
generalized model GM, Eq.IV-12(b), the substratatition model
SLM, Eq.IV11(c) and the inhibition model IM, Eq.I¥{d)

Figure 1V-6. Growth-associated production determined by the
‘generalised model’ (dot line), the ‘inhibition meld (dash line)
and the ‘substrate limitation model’ (continuousel during batch
cultures of L. helveticus growing without pH cortron whey
supplemented with 10 g'Lyeast extract.

Figure 1V-7. Parity plot of predicted growth, equation (IV-3)
(Figs.lV-7a, ¢ and e) ‘GM1’ model, and numericalegration of
equation (IV-17) (Figs.IV-7b, d and f) ‘GM2" modelersus
experimental growth time-course data during batchuces of L.
helveticus at pH controlled at 5.9 on whey supplatie@ with 10 g
L yeast extracte) and the RM supplementation)((Figs. IV-7a
and b), without pH control on whey supplementechviit@) and
10 (©) (g L") yeast extract and the RM supplementatioh (Figs.
IV-7c and d), and at pH controlled at 58,«), 4.63 (A,e), 4.34
(¥, A) and 4.04 ¥ ,0) on whey supplemented with RM (Figs.IV-
7e and f).

Figure IV-8. Parity plot of predicted lactic acid productioy b
numerical integration of equation (IV-12) (Figs.8&, ¢ and e)
‘GM1’ model and equation (IV-11) (Figs.IV-8b, d ard‘GM2’
model versus experimental production time-courséa diuring
batch cultures of L. helveticus at pH controlled52® on whey
supplemented with 10 g "L yeast extract ) and the RM
supplementation) (Figs.lV-8a and b), without pH control on
whey supplemented with &) and 10 ¢) (g L) yeast extract and
the RM supplementationA) (Figs.IV-8¢ and d), and at pH
controlled at 5.9 ,0), 4.63 (A,e), 4.34 ¢,*) and 4.04 A,0) on
whey supplemented with RM (Figs.IV-8e and f).

Figure 1V-9. Growth (Fig.IV-9a), lactic acid production (Fig.IV-

12

79

84

88

91



9b) time-courses and specific production rate \g&erspecific

growth rate (Fig.lV-9c) during batch cultures bf helveticus

growing at various controlled pHm) 5,9; (©) 4,63; (€) 4,04

initially adjusted by addition of lactic acid; calated data
(continuous lines)

Figure IV -1C.Diagram of the two-stage continuous process 94
Figure IV-11.Experimental (symbol) and calculated (continuous 106
line) (Eq. IV-30) biomass concentrations at stesidye in the

second stage of the system

Figure 1V-12. Experimental (symbol) and calculated (continuous 107
lines) lactic acid concentrations at steady-statthe second stage

of the system by consideringrowth- (A) and non-growth-
associated (8 production parameters deduced from the fitting of

batch cultures of L. helveticus carried out on shene medium (a)

and optimized (b). Lactic acid concentrations weaéculated by

means of the Luedeking and Piret model (Eq. IV-3gokd line),

by means of the substrate limitation model .(2¢87 — dash line)

and by means of the generalized model (Eq. IV-d0tline).

Figure IV-13. Experimental (symbol) and calculated (continuous 109
lines) volumetric productivity Q_Dc at steady-state in the second

stage of the system by considering the optimizedvtir- (A;) and
non-growth-associated {Bproduction parameters. The Luedeking

and Piret (Eq.IV-34 — solid line), the substrataitation (EqlV-

37—dash line) and the generalized .(Zegt0—dot line) models were

respectively considered for calculations.

13



CHAPTER |

INTRODUCTION

14



INTRODUCTION

A great interest was reserved for lactic acid pobidn by several authors in these last
years. This product plays an important role in easi applications mainly in the food
industry, but also in the production of pharmaa=mls, cosmetics and textiles industries
(Rojan and al., 2007). It is also used as medigtaires, and green solvents (Dutta and Henry,
2006). The continuous increase in its demand hesntly received much attention due to
increasing applications in the preparation of newebgineering materials such as
biodegradable polymers like polylactic acid (PLA)dathe more recent rise in the cost of
petroleum which is usually used as feed stock Fa production of lactic acid in the
conventional chemical processes. The industriatlygcbon of lactic acid can be carried out
by two alternative technologies: chemical synthdésisn fossil fuels and biotechnological
processes. Nowadays, the fermentative productionactic acid is the world’s leading
technology (about 90% of world production). To e&se the efficiency of the lactic acid
fermentation processes, various cell culture methwle been investigated (Nandasana and
Kumar 2007, Lin and Wang, 2007). Batch fermentatiemains the most commonly used

approach in industrial lactic acid production.

On the other hand, an indispensable tool for theémapation, control, design and
analysis of the production of lactic acid at indasdt scale, is the development of
mathematically robust models, formulated with pagters of clear biological significance
and statistically consistent, and which can belgasiplemented in bioreactor software
(Gadgil and Venkatesh, 1997; Amrane and Prigeri4dda%nd 1999a). Among these models,
are those denominated as ‘structured’ that conssdene basic aspects of cell structure,
function and composition or intracellular metabopathways (with difficulties for the
knowledgein vivo of the reaction rates of the implied enzymes) ($&rl 1991; Gadgil and

Venkatesh, 1997), but can appear complex, and implest, but equally useful and
15



descriptive in terms of experimental reality, demmated ‘unstructured’ that describe the
production of biomass mediating one global variglhgedeking and Piret, 1959a; Amrane

and Prigent, 1999a; Amrane, 2001).

Some unstructured models were previously develapede laboratory based on the
partial linking between growth and lactic acid protion (Luedeking and Piret, 1959a).
Additional terms were introduced in the Luedekingd aPiret expression to account for
cessation of lactic acid production when carborabee limiting (Amrane and Prigent, 1994a
and 1994b; Amrane 2001), observed during experisneatried out at constant pH (5.9) on
one hand; and to account for the inhibitory effetCthe undissociated lactic acid (and pH)
(Amrane and Couriol, 2002) occurring during cultur@thout pH control, which is the case
during seed cultures, on the other hand. The aithisfwork is to improve the previously

proposed models.

Since fermentative lactic acid production has besately studied after the Second
World War owing to an increasing cost of fossilo@ses, the second part of this manuscript
(Chapter 1) concerns a general exhaustive liteeataview about lactic acid modelling. The
Material and the methods used are described irCtiagpter IIl. Chapter 1V is divided into
four sections. The inhibitory effect of the undisisted lactic acid part on lactic acid
production in order to develop an unstructured rhmtebatch cultures without pH control is
examined in the first section. The second sec8atviided in two parts, the first one concerns
the improvement of a substrate limitation modebhtmount for nutritional limitation effect
recorded during cultures at pH controlled at 518 Fecond one deals with the development
of a generalized unstructured model where the aleapeessions are merged, leading to an
unique expression taking into account both effeatsjutritional limitation effect and an

inhibitory effect. A modified generalized model wewestigated in the third section. The

16



objective of the last section was the developmeudtthe validation of the above models in
the case of a two stage continuous culture. Thie &ihd last chapter presents the concluding
remarks and prospect about this study on lactidyrtion from whey permeate in batch and

continuous culture using Lactobacillnslveticus

17



CHAPTER I

LITERATURE REVIEW

18



ll. LITERATURE REVIEW

[I-1. INTRODUCTION:

Mathematical models may be useful for understanthiegermentation process and its
optimization (modelling experimental data and siodythe effects of experimental
conditions on cultures kinetics) (Gadgil and Veekat (1997); Amrane and Prigent, (1994a
and 1999a). Lactic acid kinetics can be modelledegiher structured or unstructured models;
structured models have been reported to accurdesdgribe lactic acid fermentation, but are
complicated for many normal use (Nielsen, (1991ad@l and Venkatesh, (1997)).
Unstructured models can be therefore preferredhand proven to accurately describe lactic
acid fermentation in a wide range of experimentelditions and media (Luedeking and Piert
(1959b); Rogers et al., (1978); Leh and Charle89).9Amrane and Prigent (1994a and b);
Kumar Dutta et al., (1996); Amrane and Prigent,9@9 Boonmee et al., (2003) etc.) We
present below an exhaustive study for structuredusnstructured models.

[I-2. Unstructured Models:
[I-2.a Batch fermentation:
[I-2.a.1. Growth Kinetics

The traditional diagram of the growth of a bactepapulation in a not renewed
medium is presented on figure 1. The kinetics ofrgh can be divided into seven phases:

1- The latency phase, during which the mass remdestical to the initial bacterial mass.
This phase is characterized by a nil specific ghorate p value. The duration of the lag phase
Is very variable and depends firstly on the natfrthe medium, and also on size and nature
of the bacterial inoculum.

2- The quasi-exponential growth phase, known adsthh@ maximum phase of growth. At first

glance, this phase is purely exponential. The stfpgbe right-hand side (when the bacterial

19



concentration is expressed in semi-logarithmic brates) corresponds to the specific
maximum growth ratey max(h™).

3- The deceleration growth phase which is the aqumsece of an increasing lack of nutrients
or an accumulation of toxic products.

4- The stationary phase, starts at the end ofeeldration phase, when the net growth rate is
zero (no cell division, or growth rate is equatigath rate)

5- And the phase of exponential decay, which agpedren the medium becomes strongly

unfavourable with the multiplication of dead cells.

Growth (x)

t(h)

Figure II-1: Growth of bacterial population

Growth kinetics observed in practice ere much dNMed and have great variability
compared to the simple and traditional diagram iglire 1. Several contributions were

however made to model growth kinetics. The compyerif this biological phenomenon

20



requires the use of nonlinear mathematical modelsdéentify the growth parameters.
Bacterial growth can be put in the differentialdaling form:

dx
oo (11-1)

Where x is the cellular concentration (g/l) anchg $pecific growth rate th
dx . . . . . . . Ay -
m represent the increase in the concentration ofavdcganisms per unit of time g'h ™.

During the exponential growth phase (phase 2 4IFiy. 4 which represents the slope of the
right-hand side Lnx Fl maxt + Xo IS equal to its maximum valuenpk During this phase, the

biomass concentration is given by the following a&opn:

eHmax(t‘tO) (1-2)

X = XO
The limitation by the carbon substrate (absencenbfbition by the product) is often
described by the Monod, (1942) model:

S
= - -3
1= M max S+KS ( )

Where s and K were the substrate concentration and the subssatigration constant,

respectively.

Piret, (1975) integrated the system formed by eqgnat(ll-1) and (1I-3):

K.Y x K.Y X, =X
Wt = (L+—28 n— 4 "X |n L0
X; X, X; X; =X

(1-4)

With Yys the biomass on substrate yield, and % were the initial and finale biomass
concentrations, respectively.
Many authors held into account in their growth moae inhibition by the formed

product. If this production is non-competitive, gecific growth rate becomes:

K
_S P (11-5)
s+K,p+tK,

K= M ax

21



Wherep and K, were the concentration and the product inhibitionstant, respectively.
In the case of a growth-associated production, Ro(#884) integrated the system formed by

equations (1l-1) and (lI-5):

Y, K.Y,
= (k= x) + (14— /S)In—+K Y, (—+ /X)I( Xo) (11-6)
Kp X s x - X

With Yy, the product on biomass yield.
Other authors chose for their modelling, an eagpression to describe the inhibition.
Amongst them, Tayeb et al., (1984) consider a nanpatitive inhibition, but without

limitation by the carbon substrate:

H = Hpax- (“_7)

P
p+Kp
Luedeking and Piert (1959b) proposed an inhibittaw proportional to the product
concentration:

H =My —h.p (11-8)
This relation, where h is a constant matched veri/their results obtained fdr. delbrueckii
growing on glucose.

The model of Luedeking and Piert, (1959b) was veiftgno considered by other
authors, showing its relevance to describe LAB ghoviMore recently, Belhocine, (1987)
showed that the results obtained in continuousurilof L. helveticusgrowing on lactose
obey to a proportional inhibition (Eq.lI-8) rathéah a substrate limitation (Monod — Eq.lI-3)
and/or a non-competitive inhibition by the prod(Et).ll-5 or Eq.1I-7).

Moreover, a substrate limitation cannot describe ¢inowth kinetics of lactic acid
bacteria, owing to the low &values (some tens of mg"), which is negligible in comparison
to the residual lactose concentration (1 or 2. IFrom this, the substrate limitation model

(Monod, (1942) — Eq.lI-3) led to the following sinfgd expression:
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S
= 11-9
“ “max S+ KS p‘max ( )

Namely, the specific growth rate remains constardgughout culture, which is the case only
during the exponential growth phase (see figurel).

Rogers et al., (1978) tested to describe experimhadta on batch culture using
Streptococcusremoris HP* various growth models, Kendall, (1949 — Eq.lI-18)pnod,

(1942 — EqQ.ll-11); lerusalimsky, (1967 — Eq.ll-E#)d Edwards, (1970 — Eq 11-15):

dx _ X

dx S

a:k1 < rs X (1-11)
dx K

22—k P Ix (11-12)
d Kp+pj

%:k{ S Ke s (1-13)
dt Ks+s\Kp+p

%:kl[ > Ke -k x (11-14)
dt Ks+s Ky +p

%:kl[ > j( Ke j( ! jx (Il-15)
dt Ks+s Ko +p AK, +s

According to Rogers et al., (1978), compared tocaiqa (11-13), models (lI-14) and
(1I-15) did not improve growth fitting, so the sitept (Eq.ll-13) was preferred. Theses
authors reported that lactose limitation and laata inhibition had a significant effect on
growth, while lactose substrate and cell mortaligre negligible.

Roy et al., (1987) used the Verlhust model (Morahal., 1996, Pandey et al., 2000)
to describe the growth dfactobacillus delbrueckion glucose, only growth parameters are

involved in this logistic expression:
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TEITIN B (II-16)
X

Where xax are the maximum biomass concentration (g/l).
As we will subsequently see, this equation dessrivgh accuracy the results obtained by
Roy and co-workers, (1987).

Belhocine, (1987) also highlight a nitrogen limibat during lactic acid fermentation.
However, due to the fastidious nutritional requiesnts of lactic acid bacteria (especially
nitrogen), it appears difficult to include thesailiations in a growth model.

Leh and Charles, (1989) tried to solve this diffiguindeed, these authors considered
two substrate limitations in their models, by thga and by nitrogen. To account for both
limitations, the following modification of the Moddaw (Eq.11-3) was considered:

1

1+i+&+&.&

pr S S pr

TR (I1-17)

In this relation, pr and }K were the concentration and the saturation consfatsable
proteins’, respectively. The difficulties encoumgrin the use of this model come from the
definition of the ‘usable proteins’.

By considering that during growth sKis negligible compared to the carbon substrate
concentratiors (Leh, 1987); the above equation (Eq.ll-17) carsimeplified, leading to the

MONOD equation modified to account for the nitrogerstrate limitation:

pr

—_— 11-18
™ pr+Kpr (11-18)

H=p

By adding in the equation 1I-18 a product inhifititerm, the specific growth rate becomes:

_ pr
“ - “max' P

pr+(

(11-19)

2
K
Kp+1) pr
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Leh and Charles, (1989) are the first authors wbooant in their model for the
fastidious problem of the nitrogen limitations chgilLAB growth, which was also (only)
evoked by Belhocine, (1987). Amrane, (1991) rembtteat the above model (Eqg. 11-18) can
only be usable if a clear definition and a relevarethod for the determination of the really
‘usable nitrogen’ by the bacteria is given.

Consequently and on the basis of the results addany Belhocine, (1987) and their
results obtained facactobacillus Helveticusultivated atpH controlled at the optimal value,
5.9 (Hanson and Tsao, 1972; Venkatesh et al.,;188Bane and Prigent, (1994a and b) and
Amrane 2001) to overcome the inhibition by the sedciated lactic acid concentration and
the acidic pH, Amrane, (1991) and Amrane and Ptjgél994a and b) proposed in the

laboratory a logistic function (Eq. II- 20) to deibe experimental data:

1
M= Hia — (11-20)
c*e
1+
“max - C
Where ¢ and d are constants.
dx u
= = m 11-21
H xdt c.e™ ( )
1+
umax _C

After integration, one obtains for x:

— e+t
X = exp{umax.t - “Eax [m(“mw cree H (11-22)
“’max

The expression obtained for the biomass conceottrati with obvious biological meaning for

the constants ¢ and d, is a little complicatedibdescribes well the kinetics of growth until
the end of the stationary phase.
Ishizaki and. Ohta, (1989a) studied the fermemtatd L-lactate in batch culture

employingStreptococcus sgO-1 at various carbon substrate concentratidhsy observed
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that the type of inhibition in this fermentation svancompetitive, and hence proposed the

following relationship:

" =% (I1-1)
- hmaS 11-23
k), o), B (-23)
—_ (MS)maxS (”_24)

P likm)s +{+ UK ) s
WherdK,,),.(K,,)s (K;), and (K;); were the Michaelis constants, the inhibitor (lsta

constant for cell growth and the specific glucosastimption rate, respectively. s and L are
the glucose and lactate concentrations in the broth

When the value of(Km)# was very small, the above equation (lI-24) camajyeroximated by
the following equation (Ishizaki and al.,1989b):

1=L+M(L) (1I-25)

M H max H max

And after rearrangement it came:

11 [ Ka), (K _
T S e

S Hs)max

According to these authors, the proposed model gavarly good approximation of the
observed results.

Fredereco and co-workers, (1994) found during theperiments dealing with batch
cultures ofL. plantarumwithout pH control that 51% of lactic acid was produced adi@wth
ceased when NaCl was not present in the mediumreakeno more than 18% of lactic acid
was produced after growth ceased in the present&®f, most likely due to an increase in

the cell death rate. Consequently, Fredereco antlockers, (1994) developed the following
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model which takes into account in addition to thk fhe temperature, the NaGbncentration

and the specific death rate:

r, =t = pfx], (I-1)

1-17)

- [s]+ 1__[H++_] NGO (11-28)
0.056+[s| \* [H']me 69

m.

Where:

uo=0-35{1+ 1.9HLc] j(l_[HLc]]1'7(1+ 1.gNaCl j(l_[NaCI]j (11-29)

5.8+[HLc] 150 4.47+[NaC] 11.8

Where [HLc] is undissociated acetic acid concertnat

Experimental data concernirg plantarumgrowth on malate and hexose as carbon sources
were well described by the proposed model.

During their experiments (on freezing) dealing witlmobilized cell ofL. delbruckii I[FO
3534 entrapped in calcium alginate and growing lasage, Wang et al., (1995) showed that
the cell density gradient was formed in the geldseand it was caused by the accumulation of
the inhibitory product (free lactic acid) and nog bubstrate starvation. From this, they
propose the following expression to describe growthich involves in addition to the

substrate both forms of the lactic acid, the digged and the undissociated from:

RS [, L7 [HL]
= rma® 1=  laxg 1— 11-30
! Ks+s( L—j] ’{ [HL, ] (11-30)
WhereL™ and[HL] were the concentration of lactate and that of wwudimted lactic acid

respectively (g/l), ™+ and [HLy] are constants. According to these authors, tiselltse

calculated from this model matched experimenta.dat
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Kumar Dutta et al., (1996) Proposed to descrilbedacid fermentation on glucose
using L. delbrueckiistrain NCIM 2365 a growth kinetic model based loa Monod, (1942)

equation:

dx _ G " sx ]
a - |:umax[1 C;J ]|:KS +S:| (“ 31)

Where G* was the maximum concentration of inhibitory protin a batch process ddvas

the Monod constant and n the toxic power.
Monteagudo and co-workers, (1997) used the moddlofod (1942), (Eq.lI-3).
However they consider that the growth is limitedtly carbon substrate and the accumulated

lactic acid. From this, they propose the followiaqguation to describe their experimental

results:
%:ux(l— P j (1-32)
dt Pmax

Wherep and phax Were the concentrations of the product at timed ahthe end of the
fermentation, respectively. Calculated data (E8d)-was found to accurately describe the
relationship between the biomass concentrationthedactic acid production, according to
these authors.

Peeva and Peev, (1997) proposed a new methqaHfstabilization of the lactoacidic
fermentation usingy.. casei-NBIMCG1013 based on the following model:

%:umax(l_kipu)_kdx @s)

With:
a =6,13p,,, — 0,056

Whereky was the coefficient of inhibition by the deathlselndpmaxWas the theoretical lactic

acid concentration (m011),
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To describe growth thactococcudactis ssp lactis ATTA9435, Akerberg and co-
workers, (1998) added to the Monod relation (E8)literms for substrate and product

inhibitions, as well as terms to account for thdluence of pH and temperature:

umaX'S 'X * \N
= 2 __-K,.p) (1-34)
(s,)
S, + K+
Ki
With
T = (11-35)

) 1+ (kul/[H +])+ (kpZ[H+])

Kom
Ko = 1+ (ko IH 1)+ (k /1) (11-36)

where K was the saturation constant, tde substrate inhibition parameter, Kp the paramete
representing the pH dependence of product inhibitio the parameter used to describe

product inhibitionu m, K, Kpm and k are kinetic parameters which describe the effeth®

pH on U maxand Kp.

By using the method of neuronal networks as a nietifaesolution, Gonzalo et al.
(1998) to describe their results proposed an intdlkev which involved the temperatuiie
the producP and thepH:

d
o =Hlp.TpH)X (11-37)

Berry et al.,, (1999)used a modified unstructured model proposed itytidly
Yabannavar and Wang, (1991) to describe the ceNvir during batch fermentation of

LactobacillusrhamnosusThe cell growth kinetic can be described by equetib27):

X

dx
r =— =ux—-K x 11-27
dt W d ( )

Where the specific growth rate is inhibited by btité dissociated and the undissociated lactic
acid (Eq.11-38):
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" =[ (1) }[1— }'(‘_1 :lexd— LH/K ) (11-38)

(Ks+s) N

Where K, X, 1 max ks, Kyui, Ky, L 8 LH denote the cell death constant, the cell dry weight
the maximum cell specific growth rate, the substisturation constant, the dissociated and
undissociated lactic acid inhibition constants, thesociated and undissociated lactic acid
concentrations respectively. This model describgeemental results accurately.

Diaz et al., (1999) developed an on-line estimatsed on the biomass concentration
for detecting and quantifying the growth phasesoantered in batch cultureEscherichia
coli TP2339:1291 was used in this study. The model thettdmulated the microbial growth

over all the culture was:

X _0,7001-— X | 11-39)
dt 45,65

According to the authors, the simulation of thenmlical growth was highly accurate.

Fu and Mathews, (1999) examined the effect of @idl carbon substrate on both
growth and lactic acid production faactobacillus plantarungrowing on lactose in batch
culture. Examination of growth curves shows on dhe hand, that values of pH close to 4
inhibit growth, whereas it is not the case for piiues between 5 and 6. These authors report
that this effect is probably due to the strong emmiation of both dissociated and
undissociated form of the lactic acid. On the otm&nd, by studying the effect of the carbon
substrate, Fu and Mathews, (1999) found that tlself latency (lag phase) is very short for
a concentration of 20 g/l, whereas it is prolonfds0 g/l (5h). The stationary phase and the
decline phase remain unchanged. In conclusion.ett@ghors propose to describe their

experimental curves the Monod model with, andKs functions of the pH:

% — H max (pH)SX

dt ~ Kg(pH)+s (11-40)

X =
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0.265

Where p, = O.523ex;6— 0.16pH —5.0)2)— 0.614pH-20)

(II-41)

And

106.4
0.65+ (pH - 4.0)

K s = 0.605exf0.85pH - 5.07)-

According to these authors, this model describedrately the experimental results.
In their studies for lactic acid production on gige using.actobacillus delbrueckii

Moldes et al., (1999) modified the original equatioroposed by Mercier et al., (1992) for

biomass growth by replacing the ter&—ij by an inhibition term(l—pijsince
Xm m

inhibition is caused by the product:

dx p

—= 1-— |x 11-42

" um( ij (11-42)

Where p and pwere product concentrations at time and at theoétioe batch respectively.
According to these authors, this model showed aarkable ability to describe growth
Kinetic.

Conception et al. (2000) studied the effect ofedéht substrates (lactose, glucose and
galactose) on lactic acid production usibgctobacillusbulgaricusin batch fermentation.
They showed that during the first hours of fermBataglucose and galactose accumulated in
the medium, since the rate of hydrolysis of lacttusglucose and galactose was faster than
the assimilation rate of these substrates. Thegrabd a short fermentation times with a very
short lag phase. To describe their experimentalltsesConception et al., (2000) used an

unstructured Monod, (1942) type model:

u — umaxs KPI (”_43)
KS +S p+ KPI
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w= Hinax® (l_ P J (||_44)

KS+S KF’I

h= umax(l—Kiplj (11-45)

Where Kpi was product inhibition constant.
According to these authors, on the one hand trs¢ fwo equations are non-competitive

inhibition laws, and the inhibition by the lacticid affects only the specific growth rate. On
the other hand, the third equation, which is onkiraplified equation 2, leads to a better fit
compared to both other equations.

Leroy and De Vuyst, (2001) noticed that the specgfiowth rate ofLactobacillus
sakei strainCTC494 reaches its maximum value at the end ofptiese of latency, before

decreasing with the increase of the biomass x; emprently, they proposed the following

equation:

H = HoipaY (1-46)
Where:

Vi = VgV g Yions) (11-47)

The inhibitory functiony, is given by the equation of Monod:

S
s+K,

Yie = (n-48)

The inhibition action of lactic acid productign,, , is due to the toxic effect of the lactic acid

molecules produced:

(i Hg Y ]
Y[HL] _(1 [HL] max] (” 49)

n, is a constant
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Yieng 1S the remaining self-inhibition coefficient whietas ascribed to limited availability of

nutrients.
According to these authors, this simple model hassiclerable advantages compared to
commonly used descriptive models such as the logisbwth equation. It offers a better fit
and a more realistic description of the growth dayataking into account both growth
inhibition due to lactic acid production and chasigegrowth rates due to nutrient depletion
According to the results carried out by Amrane Bndent, (1996, 1998), the effect of
the pH and the undissociated lactic acid concentration gasmined during growth df.
helveticuson whey permeate. Amrane and Couriol, (2002) nttatithe specific growth rate
decreased with the increase of the undissociatgt lacid concentration, and consequently

proposed the following logistics equation:

[HL ]

ey (11-50)

H= Mo ©
Wherep pand [HL]c were constants.
It was shown that the model proposed by these euthmtched well growth kinetic in
various culture conditions.

As expected, maximum biomass concentration incregise increasing nitrogen
supplementation, (Belhocine, 1987, Amrane and BRtjge997, Leh and Charles, 1989), from
this, Schepers et al., (2002) tried to put intoagigun the nitrogen limitation recorded during

growth of L. helveticus They proposed a model which contains four vaegbtarbon and

(T }
(Ks+s)

nitrogen substrate concentrations, the lactic acidcentration and thpH: u:{ "
S+S

(1I-3)

2

u(pH) = pe ( (I1-51)
This last equation is known under the name of thass equation:
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L 1
H(L )— M(mj -32)
u(HL) = pekt (11-53)
Where o , nare parameters in the Gaussian equapét), is a pH optimal.

The concentration of the both dissociated find undissociated [HL] forms of lactic acid

were calculated using the Henderson — Hasselbagdtieq.

P
[HL] = T Qoo (1-54)
} P
v ]= g (1-55)

Where pKa=-log (K) and p=[HL] + [L]
From the combination of equations (11-52) and @)}&nd after rearrangement of equations

(11-54) and (11-55) one obtains the following retat:

_ p
) e Ki,[HL]W
u(p.pH)=p "
1l+e ”(

(11-56)
Pk
1+ 10(PKa—PH) i,L

Equations (11-51) and (11-52) can be introducedthe above equation (II-56) to deduce the

growth rate:
dx s z e A o (prscpr]”
i (Mmax+B'pHZ:'WFC):) . " 2 X
dt s+Kg Z+K, | 14 S _K c

e 1+18PK8FIOH) iU
(11-57)

In this relationWP was the concentration of whey permeaandz were the carbon and
nitrogen substrate concentrations respectively, 8afd K, the Monod parameters for both
carbon and nitrogen substrates, KKi, i are lactate and undissociated lactic acid inhibitio

parameters respectively..
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There are no direct methods to follow the conceioineof “usable” nitrogen; Schepers
et al., (2002) calculated the initial concentratioh nitrogen substrate by the following
relation:
z(0)=2.889+1.219Y Ec+0.384Y Ec.pHc-0.27ANP:. Y Ec-0.22 WP:.pHc

Then they determined,;, using the Gauss equation:

(5.51-pH)**®
1.86°

YﬂApH)=e{ (11-58)
Where YE: and were Coded yeast extract concentratitis & (YE -10))/5.5) WP: Coded
whey permeate concentratioW/P: = (WP -60))/30) and pHcCoded pH (Hc = (pH -
5.5))/0.8).
This model describes well their experimental resitvarious culture conditions.

Some authors use a complex model to validate thgierimental results; Biazar et

al.,(2003) tried to solve the equation relatingthe growth kinetics ot. helveticus,and

previously proposed by Tango et al.,(1999) usirgAdomian decomposition method (1983,

1986):
% = um S e_(S/Ki)nle_(P/Kip)nz —_ Kd X (”'59)
dt Kg+s

Where K was thesubstrate concentration at which the substratebiitnbm factor was:

~(S/K )M

e =0.368; andKj, was the lactic acid inhibition concentration atisththe product

inhibition factor wase *'*)" = 0.368.
This method appears very useful compared to therathmerical methods, but requires the
knowledge of all the model parameters.

Boonmee et al., (2003) showed in their studies atctbcultures of.. lactis NZ133
that growth kinetics was predominantly influencedl#ctose limitation and lactate product

inhibition. They consequently proposed to descelkgerimental data the following equation:
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LTI ey P <l NS (11-60)
dt st +S Pmx ~ Pix KiX +S

Where K andK; were the lactose limitation constant and the lactahibition constant
respectively; p and p were the maximum inhibitory lactate concentratéonl the threshold
level of lactate before an inhibitory effect, resipeely. When compared to the experimental
data, the model provided good prediction for grawth

Jyoti et al., (2003) developed an optimal modead¢scribe the kinetics of growth and

product formation byL. rhamnosuson multiple substrates and proposed the following

expression:
€
umaxj e Si
max
S E— 1-61
M= s (1-61)

Wherei= 1, 2 andy,,,,; was the maximum specific growth rate on the sabst (glucose or

e, - : .
product lactate),—— was the specific relative growth enzyme levelsd@ghe cell and K

max,
was the substrate saturation constant. The netfispgowth ratep on a medium containing

two substrates in terms of individual growth rataa be defined as:
B =04y ol (1-62)
Whereu was the specific growth on the substriate; and a, were the control coefficients

corresponding to the genetic and metabolic reguiatinside the cell, respectively. According
to these authors, the kinetic model developed @mded for the design and operation of
batch and continuous reactors, such as fed-battkelsmostat reactors.

Baati et al., (2004) developed a model which takes account the inhibition of the
growth under sub-optimal temperature conditionguwfure which was accompanied by an
increase of the maintenance energy. The growthmats take into account the inhibition by

the lactic acid and the variation of the energynaintenance as a function of the temperature:
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u=0 if @ ) 0O, (11-63)
pu=av,-m if @ ( O, (11-64)
Where ©,was a maximum temperature beyond which there wamo@ growth. It was

assumed that the average maintenance varied hyjatlyowith temperature until a certain
limit (©,). According to these authors, this maximum temipeea of growth was
experimentally identified and was fixed in the mioaéth the aim of decreasing the

complexity of the parametric identification. Thiglve was set ab,, = 45°C.

0, -0
B+(©,-0)

(11-65)

By taking account the residual substrate conceatratt low temperatures we used a model
of the Monod’s type:

S

m= 11-66
< vs (11-66)

Thus:

m=p_om=-® _S (1167

c+(®, -0)K, +s
From this, the final law governing the cell muligaltion if the temperature was lower than

the maximum temperature of grov@h was:

®,-® S

c+(®, -0)K, +S (11-68)

u=ave_b

The termsu (biomass on lactate yield}, (constant of affinity) and (maximal maintenance)
were constants. Kwas the substrate catabolic constant of affinityh@ non-proliferating

cells.
According to Baati et al., (2004), the model ddsedi satisfactorily the kinetic behaviour for

discontinuous cultures carried out at various ghowgmperatures. The evolution of the

37



growth rate must take into account the inhibitigrthee produced lactic acid and the variation
of the maintenance energy according to the temyerat

In the model developed by Amrane, (2005), growthekics was divided into five
phases: the lag phase, the exponential growthdéleleration growth phase, the stationary
state and the decline phase. Each phase can bemaitally described by simple model
kinetics.

Ben Youssef et al.,(2005) studied the effectaudfitional medium limitation on the

growth in batch culture df. casei ssp. rhamnoswghich it is resistant to high lactic acid
concentrations and has multiple nutritional requieats. In their study, numerous models

were tested to fit experimental results:

_— [ Ky s p
B = e =4 " 1-— (11-69)
Kp + P Ks +S Pe

WhereR?fthe lactic acid inhibition constai,> the affinity constant o the growing cells for

glucose angthe critical lactic acid concentration. SimilattyFredereco et al. (1994), Ben

Youssef et al., (2005) included in their model adiive parameter which represents the

phase of decline of the cells:

—=ux-K X 11-70
dt W d ( )

Where lgwas the decline constant.
The biomass concentration decreases at the endltafe; confirming that it is necessary to
integrate a cell death constant in the process madtie above model described accurately
growth kinetics until the end of fermentation undarious culture conditions.

Altiok et al., (2006)tudied the effect of various initial whey lacta@sscentrations on

growth kinetics ofL. casei They took into account in their modelling botlogth (x) and
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production (p) inhibition. While an inhibition byé¢ carbon substrate was not observed. The

Monod model previously modified by Levenspiel, (028

dx _ _p " ]

_dt —u(l —pmj (n-712)
dx _ X f _p " )
E_u(l _ij (1 _pmj (11-72)

Where x, and g, were the inhibitory biomass and lactic acid coneditns respectively, f
and h were the toxic power for both biomass antidacid inhibition. These authors show in
their study that the inhibitory effects on both ro@ss and product increased for increasing
toxic powers h and f. The above equation matched tésults obtained foc. casei NRRL B-
441

The Haldane equation (Eq. 11-73) whergiKthe substrate inhibition constant and expoaénti
substrate inhibition model (Aiba et al, (1969)) (Heg74) were used. However according to
Altiok et al., (2006), the model with a substratéibition term did not produce good

predictions of experimental data:

“’maXS
=— 11-73
! K¢ +s+s/K, (1-73)
umaXS
m :K—+Sexp(— s/K,) 1I-74)
S

According to Lan and al., (2006), growth kineticnche described by a modified
logistic model which take into account the inhibjtoeffect of the product through an

exponenn (Messen et al., 2003):
W= K(l—ij X (11-75)

Where x is biomass concentration, K an empiricalagign constant depending on the

maximum specific growth rate,% the maximum biomass concentration achievable under
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the specified conditions. The modified Messen gt(2D03) model was able to describe the
experimental results obtained by Land et al. (2006)

Nandasana and Kumar, (2008) modified the model Idped by Boonmee et al.,
(2003) by adding a cell death coefficienty(Ko the growth kinetic oEnterococcus faecalis

RKY1 growing on molasse:

M max- S. Kix —-P/Kpx

= e [1-76
g COe (o e
Where Kp is a product inhibition constant

% = (u-K,)x (11-27)

This model describes satisfactorily growth kingtmscording to these authors.

During batch cultures of.. casei subsp. rhamnosws date juice for lactic acid
production, Nancib, (2007) examined the effect athbglucose (§ and fructose (§ carbon
substrates concentrations. The model developeduatxdfor the effects of substrates
limitation and cell death on the cell growth, sfiecgrowth ratep is usually expressed as a

function of the limiting substrate concentrationdilonod model (Eg. 1I-3):

dx
— = ux I1-1
a " (1I-1)
dx dx
D -77
dt dt o (-77)
Bos, _ s k 11-78
= 2 - X -
dt dt Ds2 % (11-78)
dx, _ s, s,
el umaxs_K—_'_Sl_KDsl X * MmaxsZK—_'_SZ_KDSZ Xs, (11-79)
S S2

According to this author, this model describesgtmvth kinetics only at the beginning of the
fermentation (15 h). After this period, the modeded not describe satisfactorily the

experimental results.
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V'azquez and Murado, (2008a and b) developed aemattical model to evaluate
various peptidic sources for biomass, lactic aad bacteriocin production by two lactic acid
bacteria,Pediococcus acidilacticNRRL B-5627 andLactococcus lactis subsp.lacti¥he
following growth model was considered:

X = X imax (11-80)

1+ exp{2+4umx(xX —t)}

X

Whereu,, and A, were maximum growth rate thand growth lag phase (h), respectively.
This model is that of verlhust whose parametersvadified mathematically in order to give
direct biological significance of its parametersieTmodel predictions were found to match

well with the experimental data &ediococcus acidilactitNRRL B-5627 and.actococcus

lactis subsp.lactigrowth on sugar.
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[I-2.a.2. Product kinetics:

The model of Luedeking and Piret, (1959a and bhesmost widely used concerning
the kinetics of production. Indeed these authomwsldl, according to their experimental
results, that lactic acid production is partialgsaciated with growth, and then proposed the

following relation:

d
dp :X_;:AM+B (1-81)

In this relation g was the specific productivity rate, A was a caeéint for the growth-

associated production and B was a coefficientterrton-growth-associated production.
Amrane, (1991) showed that the Luedeking and Pieddtion, (1959a and b)

accounted well for the experiment results, exceppth = 5.4, lactic acid production was

completely linked to growthd, = Ap).

Rogers et al., (1978) put forward two models eamftaining a substrate dependent
term. In these expressions A and B are constaatsedon their experiments with cremoris
fermenting lactose they concluded that the sulesttapendent models (Eq. 1I-80, 11-83) fitted

their data better than that of the simple Luedekind Piret, (1959) (Eqg. 11-81 see below).

d—p:A%+B ,S X ar)
dt dt Ks+s

dp = A% + Bxs (11-83)
dt dt

During exponential growth phase, namely forconstant and equal {@., Cogan,
(1978) solved the system formed by the equatiohd)(land (II-81) and obtained the

following kinetic of production:

Aoy + B_(e“maxt 1

P=Xg (11-84)

p‘max
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According to Amrane, (1991), this relation descsiloaly a part of the production, during the
exponential growth phase, but can be useful torehete pmax
Similarly to Cogan, (1978) but in the general caseyeb and co-workers, (1984) solved the

system involving equations (lI-1), (1I-16) and @L), they obtained this relationship:

de + AIJ'maXKP (%)2 _“maxKP % =0
dt?  (Kp +P)(AHmKp +BK, +Bp dt”  p+K, dt

(11-85)

This equation had an approached solution in thoeesz wherp < <K, i.e. at the beginning
of culture, the specific growth rate was constant and equal jio,, one led to the reduced
equation (58).

When p was different from K p was always constant but equal tongt/ 2. Inhibited
constant K was equal to the lactic acid concentration for Wihtwe slope of the curve is equal
to U max/ 2.

Finally when p> > K, p was given by the following expression: g =y Ky / p, and

equation (57) can be simplified:

d? ap,, K d d
Do bnTe (CBy2_y kP
dt® op, K, +pp dt dt

(11-86)
The authors propose to use a nonlinear regressraimé calculation of the parametérsand
B. However the examination of the term in (dpfdt) the equation (11-86) shows that this
equation cannot give A and B separately, but dmyrtratio.

According to Jorgenson and Nikolajsen, (1987) tluelabs proposed by Rogers et al.
(1978) do not explain metabolic pathways; neveedgethe models can be very useful during
actual fermentation because the models mirror sgpeneral behaviour like the expression for
rate suggested by Monod, consequently they propdisedfollowing expression with a
negative term including substrate concentratiotetgcribe their experiments:

%) = %+ B.x-c.x.s 11-87)
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Experimental data obtained by Jorgenson and Nikeigj(1987) were accurately fitted by
this equation.

Roy and co-workers, (1987) also considered a pas$isociation between growth and
production (Eg.llI-81) to describe production kiesti They determined the part of lactic acid
synthesized by both mechanisms, growth-associapd (EqQ.1I-88) and non-growth-

associatedpg) (Eq.11-89):

T
max
0, =A% ax (© -1) (11-88)
dt 1- 20 (1 ¢'max)

max

P, = Bx = BXmx |p(1— X0 (1 ghmaxty) (11-89)
X

According to Amrane, (1991), experimental data it by Roy and co-workers, (1987)
were not satisfactorily described by the model.

Leh and Charles, (1989) also used a law of prodactvhich involved carbon
substrate consumption:

dp _ ds. ds _
at - Ve (e T Vg, G (11-90)

Where Yp/s cand Yps mwere the product on carbon substrate yield reladegtowth (G) and
maintenance (M), respectively. Determination of hbgtields cannot be experimentally
checked, since only their sum can be experimentalligulated.

Amrane, (1991) and Amrane and Prigent, (1994a ahdndied during their
experiments that the experimental points obtairtgdeabeginning of the production are well
described by a Luedeking and Piret relation=cA p + B, namely for significant values of
the specific growth rate. Contrarily, almost hafftbe lactic acid is produced during the
deceleration growth phase and the stationary stdtereas the specific growth rate tended to

a zero value. This part of production is not satisfrily described by the Luedeking and Piret
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relation, which cannot account for the decreash®fpecific production rate for nil value of
the specific growth rate. Consequently, these asthwdified the model of Luedeking and

Piret, (1959) by introducing an additive term:

_dp _ e i
Gy =~ = At + Bll-expl- Fu) (11-91)

Where A and B are both coefficients for growth-associated and -guawth-associated
production respectivelyF an additional term (dimensionless). This relatiaiowed to
describe the part of lactic acid described durtagjanary state.

Similarly for growth, Fredereco et al, (1994) desd for production, the following

equations:
dL
2l ey (1-92)
dma,| _ _
M-y lx,] (1-93)
d[Lat,Ma] __ d[Mat] (11-94)

dt dt
d[Lat] — dl.LatsJ + dl.Lat,Ma] (||_95)

dt dt dt

This model, Where[Lat’S] [Mat] [LatyMaJ [Lat] were total lactic acid concentration from

hexose fermentation, total malic acid concentratimmtal lactic acid concentration from
molate utilization and total lactic acid concentmat represents the data obtained by
Fredereco et al, (1994) in batch culture, veryl.wel

Concerning the production of lactic acid, Wang kt @995) also considered the
Luedeking and Piret relation (Eg.ll-81) which prdve® be valid and applicable in many
fermentation processes (Keller and Gerhardt, (L9R6Y et al., (1987); Bibal et al., (1989)).
The agreement between the calculated and the expetal data was reasonably good,

according to theses authors. On the other handesaif 8.77 and 0,33 (1/h) for growth- and
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non-growth-associated coefficients were found, letssay that production was almost
completely linked to growth.
Dutta et al., (1996) proposed the following modilfieuedeking-Piret equation for

product formation:

P _ay [1-Se| g[S (11-96)
dt Cs Kg+s

According to these authors, this modified model ldobe helpful in both batch and

continuous lactic acid fermentation of glucose.
During the lactose fermentation with thstrain Lactobacillus caselactic acid
production is mainly non growth associated accgydanPeeva and Peev, (1997). Hence they

proposed the following relationship to describartegperimental data:

dp_ o (L po i
E—Bx(l k,P*) (11-97)

Wheref was the biomass productivity coefficient [mol/]g.s

The exponentt strongly depends on the lactose initial conceioimaand for its calculation,
the following relationship was derived:

A = 6.13 phax 0.056

Where pax is the theoretical lactic acid concentration whilould be obtained after a
complete fermentation of the substrate.

In their experimental work dealing with the convensof Beet Molasses to lactic acid
by the homofermentative organistractobacillus delbruckii C.E.C.T 2860wing to the
inhibitory effect of lactic acid, Monteagudo et,a{1997) modified the Luedeking-Piret,
(1959) model by the addition of a term indicatihg tdependence of the rate of lactic acid

production on its concentration:

d—p:( %+ij 1--P (1-98)
dt dt P max
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Where the production rate tended towards a nil evakhen the maximum lactic acid
concentratiorpmax Was achieved. According to these authors, theldpgd model described
accurately their experimental results. Indeed, are dand they concluded that the
accumulation of lactic acid inhibits the developmehL. delbruckii C.E.C.T 2860on Beet
Molasses, and on the other hand bacteria weretalgeoduce lactic acid even after growth
ceased (the corresponding growth- and non-growdbesated parameters were A=0.235 and
B=0.087 1/h).

Akerberg et al., (1998) also considered the eqnatifoLuedeking and Piret, (1959).
According to their analyses, these authors notatttte production of acid lactic was growth-
associated. Indeed, the values of the growth- andgnowth-associated parameters were 13.2
and 0.064 H, respectively.

Gonzalo Acuna et al., (1998) used the neurone nktweethod to describe their
experimental results:

d = -
P v(P,T,pH)x (11-99)

In this equation, biomass and lactic acid concéntra were chosen as the state variables of
the network while pH and temperature correspondethé control variables. According to
theses authors, this model offered more stableorsss, due to an implicit corrective action
arising from the training methodology and the agged method for biomass estimation.
Similarly to growth, Moldes et al., (1999) proposked lactic acid production the

following relation:

dp _ p
F=-pl1-| 11-100
at 0( pmjp ( )

Where p was the initial product concentration.
The experimental data were closely interpretechieymiodel, according to these authors.

The Luedking-Priet, (1959a) was also slightly miedifoy Berry et al, (1999):
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r =%’ = Axp + xs(K ¢ +5) (1-101)

Values of 0,389 and 0,0025 were found for the patars A and B, indicating that lactic acid
production byL. rhamnosusvas predominantly growth-associated. A yield d71moles
lactic acid per mole glucose consumed was found.

Fu and Mathews, (1999) showed that lactic acid éeation ofL. plantarumwas a
homolactic process mainly growth-associated. Cameseity, they proposed the following
equation:

P=Yes(PH)S, ~5)+ P, (02)
Where

Yo = 1.036ex;§— 0.0QZpH - 6.0)2) was the product yielding coefficien{s, ands, were the

initial values of product and substrate, respettive
This model proved to describe accurately the erpantal results.

Amrane, (2001) used two medium supplementationsicla medium and a poor
medium, differing by the quantity of available omen. As expected, the rich medium
resulted in a higher maximum biomass concentrat@@ssation of growth can be related to
the available “usable” nitrogen, while cessatiorpodduction always occurred when lactose
became exhausted from the medium, since restirig @ed unable to use carbon from death
cells (Amrane and Prigent, 1997). A corrective tevas therefore added to the Luedeking-

Piret expression taking into account the substiaiéation:

dp dx X
F o A2 4 Bx| 1= 2res -3
dt dt ( S j (1h3p

Where s and s were the lactose concentrations at time t andhatend of the batch,
respectively. Experimental data obtained by Amrg@001) were accurately fitted by this

equation.
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Burgos-Rubio et al., (2000) found a good agreentntising the Luedeking-Piret
model to fit their experimental results. These atghreported that the conversion into lactic
acid is more significant by using glucosé»§ = 0.9) than galactose and affirmed that the
fermentative process is growth-associated (A = 9).

Leroy and De Vuyst, (2001) proposed this simple ehodo describe their
experimental data usifgactobacillus Sakestrain CTC494:

d_p - —Yp/sd_S
dt dt

(11-104)
Experimental data obtained by Leroy and De Vuy200(Q) were accurately fitted by this
model.

Amrane and Couriol, (2002) proposed the followietptionship to describe culture

without ph control, based on the variations of $pecific growth rate with the undissociated

lactic acid concentration:

—_— M max -C Ko _
[HL]=-[HL]..In el +umax} (1I-105)

Where c, d were constanigand [HL]C are constants coefficients in the inhibition nelat

respectively.
This equation account well for the experimentalieal recorded in batch culture without pH
control. It should be observed that the equatiorahderson—Hasselbatch was used for the
calculation of the undissociated lactic acid comion [HL].

Schepers et al., (2002b) considered the LuedekidgParet relation but with variable

growth- and non-growth-associated coefficients wait the various operating conditions:

%) = a(pH,s,z,p)% +b(pH,s,z,p)x (1-106)
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In agreement with previous work (Schepers and ckgrs, 2002a), the effect of the growth-

associated parameter was not significant; henseptimameter was maintained constant in the

model:
dp dx S e_Ki,[HL]W’)H—pKa)
oA b+ BpH) | X (1-107)
dt dt S+ KS l+ eKP,La— #_K
1+10PKapH) il

This equation describes well the results of Scrhegeral., (2002b) under various culture
conditions, but appears somewhat complex.
The rate at which the product is accumulated inhiloeeactor was expressed by the

following relationship according to Biazar et &003)

do_ [y A5 _glmngbl i |ip (11-108)
dt Ks+s

Where K and Ky were the initial substrate concentrations at ttaf maximum specific cell
growth rate and specific cell death, respectivelyperimental data were well fitted by this
model.

Boonmee et al. (2003) proposed for lactic acid potidn the following equation:

RN =Y QR PPN ol T (Y (1ap
dt dt ’ Kgp+S Prp P NKp +5S

mP

Where K andK; were the lactose limitation constant and the lactahibition constant
respectively; gRax is the maximum specific lactate production raigapd p were maximum

and threshold lactate concentrations respectively.

These authors showed that the growth-associatedigirod was relatively low (0.932), while

the non-growth-associated production was high@2(3.

According to Baati et al, (2004) the evolution loé tspecific lactate production rgtp)

as a function of the lactate concentration candseibed using an exponential type function:
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Up = Upran® " (11-110)
The maximum specific lactic acid production rateswgaven by the following expression:

Opmax = (Kb@) - Kc)2 (1-111)
According to their results, at low temperatureswglo ceased before the exhaustion of
glucose from the culture medium. The effect of bsstate limitation was expressed by the

following equation:

S
K,*s

a

(1-112)

qP = quax

By taking into account both effects (Egs.ll-111 dR#l12), the specific lactic acid production

rate can be written in the following form:

g PP I-{13)

dr = Upmax

K, +s

a
In this equation ghaxwas the maximum specific lactic acid productioreyahe terms Kand

K¢ were two constants, gwas a substrate anabolic constant of affinityhaf proliferating
cells andKp was a product inhibition constant.

According also to these authors, this model allbavslescribe correctly the observed lactic
acid production in discontinuous cultures carrietia various growth temperatures.

Similarly to growth, production kinetic can be dedd for each phase (Amrane,
2005). According to this author, this model wasliggpto the case of low supplementation of
culture medium, namely in the case of nitrogenthtion. The model was also successfully
applied to the more simple case of high supplentientaof culture medium, namely in
absence of nitrogen limitation.

During the experiments, partial coupling betweemngh and production and substrate

limitation on uncoupled production were observednszquently the specific production rate

was modelled as follows Ben Youssef et al., (2005):
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Ks +s

Op =An+ E{_gf j -(14)

Where A and B were the coefficients for growth- amh-growth-associated production, and

Ks was the affinity constant of the resting cells fglucose. The model matched

experimental data under various culture conditi@en Youssef and al. 2005).

Altiok et al., (2006) showed that only the growdsaciated coefficient of the
Luedeking-Piret relation displays a great vari&pitiepending on the initial carbon substrate
concentration. According to a previous study (Aneraand prigent, 1997), Altiok et al.,
(2006) calculated this coefficient using the follogrequation:

p-p, =A(x—x,) (11-115)
However these authors noted that the model develdpe Amrane, (2001) was not
appropriate to describe their experimental restitswvever, this conclusion seems obvious,
owing to the absence of carbon limitation.

Nandasana and Kumar, (2007) observed a signifietiatt of lactic acid inhibition,
while the effects of substrate limitation and stdist inhibition were found to be relatively

weak. They consequently propose a modified Boonrhak, €2003) equation (Eq.109):

dp dx s.K;, -PIK
—=A—+ e P x [1-116
dt dt qp’ma{ (Koo + s)(Kip + s)] ( )

The model was found to provide good predictionsxpieeimental lactic acid production data
For lactic acid production from both glucose anttfose substrates from date juice by
L. casei subsp. RhamnoshNancib, (2007) noted that production was growioaemted, and

hence proposed a modified Luedcking-Piret, (195@p&on:

‘;—E’ = A% (1-117)
dp dx
dlS1 =Aq d:l (1-118)
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dps, dxg,
=A 11-119
dt % dt ( )

After rearrangement, the following equation wasaoisd:

d
d—i) :[X31|:A51(/Jmaxsl %4'51}_ KD%}+XF|:ASZ(/JmaxSZ K Si_s__ KDSz j}} (11-120)
S S, 2

Where g and swere substrates concentrations for glucose antbsaaespectively.
The model gave a good fit of production kineticsilonly about 15 h of culture, according to
these authors.

In the case of the production of lactic acid, Vaagand Murado, (2008a) proposed

the following equation, with the same calculati@pléed to the biomass:

p max

p =
1+ exr{z " M(xp - t)}

p max

(1I-121)

Where p was the product concentratiop, and A, were maximum production rate (hand

product lag phase (h), respectively.
Vazquez and Murado, (2008b) also proposed anothmemwitch based on the

Luedicking-Piret model as follow:

0 (4viyt) ]
, Xof €™ =1|+ X,
AX o CAx 4 B.X nax n
0

p= .
X ) 4.v X
1+( max _:qex'{_ 4me t] mx max
XO Xmax

(11-122)

Whereu,, and A, were maximum growth rate thand growth lag phase (h), respectively.

Theses two models predictions were found to matell with the experimental data of
Pediococcus acidilactidNRRL B-5627 and.actococcus lactis subsp.lactigrowth on sugar,

according to theses authors
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[I-2-b. Continuous fermentation

Continuous Fermentation is characterized by contisuresh substrate supply and the
removal of an equivalent volume of broth to maimtapnstant the volume of medium in the
bioreactor; consequently, after an initial phasearsition all parameters remained constants.
At steady state, the following assumptions can bden(a) the reactor is completely mixed:;
the composition of the effluent is identical tottivathe reactor (sssx=xe), (b) there are no
microbial cells entering the system=8), (c) the microbial cell concentration in thector
does not vary with time; the quantity of microbgalls in the system is equal to that removed
from the system for a given time increment (dx/@) and (d) the substrate concentration in
the reactor does not change with time (ds/dt =@sel8 on these assumptions, the microbial
mass balance, substrate mass balance and prodssbalance can be computed.
A microbial mass balance for one stage continuetradntation can be described as follows:
Accumulation = Inlet + Production — Outlet — Consption
It was drawn for each species
* For biomass:
Vdx = Fxpdx + Vuxdt — Fxdt
By dividing the two parts of the equation by Vdidaby replacing F/V by D, it comes:

% - (U-D).x (11-123)

e For product:
If gp is the specific productivity of the cells, the mdmlance for the product is:
Vdp = Fpdt + Vgxdt - Fpdt.

While dividing byVdtand replacing/V by D, it comes:
%?:qpx—D.p (1-124)

With no product in the feedingq = 0).
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* For carbon substrate:

Carbon substrate consumption can be expresseti@sso

Vds = Fs,dt- v 3P gt - Fsdt

PIS

Dividing by Vdt, one obtains:

j_f: D(s, —s)- 3% (11-125)

P/S
* For Nitrogen substrate:
Nitrogen is only used for biomass formation. Thenstanption of nitrogen can be then

expressed as follows:

Vdz = Fz,dt -V 22X dt - Fzdt
Xiz
z and 3z are the nitrogen concentration at a given time igadhitial value; and Y is the

biomass on nitrogen substrate yield. The precedilagion becomes after divided by Vdt:

dz X
—=D(z,-2)- [1-126
" (z,-2) v ( )

Xiz
The above system cannot always be analyticallyesblin the case of a substrate

limitation (Monod behaviour (1942)), the resolutiohthe above system leads at stationary

State to:

ds_g_ g-_KsD (11-127)

dt HUm —D

Combination of equations (lI-125) at steady staie @-127) leads to:

x=D(s, ——s2y Yo 128)
p‘m - D qP

Volumetric productivity is given by the followingxpression, after substitution

equation (I1-128) into equation (lI-129):

Dp=q,x (1-129)
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KD

D.p=D.Yps(s, "0 -D

) (1-130)

The first derivative of this expression is equaktéwo for D=0

/ K
Dot =M, (1- . 181
opt p’m( KS+SO) ( )

Since Ks (about a few tens of mdibr sugars) is negligible in front & (about 48 g/l) for

whey, Dy is practically equal to . Dilution rates higher than f leads to bioreactor
washout (sudden decrease of the biomass). Workinigveer dilution rates is therefore
necessary.

According to Amrane, (1991), this model is not agidle to lactic fermentation, since
it does not take into account the product inhibitibuedeking-Piret, (1959b) resolved in the
case of a law inhibition proportional given by #guation (11-8) the system established by the
equations balance:

By substituting the relationship (11-8) in Equatifii123) at steady state one can be obtained
for product:

p=(, ~D)h (1-132)
If we consider the above equation (II-132) by cammg the preceding equation with the
partially growth associates production law the81l) and the equations (II-123) at steady

state and (11-129), it possible to obtain x at diestate:

x=pD-Hn=D_ (1-133)
h(a( +p)
Similarly we can obtain the substrate concentragiosteady state as follows:
s=s,~Hn D (1-134)
h.Y,
s

Maximum volumetric productivityDI) is obtained foD ,, = “%. From this point the

biomass starts to decrease but not sharply. Aseicase of a substrate limitation, the biomass
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becomes nill for a dilution rate D equal t@.This model accounts for the experimental

results of Luedeking — Piret, (1959b) rather watid was also considered by several authors,

since they also observed a linear relation betvv:camdD (Major et Bull, 1985; Mehaia et

Cheryan, 1986).

Herbert (1962) modelled continuous two stages fatat®n, with different volume. If
the first or the second reactors or both reactoesfed with medium containing the limiting
substrates, but with different substrate concentratianis the sterile feed of each stage.
Microbial mass balance for the first stage candmcdbed as follows:

% =X, — DX, (11-123)

For substrate concentration:

d_Sl = D1501 - Dlsl -B4

[1-185
dt Yys (I1-18

At steady state condition% =0 ;g—ts =0) and after rearrangement the following expression

was obtained:

_ D,

§ =Kg—————— (11-127)
Hm —D1

For the second stage, the accumulation was givehebfollowing expression:

dx

d_iz = DppX; = DXy, X, (11-136)

In this expression, the dilutions rates, D,, and B where equal to #V,, R/V; and B/V,,
respectively. [yx; represented the biomass arrived from the firsttogac

For substrate concentrations:

95 _p_s, +Dys,, - D,s, -H2Xz (11-137)
dt Yo

Where D, equal to b/V>
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After elimination the specific growth rate betwdbpse equations, biomass in the steady state

gx ds,
becomes =0 ;—==0):
dt dt )

- D,,S, . DSy . Dy X
X :Y 12 ~1 + 02+02 -s. )+ 12 M1 ”‘138
2 X/S( D2 D2 2) D2 ( )
After rearrangement one obtained, or
- Y
X3 :HL/SS(KS +Sz)(D1251 +D,Sp, _Sz) (1-139)
m>2

An implicit expression for the substrate conceitrats; versus D at steady state can be

deduced by rearrangement of the above equations:

(I‘lm - D2 )Sg_

(UmD12501 + (Mm = D2)DgoSep _ KSDIZL +K¢D, )S_2
) D, T (1-140)

+ KSDOZSOZ + KSD12 S_l = O
The same mathematical treatment can be used [ifrtoess involved more than two stages.

The author supposed that the yi#gswas constant throughout culture. However, lactid ac
production and hence substrate consumption cortiafter growth cessation. Moreover, this
model assumed a substrate limitation (Monod lavhictvis not necessarily the case in lactic
acid fermentation.

Keller and Gerhardt, (1975) modelled several stage#inuous fermentation, and
considered a substrate limitation and a proportiorabition by the formed product, as well
as a partial association between growth and pramuct

S
+Kg

H=Hn g (1-p/p,,) (141)

This model, where pis maximum product concentration, based on thedddi942)
equation, According to Amrane, (1991) this giveadd agreement with a few experimental

data presented.
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Rogers et al., (1978) applied their kinetic modevealoped for batch culture .

cremorisgrowing under lactose limitation to the continucugture

k{ S j{ Ke J.X—D.X:O (1-142)

Ks+s )\ Kp+p

pL,-+ 9 p1=o 3)
Y, dt

k, Xkl -2 |x-Dp=0 (I1-144)

Ydt ClKg+s)T

YE and al., (1996%tudied the performance improvement of lactic &erchentation by
multistage extractive fermentation usihgctobacillus delbrueckiiAM1928 in continuous

mode. Mass balances for biomass, lactic acid abdtsie concentrations are described as

follows, respectively:

dx
X x -1
it (1I-1)
dp F F F

-0 +p +h_F 1I-145
gt ey Pty PP ( )
ds 1 1
— == ux — Q- (148)

dt YX/S YP/S

The flow rate of the aqueous phase can be comjmytedbtracting Ffrom F as:

Fe=FerFit

Where ks Fe; Fi were flowrate of aqueous phase, removal rate of filtrateyale rate of cell

concentrated broth, ml. mimespectively.
gp is the production rate of lactic acid and can bpressed, according to the Luedeking —

Piret relation (1959a) as follows

0 = (A +Bp)x (1-147)
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The specific cell growth ratg), was assumed to be only a function of the lacti a
concentration, since the substrate concentratios wsually high in homofermentative
production of lactic acid. Therefong,may be given by the following equation:
u=p,expap) (11-148)
Where a is a model parameter (g/l).

Pinelli and al., (1997) proposed for L-and D-Lactarid productions using
Lactobacillus caseiDMS 20011 andLactobacillus coryniformisDMS in continuous

fermentation a kinetic model basing on the follogvimass balance:
X
— = (u-D)x (11-123)

They analysed their experimental result using twdofving non competitive product

inhibition models:

l.,l l’l max _ mng)

(K +s(1+/<)
R

Where KandKs were product inhibition ansaturation constants g tespectively.
Pinelli and al., (1997) concluded that the firsnfammpetitive product inhibition model
proved quite attractive for the description of L{agtic acid fermentation, while the second
one was more relevant to describe the D(-) Laatid Bermentation.

To describe continuous Production of Lactic Acid Lactobacillus rhamnosus a
two-stage membrane cell-recycle bioreactor, Kowalgt(2001) developed a kinetic model
based on mass balance. The growth, production@ratrate consumption rates were:

dx

a (1-0)Dx,, +r, —BDx (11-151)
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—==(1-6)Dp,, +1, -Dp (Il-152
dt

%15 =(1-0)Ds, +r, -Ds (153)

Where the parameteé# was calculated by incorporating a titration constawhich depends
on the composition and concentration of the bas#isn, assuming that the pH drop in the
reactor was only affected by the lactic acid foliorat

OF = y.1,.V (11-154)

Or

Andy could be deduced from experimental data.
For cell growth and by taking into account the prdinhibition on cell growth, the

Levenspiel’s model with Monod equation was usedsénspiel, (1980)):

M S p i
=X = 1- 11-155
W= KS+S( pmJ ( )

WhereKswas the saturation constant in Monod equation,(gAyas the toxic-power constant
in the Levenspiel’s product-inhibition model.

And for lactic acid formation, the Luedeking-Pimquation was considered in this work.
According to these authors, the model was founoketapplicable to most of the existing data
with MCRB (performance of membrane cell recyclerbaxtor) and was in good agreement
with Levenspiel’s product-inhibition model and theedeking-Piret equation appeared to be
effective to describe production kinetics.

According to Ajbar and Fakeeha, (2002), the camtus bioreactor was described by
the following unsteady-state mass balance equatarribe limiting substrate s, the biomass x

and the product P:

61



X -D)x (11-123)

ds
i (s, —s)—aux (1-156)
‘;—'to = bux - D.p (I1-157)

Where swas the substrate feed concentration, D the dilutade, (s, p) the specific cell
growth rate, and a, b are constant stochiometedficeents.

The model (Egs. 11-123, 1I-156 and 11-157) becamienehsionless by introducing the

following variables:

- _ax = bs, = D - -
S=— X=—: :L;a: et . D= ;t:turef;uz_u
Sref Sref p ref apref I3 ref I3 ref

Where &1, prer, and s Were reference values for s, p, gndespectively. The model in its

dimensionless form was given by:

d -

== =X -Dx 1I-158
a " ( )
g—b =5(§f —“)—ﬁi (11-159)
t

dp_ —— —-—

e T ) 1I-160
g p ( )

The steady-state valueso&ndp were related ts by the following simple relations:
x = (s -3 (I1-161)

p=alfs -3 (I-162)

Three models are tested in this study; the firstehovas based on the well-known Haldane
substrate inhibition kinetics with the addition ah inhibitory effect of the product. The

growth rateu(s, p) was assumed to have the following form:
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H(S1p) = Hl(s)uz (p)

Hmaxs
= MmeS 11-163
() K ror oK 163)
(.Y
uz(p)—(l 5 j (11-164)

The second example pertained to the following form:

u,(p) = (11-165)

The third and last example consisted in the foll@afiorm of p, (p):

u,(p)=e™ (1-166)

Where K, Kp, Ks were substrate inhibition constant in getiwth rate, kinetic parameter
respectively and was the saturation constant in cell growth rate.

Boonmee et al. (2003) applied their kinetic modmlaloped for batch fermentation to
continuous cultures. The model equations were dgrivem the batch model equations.
Resolution of the system for steady state conditifor biomass, substrate and product

concentrations led to:

By (S e PR | K |y py (11-167)

dt st+s PmX_PiX KiX +S

I B g 21+ PP | K | pp (11-168)
dt dt T Kgp tS Pr—Po \Kp+s

95 Dfs, =)+ Qo —— | 1+ [ K (11-169)
dt ’ Kss+s PmS_PiS KiP +Ss

According to theses authors, the simulation respittssided a very good agreement

between the model and the experimental data.
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Richter and Nottelmann, (2004) proposed to desdtie& experimental data using
LactobacillusparacaseiATB160111 in a membrane reactor system, an empsieady state

model:

p=a+ %+ extl~ (s, - c/d)) =2+ SIGCx (b,c.d) (11-170)

Where p was lactic acid conentration, SIG abbreviation $ggmoid sy was the nutrients
supply and a, b, ¢, d were constants.

Lin and Wang, (2007) considered a multistage imtesgt continuous fermentation
process for producing lactic acid. Each stage stggf a mixing tank, a bioreactor, a cell
recycle unit, and an extractor. A generalized nratitecal model was formulated to express
the integrated process. Lin and Wang, (2007). @orepared the overall productivity and
conversion of the integrated process with thodgvofsimplified processes.

[I-3. Structured Models:
[I-3.a. Growth Kinetics

During their studies for lactic acid fermentatiosing Lactococcus lactis subsp, lactis
biovar. Diacetylactis in batch culture Cachon andd3, (1993) proposed a kinetic structured
model based on the inhibitory effect of lactic aomthe cellular activity and this inhibition
was described as non-competitive (Rogers et alf81®hara et al.,, (1992)). Thus, the
specific growth rate ) and the specific lactate production rat® €an be respectively

described as follow:

KF’u
p)=p, . — I1-171)
u(p)=n <P
n(p)=mn,, KKF:p (1-172)
Pr
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Where p was the lactic acid concentratiopatthe maximum specific growth rate;, the
maximum lactate production rate, ang,Kand K,z were the inhibition constants for growth
and lactate production, respectively.

The increase in the total population can be thgmessed as:

dx _ s K,
— =, : Xq
dt Ks+s Kp, +p

(11-173)

X =Xg + Xng
Wherexg, *gare biomass in state of growth and in one of gianwth
Concerning the structured models, Gadgil and Veagkgt(1997) proposed to describe

growth ofLactobacillusbulgaricusin batch fermentation a modified Monod (1942) eopmat

% —_ Mmaxexs
dt  Kg+s

(1-174)
Where e is the specific level of the enzyme, s»aade the concentration of the substrate (s)

and the biomass (x), respectivelymax the maximum specific growth rate {hand K

represents saturation constant of the limiting sabes

dX [ B (0f6)] X (11-175)
dt | 1+[LYK, | JKg+s

d(ele, ) _( . sX e _edx (11-176)

dt 1+[L‘1/K,]+B]Ks+s_ e, xdt
According to these authors, the model is able talipt biomass growth profile, at various
values of pH.

[I-3.b. Product kinetics:

Similarly to growth, the specific lactate productioate {1 can be describing, as

follows (Cachon and Divies, (1993)):

(1I-177)
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Production rate can thus be expressed as:

dp ) Kop,

=X ST, . oo I-178
dt o Ks+s Ky +p o™ ( )

The model using non-competitive inhibition equasiowas satisfactory for lactic acid
production, according to theses authors.

Gadgil and Venkatesh, (1997) proposed a model winick into account both effects
of the pH and the lactate ion on the activity oé flirgalactosidase. The amount of the
synthesized enzyme was involved in the productade. The developed model simulated the
effect of both the pH and the lactic acid concditraon the expression and the degradation

of the enzyme.
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MATERIAL AND METHODS
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[ll. MATERIALS AND METHODS

[1I-1. Microorganism

Lactobacillus helveticustrainmilano used throughout this work was kindly supplied
by Dr A. Fur (Even Ltd, Ploudaniel, France). Stoc#tures were maintained on 10 % (#)v
skim milk and deep-frozen at - 16°C. As requiréese cultures were thawed and reactivated

by two transfers in 10 % (WY skim milk (42°C, 24h).
[1I-2 Medias and Cultures Conditions
1. Cultures with and without pH control (Chapter IV 8 1 and 2)

Whey permeate powder (SIAB, Chateaubourg, Franes) wged as a carbon source;
the powder was reconstituted at 57g ¢orresponding to a lactose concentration of 48g |
Before use, permeate was clarified by a heat fwalprocess (Fauquant et al. 1985). It was
supplemented with 3g*ICaCb, 2H,0, and pH was settled at 7.3; the solution was mgmp
through two heat exchangers at 80 and 16°C respéciimean residence time: 20 seconds).
The solution was left to decant overnight at 4°Q@J) ¢he supernatant was then supplemented
with a range of yeast extract concentrations, 5, 20g [*, or the following RM
supplementation (g'): yeast extract{E), 20; trypsic and pancreatic casein peptonesch ea
(all from Biokar, Pantin, France), Tween 80, 1 (Mdbarmstadt, Germany).

Cultures were carried out in a 2 L reactor (Set 3i@J, Toulouse, France,
magnetically stirred (300 rpm) at 42°C. pH was coligd at 5.9 by automatic addition of

10 mol L'* NaOH.

Seed culture was carried out in a 0.25 L laboratiesigned glass fermentor
equipped with a sterilizable combination glasstetete (Ingold, Paris, France), cotton
plug filter, magnetic stirrer, infra-red lamp temgkeire control (set at 42°C), and an aseptic

transfer line
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In addition, both fermentors were equipped with a@septic recirculation loop
(Watson-Marlow 501 U peristaltic pump; Volumax, Mimuis, France) incorporating a
laboratory-made turbidimeter.

Bacteria were precultivated 9 h without pH contool a sterileRM medium. Then
1.6L of pasteurised culture medium was inoculatéti @.2L seed culture, and the reaction
was left to proceed at 42°C at the required pH itlmout pH control.

Total biomass was deduced on-line from turbidincetmeasurements after dry weight
calibration; the observed standard deviation wa&2 g L'*. The amount of 10 mol 't of
NaOH used for pH control corresponded to the qtianfilactate anion produced at a given
pH. The concentration of the total) (@nd undissociated (HL) lactic acid was then datedl
using the Henderson-Hasselbach equatiom (pK3.8), the lactate concentratidn)(and the

corresponding pH value:

_ P ]
[HL]= T (I1I-1)
and
p=[HL] +[L] (11-2)

The observed standard deviation was + I'ddr lactic acid concentrations.
2. Cultures at different controlled pH (Chapter 1V (81 and 3)

Whey permeate powder (Armor-Protéines, St BricenEe) was used as a carbon
source; the powder was reconstituted as previalesgribed §ll1-1).

Two sets of cultures were carried out at variouscpHtrol onRM medium (Amrane
and Prigent 1999b) 1.6¢'Lof the culture medium were supplemented with a@ligwf 1 mol
L"* of lactic acid in order to achieve initial concertibns pof 0, 2 and 5 g/l corresponding to
pH values of 5.90, 4.63 and 4.04 respectively. Bpeach run, the pH was maintained at its

initial value by automatic addition of 10 mot‘lof NaOH. The same procedure was applied
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to culture media for which the initial pH was adgd to the same values with hydrochloric
acid instead of lactic acid.

A set of cultures were also carried out withoutgaihtrol on whey supplemented with
5 or 10 g ! YE or theRM supplementation.

Whey based media contained 48( lactose, reconstituted from 67 ¢ lsweet cheese
whey powder (EVEN Ltd). For the preparation of atdt medium and just before, whey
proteins were hydrolysed by means of 0.84Racillus subtilisendroprotease B500 (Gist-
Brocades, Séclin, France) at 50°C and pH= 7.207fdr (Leh and Charles, 1989). The
hydrolysis progress was followed by continuous rtwirig of the rate of 1 mol £ NaOH
addition for pH control (Jacobsen et al., 1957;ekdllissen, 1984). No supplementation was
added to the culture medium.

Seed culture mediunkRM) was prepared as previously describ@d{1).
3. Continuous cultures (Chapter IV § 4)
A schematic description of the system is giveniguFe IlI-1.
For the first stage, a 250 mL glass reactor (8ll}2vas used.

Reaction mixture overflowing the first stage arefig culture medium were fed to the
second stage through a peristaltic pump (WatsordeMas02U, Volumax, and PAP, SGl,
respectively). The second stage was maintainedretant total mass by means of
electronic weighing system (382MP8, Sartorius, iBaku, France) acting on a solenoid

pinch valve (EG2, Sirai, Bioblock, lllkirch, Franaa the bleed pipe.

200 mL of sterile seed culture medium were ino@dan the first-stage reactor, and
inoculated with 1% (v V) reactivated skim milk culture. At the end of #seonential growth
phase, 120 mL of seed culture were asepticallysteared into the culture reactor containing

680 mL sterile culture medium. The first stage wastinuously fed §; = 10 mL h') with
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sterile seed culture medium and operated at a @oinsblumeV; = 120 mL. The mean
residence time in the first stage was thereforesé® h D; = 0.083 i), allowing to avoid
large fluctuations of biomass concentrations, @useed culture conditions close to wash out
conditions (Amrane and Prigent, 1996). After 4-5eRponential growth took place in the
second-stage reactor; then it was continuouslyatedonstant flow rate with both reaction
mixture overflowing the first stage and steriletatg medium, at constant volum¥é, & 800
mL). Steady state for the second-stage reactorasiaeved when both turbidity and NaOH
addition rate (pH control) remained constant ovgredod of at least three mean residence
times. As required, the mean residence time irsdw®nd-stage was changed by varying the

sole feed flow rate of sterile culture meditipat constant culture volumé& = 800 mL.

[11-3.Analytical methods
1. Bacterial concentration

Bacterial concentration is determined by measurénoénthe dry weight, in the
following way:
A known volume of broth is centrifuged at 300 rpduring the required time for biomass
separation, namely 20 mn.
- After supernatant removal, biomass is washedsiilldted water and centrifuged again.
- After supernatant removal, the washed biomassliected in crystallizers, dried (105°C for
16 h) and weighed.
The dry cellular weight is then deduced from thgahvolume of centrifuged broth (Amrane,

1991)
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2. Lactate concentration

Lactic acid concentrations in the supernatant weterchined spectrophotometrically
by the Fe3+ lactate complex method according tontle¢éhod of Ling, (1951), modified by
Ayroulet - Martin and Fournaud (1979), which addedthe original protocol a method of
protein defecation by NaOH-Zn30n the presence of BalAmrane, 1991).
3. Sugar concentration

Lactose (as total sugars) concentrations in theersapant was determined
spectrophotometrically by the phenol-sulphuric acgnkethod (Herbert et al.,, 1971),
(Montgommery1961) this method is more precise ttla® Anthrone one (Herbert and
al.,1971a).
4. Nitrogen concentration

The primary amino groups are determined spectragphetrically by the method of

Satake and al., (1959) with the trinitrobenzengisoic acid (TNBS)(Amrane, 1991).

[11.4 Numerical methods
For instantaneous rates, the derivative is takeavieyaging the slopes of two adjacent

data points as follows:

dy 1 Yia =Y Yi = Yia
at) 2% L T -3
[dtji 2( t,—t t—t, ) (1n-3)

Wherey corresponded to the cellulag) ( the undissociated lactic acid [HL] concentratar
the lactic acid (p) concentration.

From an experimental array, X, exg, | = 1....N, and an initial parameters vector
Po = [Xo0, Hmax Xmaxo for growth (Eq.IV-2, Chapter 1V) the initial valder the target function

¥* (no weighted sum of deviation squares) was catedlas follows:
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2 _ g[Doa)]2

i=1 X cal

X (I11-4)

The ith term of the initial deviations vectdy wasDg (i) = Xi exp - X, car Wherex; ca was
calculated by introducingg andPy in equation ((Eg.IV-2, Chapter 1V)) for growth.

Then a ‘better’ vectdPl (in the least squares sense) was drawn by a bevgAMarquardt
algorithm (1977):
P =P +AP, =P, +[J".J+1]"1.0"D, (I11-5)
Wherel was the identity matrix] the Jacobian matrix (partial derivativesxofvith respect to
parameters)]'its transposed form, avidan arbitrary scalar. In order to avoid any expoia¢nt

divergence, an initial value=5000 for example was chosen; was decremented while the

target functiony” decreased, until a relative change less than aefedined tolerance was

noticed fory? between two successive iterations.

Since no analytical solution was found for Eqs.IM\/-12 Chapter IV, the identification of
parameters vector [A,B] was carried out by mears Bewton—Gauss algorithm ; in equation
(l-5) A was made equal to zero, while had to be calculated term by term through
numerical integration (Runge-Kutta method) of teiational equation:

d op, 9 dp

at'op’ “ap Cat (1i1-6)

The following definition has been used for the dwmieation of S the sum of the residual
squares:
> _ N 2
SD° = 'Zl[ Yiexp ~ Yicall I{)
1=

With y; a growth or production parameter.

For Chapter IVBIV- 3, the same method was used in the first and gegart except Pwas

replaced byD, (i) = [%j —[%j
dt i,exp dt i,calc
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v :i[Do(i)]z (I1I-8)

Equations (IV-11, Chapter IV) for production an&/-17, Chapter 1V) for growth,
were solved numerically with an iterative algorithime program flow chart is given in Figure

I.1.

The target functiony? was calculated as follows:

2
Xlg =y (Pi calc I:)i ,exp)
i=1 P ,calc

1{9)
For Chapter IV section 4, the Excel solver was deethe resolution of the considered
equations and the parameters optimisation.

The following definition has been used for the dwieation of the residual standard

deviationRSD

(1-10)

2
RSD= Z:i’\il[Yi exp Vi ,calc]
n-q

With Y corresponding to the cellular or the lactic acid productiop, n the number of

experimental data points agdhe number of parameters.
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Figurelll.1. Program flow chart of the iterative algorithm uded the numerical resolutionGM2

model) of growth, equatiod\(-17, chapter IV, and production, equatioifM-11, chapter V.
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MODELING
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V. MODELLING

Unstructured models have proven to accurately destactic acid fermentation in a
wide range of experimental conditions and mediathiis aim, specific growth rate was
previously described by means of a logistic furcod time (Amrane, 2001):

1
p= umaxﬁ (lV-l)

1+ cre
Mmax —C

Integration of equation (VI-1) gave the followingogth time-course:

_ * ~d*t
K= Ko XDy, * t - Efin e 222 E (IV-2)

max

Growth time-course was accurately fitted by meahthe above model; however it is not
completely satisfactory from a cognitive point aéw. Indeed, all growth parameters have
not an obvious biological meaning (Amrane and Pitigg994a). Consequently, in the present
work, the Verlhust model which proved to describ@s$actory growth kinetic (Moraine and
Rogovin, 1996; Norton et al., 1994, Pandey e8I00) was preferred to the above model:

dx X
= * 1—_ * X IV'3
dt umax ( j ( )

Integration of equation (VI-3) gave:

el'lmax*t
— * *
X =Xo" Xmax _ + % Moot (lV-4)
Xmax XO XO €

Wherexy andxmax are the initial and maximal values of the biomemscentration anfmax is

the maximal specific growth rate.

During lactic acid fermentation, accumulated la@aid decreases the pH value. The acidic
pH inhibits fermentation (Luedeking, and Piret, 985 Goncalves et al., 1997, Fu and

Mathews 1999, Amrane and Prigent, 1999a). To oweecdhis inhibition, the pH is
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maintained during culture at its optimal value Factic acid production (5.9) (Hanson and
Tsao, 1972; Venkatesh et al.,1993), at which thealfifree lactic acid concentration
(approximately 0.3 g¥) is below the inhibitory threshold (Gétje and Goltalk, 1991). In
absence of inhibition, cessation of growth is daenttritional limitations, deficiency in
peptide sources (Turner and Thomas, 1975; Mozal.et1994) or in growth factors (Major
and Bull 1985, Aeschlimann and von Stockar, 1989)order to account for cessation of
production, observed in the beginning of the decphase (Amrane and Prigent, 1997), due
to carbon limitation, the Luedeking-Piret model waviously modified (Amrane, 2001,
Amrane and Prigent, 1999b). The modified Luedelngt model is not convenient for
culture when lactose became limiting and for seedture with inhibitory effects.
Consequently this model will be improved for cu#tuithe corresponding SLM model is
developed in section IV-2) and seed culture (theesponding IM model is developed in
section 1V-1). To avoid the use of two different aiets for production rate, depending on the
culture conditions, the above models can be metgading to a general model (GM1 model,
developed in section IV-3) taking into account betfects, a nutritional limitation effect and
an inhibitory effect. However in some cases, anbibbry effect can be observed during
growth, which however ceased when carbon becami&ngnSuch cultures were described
by means of a ‘new generalized modéBM2 model, developed in section 1\J-3The
development and the validation of the above models also carried out for two stage
continuous cultures (section 1V-4); the first stagging as a continuous seed culture (no pH
control), inoculating continuously the second bamter, the production reactor (pH control at

5.9), which was continuously fed with sterile co#tumedium.

To help the reader, all the developed models vighcorresponding equations for growth and

production are summarized in appendix.
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[V-1. INHIBITION MODEL FOR SEED CULTURE (IM model)

[V-1.1. INTRODUCTION
Since the positive effects of precultivating withquH control was shown (Amrane and.

Prigent, 1996, Amrane and Prigent, 1998a), the ipusly developed models are not
convenient for seed culture. Indeed, they do nke tato account the inhibition observed in
absence of pH control. Several models involvingidaacid inhibition can be found in the
available literature, which consider non-compegitproduct inhibition (Kumar Dutta, 1996,
Ohara et al., 1992), or other types of inhibiti®tinglli et al., 1997, Akerberg et al., 1998,
Biazar 2003), by the total lactic acid produced.

However, it is now recognised that the main inloibyitspecies is the undissociated
form of the lactic acid: inhibition by weak orgaracids is related to the solubility of the non-
dissociated form within the cytoplasm membrane thednsolubility of the ionised acid form
(Gatje and Gottschalk, 1991; McDonald et al., 1996¢ result is an acidification of the
cytoplasm and the collapse of the motive forcesicagian inhibition of nutrient transport
(Kashket 1987, Bender and Marquis, 1987). Amonigstavailable bibliography, only few
models involve the undissociated form of the ladicid, assuming a non-competitive
inhibition (Yeh, 1991), or an exponential decayl&scribe the linking of specific (Vereecken,
and Van Impe, 2002) growth rate (Venkatesh etl&93) with the undissociated lactic acid

concentration.

In this part, the Luedeking-Piret model (1959a) wasdified by introducing an additional

term to account for the undissociated lactic acidhbition.

The relationship between pH, also involved in glowhibition (Amrane and Prigent,
1999a), and both the dissociated [HL] and the wudisted [C] forms of lactic acid was

described by the Henderson-Hasselbach equation:
[HL] = ESN (IV-5)
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The total lactic acid concentration correspondeithéosum of both forms of the organic acid:

p=[HL]+|L"] (IV-6)

IV-1.2. RESULTS AND DISCUSSION

For all the tested supplementations, the Verlhusideh (Eq.IV-4) matched
experimental growth data (Fig. IV-1), leading torsaf the residual squares in the range 0.01-
0.03 (Table IV-1). As expected, maximum biomassceotration increased for increasing
nitrogen supplementation of culture medium (TaMel). However, owing to the inhibitory
effects of pH and undissociated lactic acid conegioin, maximum biomass concentrations
were in all cases low, if compared to the valueomed at controlled pH (Amrane and

Prigent, 1998b).

In the beginning of culture, owing to the low urstisiated lactic acid concentrations,
pH was the main inhibitory factor and was showrhighly affect growth rates; maximum
specific growth ratgt was reduced by half for pH control of 4.6 insteddhe optimal pH
(5.9) duringL. helveticusggrowth on the same culture medium (Amrane andeRtjgl999a).
Contrarily, medium supplementation has a more &ohigffect ort, which decreased by only
28 % for increasingy E concentration from 5 to 20g (Amrane and Prigent, 1998b). From
this, in the beginning of culture, pH was the mictor affecting growth, accounting for the

similar maximum specific growth rates recordeddlbexperiments (Table IV-1).
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Table IV-1. Parameters extracted from the model for growthlantic acid production data of batch cultures of
L. helveticuscarried out without pH control on whey permeatepsemented with 5, 10, 20 g YE and the RM
supplementation

Nitrogen supplementation

Xo CID)
Xmax Clw)
Hmax ()
SD?

A ()

B ()
Pealc, f (¢} |-1)
Pass.i (9T

Pron-ass, (917
SD?

Yeast extract YE (gY) RM
5 10 20
0.04 0.02 0.04 0.02
0.87 1.05 1.45 1.54
0.63 0.66 0.64 0.68
0.013 0.012 0.034 0.024
2.68 2.29 2.52 3.89
0.422 0.648 0.527 0.295
4.44 6.10 7.56 7.98
2.22 2.34 3.52 5.88
2.22 3.76 4.03 2.10
0.69 0.30 0.67 0.60
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Figure IV-1. Experimental growthe( and pH () data recorded during helveticusgrowth on whey permeate
supplemented with 5 (a), 10 (b) and 20 (c)'g/éast extract and the RM supplementation (d); grawodel,

Eq. IV-4 (continuous line).

It can be noticed that, similarly to maximum bioma®ncentrations, final lactic acid

productions increased with the nitrogen supplentiemtaof culture medium, leading to
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increasing final amounts of undissociated lactiic,aowing to the similar final culture pH
(Table IV- 2).
To describe lactic acid production data, the LuauglRiret model (1959a) was

modified by introducing an additional term to acebdor the undissociated lactic acid

inhibition:
AP _ px OX L gayx (g [HL] (IV-7)
dt dt [HL],.,

Where A and B were the coefficients for growth- amah-growth-associated production,
respectively; [HL}» was the inhibitory undissociated lactic acid cariation, 8.5g 1
(Amrane and Prigent, 1999a). The pH was also iradin the model through the Henderson-
Hasselbach equation (Eq. IV-5).

For all the tested supplementations, the above hi&delV-7) matched experimental
production data (Fig. IV-2), leading to sum of tiesidual squares $0n the range 0.3-0.7

(Table IV-1).

Table IV-2. Parameters extracted from experimental growthlactit acid production data of batch cultures of
L. helveticuscarried out without pH control on whey permeatememented with 5, 10, 20 § YE and the RM
supplementation

Nitrogen supplementation

Yeast extract YE (g') RM
5 10 20
Xmax (g 0.90 1.09 1.44 1.59
Dexp, 1 (g 4.29 5.91 7.23 7.92
HUexpr (g1 2.96 4.16 4.09 4.69
pH; 3.46 3.42 3.68 3.64

The highest value of the coefficieitfor growth-associated production and the lowest
value for the coefficienB for non-growth-associated production were recorfdedhe more

important nitrogen supplementation of culture madithe RM supplementation (Table V-
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1). It was expected, since growth and productiarkifig increased with the nitrogen

supplementation of culture media (Amrane and PtigE398a and b).

Since the early work of Luedeking and Piret, (1959Be most common way to

characterize the partial association of a prodaciwith growth was to draw the specific rate

d dx
p ).

of production g, = ) versus the specific rate of growth €
Pox*dt X * dt

In this aim and in a first step, by considering tpimized parameter values for growth and
production (Table IV-1), calculated specific growdéimd production rates, deduced from
equations 1V-3 and IV-7, were compared to the gpoading experimental values, which
corresponded to the ratio of the instantaneous rieq.111-3 Material and methods) on the
experimental biomass concentration data. The quoreing graph is reported in Figs.lV-3a
and b for 5 gt YE and the RM supplementation, chosen as examplefairly good

agreement between the calculated and the expeamaities was observed.

The Luedeking and Piret plot (Fig.IV-3c) confirméide increase of the growth-
associated mechanism for increasing nitrogen soppiéation of culture medium. Indeed,
lowering culture medium supplementation led toemcldecrease of tlyg values and hence a
decrease of the slope, which corresponded to thethrassociated parametdr while the
effect on the ordinate intercept, which correspanttethe non-growth-associated parameter
B, was not obvious. The model validated this behayisunce the calculated values matched
experimental data (Fig.IV-3c). The experimentaliesl recorded at the beginning of cultures,
namely at low biomass concentrations and then $pgitific growth rates, can be regarded as
of little significance, due to the high error inettdifferentiation of experimental data
(Levenspiel 1962). However, it was previously shawat the best criterion to characterize
growth and production linking was their determioatiinstead of the direct comparison of

coefficientsA andB which could lead to contradictory results (Amrand &rigent 1997).
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p@l’)

Figure IV-2. Experimental total lactic acid productiod ) data recorded during. lhelveticusggrowth on whey
permeate supplemented with 5 (a), 10 (b) and 20g(t} yeast extract and the RM supplementation (d).
Calculated production (numerical integration of IEe7) time-courses (continuous line), as well a® th
calculated growth-associated (numerical integratib&q.IV-8) (dot line) and non-growth-associatedrtierical
integration of Eq.IV-9) (dash line) parts of théaidactic acid production
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Figure IV-3. Specific growthu (a) and production, (b) rate time-courses, as well as the LuedekimgtRilot,

Op VS. 1 (c), recorded duringd.. helveticusgrowth on whey permeate supplemented with 5 gdast extract,
experimental datal{) and calculated values (dot line) and the RM seimgintation, experimental date ) and

calculated values (continuous line).

The growth-associated part of the production cpweded to the integration of:
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dp_ 5. OX (IV-8)

and the non-growth-associated part correspond#eetmtegration of:

P _ nwouf_ [HL]

Both parts are displayed in Fig.IV-2. As observied,low supplementation of culture media,
viz. 5 and 10gt YE, similar growth-associated productions wereorded all culture long;
while the associated part of production increasediigh nitrogen supplementation of culture
media. It was especially the case when whey peeneas supplemented with RM, leading to
the main part of lactic acid produced by a growdkeziated mechanism, nearly 74 %, in
agreement with the behaviour recorded in case ot@trol (Amrane and Prigent, 1999b ).
Conversely, during growth on whey permeate supphetewith RM, the amount of lactic
acid produced by a non-growth-associated mechargsmained all culture long lower than
those recorded for lower nitrogen supplementatiocutiure medium (Fig.1V-2), and the final

amount of non-growth-associated production was R:{@able IV-1).

IV-1.3. CONCLUSION

In the model developed in this first part, all th@arameters have a clear biological
meaning. The Verlhust model was considered to desgrowth kinetics (Eq.IV-3), which
can easily integrated to give growth time-coursgs.l{V-4). Since, seed cultures were
considered in this work, namely experiments caraatdwithout pH control, the Luedeking-
Piret model, (1959) was modified by introducing aaditional term to account for the
undissociated lactic acid inhibition (Eq.IV-7). Thmodel was found to match both
experimental growth and production data, and wdslated in various culture conditions,

namely for a large range of nitrogen supplememadiovhey permeate.
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IV 2: SUBSTRATE LIMITATION MODEL AND GENERALIZED MODEL FO R
SEED CULTURE AND CULTURE (SLM and GM1 models
IV-2. 1. INTRODUCTION

An inhibitory effect of the undissociated lactiacdacs now undoubtedly proven (Vick
Roy et al.1983, Gatje and Gottschalk, 1991), wiiifact in close relation, with the pH effect
(Amrane and Prigent, 1999a), growth and henceclacid production during cultures without
pH control. To overcome this inhibition, pH is m@imed at its optimal value, 5.9 (Hanson
and Tsao, 1972; Venkatesh et al., 1993), leadingttogen and carbon limitations causing
cessation of growth and lactic acid productionpeesively (Amrane and Prigent, 1997).

To describe lactic acid production data, the Luaugliret model (1959a) was
modified by introducing an additional term to acebfor the undissociated lactic acid (and
pH) inhibition in case of cultures without pH carit{IM model : Eq.IV-7)(see § IV-1.).

While during cultures at pH controlled at 5.9, areotive term was introduced to account for
cessation of production due to carbon substratiégtion (Eq. IV-10) (Amrane, 2001):

@:A*%J,B*X*(l_ﬁj (IV-10)
S

Where A and B were the coefficients for growth- and non-growsiseciated
production, respectivel\s ands.es were the lactose concentration at titremd the end of the

batch, respectively (Amrane, 2001).

In case of cultures carried out at controlled p&ttic acid production ceased when
lactose became limiting, leading to final lactoseaentrations in the range 1-3g (Amrane,
2001). Obviously, it was not the case for culturasied out without pH control, leading to
high residual lactose concentrations, and henceatieamount of growth- and non-growth-
associated productions as it will be shown beloab(& IVV-5). Moreover, without pH control,

the residual lactose concentration varied with ¢hikure conditiongsee § IV-1.). From all
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these, equation VI-10 was modified by introducihg tonstansm, in place of the residual
lactose concentratios.s Sim corresponded to the limiting lactose concentratidg L,
deduced from several runs on whey supplemented waitibpus yeast extract concentrations

(Amrane and Prigent, 1998b, Amrane and Prigera9n

@=A*%+B*x*[1—sﬂj (IV-11)
S

The following abbreviation will be given to this el and considered throughout the text:

SLM model.

To avoid the use of two expressions for producteate (Eqgs.IV-7 and IV-11), depending on
the culture conditions, the above expressions eamérged, leading to an unique expression
taking into account both effects, a nutritional itemion effect (Eqg.IV-11) and an inhibitory
effect (Eq. IV-7):

d_p:A*%J,B*X*(l_SﬂJ* p- lh] (IV-12)
dt [HL]inh

Validation of this generalized model (Eq.IV-12, abbation. GM1 model) and its
comparison to the above lactic acid production ne¢eqgs.IV-7 IM model and IV-11 SLM
model) was the aim of this section (8§ IV-2). Cuttsiron whey supplemented with various
nitrogen supplementations, at pH 5.9 to consider ¢ghse of carbon substrate limitation
(Amrane and Prigent, 1997; Amrane and Prigent, hR%hd without pH control to consider
the case of an inhibition by the pH and the undisded lactic acid (Amrane and Prigent,
1999a) were considered to compare the three models.

To describe growth and in agreement with part tdmeVerlhust model which proved to

describe satisfactory growth kinetics (Eq. IV-3)swansidered.
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IV-2. 2. Results and Discussion

Parameters extracted from the growth model (Eq)\dré displayed in Table IV-3. It
could be observed that growth model accounted feelexperimental data recorded at pH
controlled at 5.9 (Fig.IV-4a) and without pH contrdig.lV-5a)until nearly the end of
stationary state, leading to sum of the residuabases in the ranges 0.06-0.13 and 0.01-0.03
respectively (TablelV-3). As expected, maximum ba&s® concentration increased for
increasing nitrogen supplementation of culture mwedi(TablelV-3). However, due to the
inhibitory effect of pH and undissociated lacticidaconcentration, maximum biomass
concentrations were in all cases low, if comparethe values recorded at pH controlled at

the optimal value for growth, 5.9 (Table IV-3).

C GM1
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N 30
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000esee, =
M RS
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T v T v T 3 0 v T v T v T v T v T
15 20 25 0 5 10 15 20 25
t(h) 501 q t(h)
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30 30
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0 5 10 15 20 25 0 5 10 15 20 25
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Figure IV- 4. Growth (a) and lactic acid production (b, c, d)étins during batch cultures &f helveticus
growing at pH controlled at 5.9 on whey supplementeith 10 g L' yeast extract ) and the RM
supplementations§; calculated data~) by means of the generalized model GM1, Eq.IVAR the substrate
limitation model SLM, Eq.IV-11 (c) and the inhilbti model IM, Eq.IV-7 (d).
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Figure IV-5. Growth (a) and lactic acid production (b, ¢, dpekics during batch cultures &f helveticus
growing without pH control on whey supplementedhwit g L* yeast extractX) and the RM supplementation

(+); calculated data=) by means of the generalized model GM1, Eq.IV-12{he substrate limitation model
SLM, Eq.IV11(c) and the inhibition model IM, Eq.I¥{d).

In the beginning of culture, pH was close to thé&mal value 5.9, in case of cultures
without pH control, leading to similar maximum sjfiec growth rates recorded for all
experiments carried out at pH controlled at 5.%ibhout pH control (Table 1V-3), sing@émax
were recorded in the beginning of growth. From ,thise limited effect of medium
supplementation on p is confirmed, in agreemenh \lie low decrease (28 %) @fnax
recorded for increasingE concentration from 5 to 20g (Amrane and Prigent, 1998b). In
addition, in the beginning of culture, owing to tHew undissociated lactic acid

concentrations,
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pH was the main inhibitory factor and was showrhighly affect growth rates, maximum
specific growth rate u was reduced by half for pihtool of 4.6 instead of the optimal pH

(5.9) duringL. helveticuggrowth on the same culture medium (Amrane andeRtjgl999a).

Table IV -3. Parameters given by the growth model (Eq.IV-4)Hatch cultures of. helveticus carried out at
pH controlled at 5.9 and without pH control on sleppented whey

Cultures Without pH control At pH controlled at 5.9
YE (g " RM YE (g I") RM
5 10 20 10
Xo (g 0.04 0.02 0.04 0.02 0.23 0.22
Xmax (@Y 0.87 1.05 145 1.54 4.04 8.41
Mmax ) 0.63 0.66 0.64 0.68 0.74 0.68
SD? 0.01 0.01 0.03 0.02 0.13 0.06

IV-2.2.a. Cultures at pH controlled at 5.9
Fig.IV-4b shows that as expected the ‘substratédimon model’ (SLM), involving a

corrective term for carbon substrate limitation .(Hef1), as was the case when pH was
controlled at 5.9 (Amrane, 2001), matched lactied garoduction data recorded during

cultures at pH 5.9, in agreement with previous Ites(Amrane, 2001). The ‘generalized

model’ (GM) (Eq.IV-12), which involved both terma,term for pH and undissociated lactic
acid inhibitions and a term for carbon substratatition also shows a good agreement with
experimental data (Fig.lV-4c). From this, the pagtens for growth- and non-growth-

associated production given by the GM ((Eq.IV-1&) the SLM ((Eq.IV-11)) models were

similar (TableVI-4). During cultures at controlleéi (5.9), final free lactic acid concentration

(approximately 0.3g7) is below the inhibitory threshold (Géatje and Gottalk, 1991),

namely almost negligible compared to the inhibitandissociated lactic acid concentration,
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8.5g I* (Amrane and Prigent, 1999a). Consequently, thibiiitn term (1— [HL] j had no

[HL]inh
effect, since it remained throughout culture clmsanit.

The growth-associated part of the production cpoeded to the integration of:

—=A*— V-8
dt dt ( )

and the non-growth-associated part correspond#eetmtegration of:

AP _ gy (1_Sﬂj (IV-13)
dt S

for the ‘substrate limitation model’ (Eq.IV-11) andegration of:

d_p:B*X*(l_SﬁJ*(l_ [HL] j ()

dt s [HL],.,

for the ‘generalised modeiv?1'.

Both models led to similar parts of growth- and 1gnawth-associated productions (Table IV
-4). As expected and in agreement with previousltegAmrane and Prigent, 1998b), the
growth-associated part of production was highertt@r largest nitrogen supplementation of
culture medium (RM). This has to be related to higher maximum biomass concentration
recorded in absence of nitrogen or growth factiongdtion, as was the case during culture on

RM medium.

Fig.IV-4d shows that the ‘inhibition model’ (IM) rtzhed experimental production
data during growth. However, it did not account éessation of production when carbon
substrate became limiting, leading to high sumhef tesidual squares if compared to those

given by the GM1 and the SLM models (Table IV-4jirg to the negligible effect of the

inhibition term (1— [Bil]'] j (Eq.IV-7), which remained close to unit. Thuspét controlled
inh

at 5.9, Equation 1 can be assimilated to the Luedeknd Piret (1959a) equation; and
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parameters A and B given by the IM model differeohf those given by SLM and GM1

models.

Table IV-4. Parameters extracted from the production mod&ds.(V-7, 11 and 12for lactic acid production
data of batch cultures &f helveticuscarried out at pH controlled at 5.9 on whey petmeaapplemented with
10 g I' yeast extract and the RM supplementation

GM (Eq.IV-12) SLM (Eq.IV-11) IM (Eq.IV-7)
Media 10g I'YE RM 10g I'YE RM 10g I'YE RM

A ©) 2.32 2.34 2.36 2.29 2.62 3.27

B () 0.83 1.20 0.81 1.18 0.72 0.72
Peaic.; @17 38.4 38.8 38.4 38.8 - -
Pass.t (@) 8.8 19.2 9.0 18.8 - -
pnon.assY f (g Il) 29 6 196 294 200 = =

SD? 1.04 1.61 1.05 1.57 6.98 4.28

IV-2.2.b. Cultures without pH control

TablelV-5 illustrates the high impact of the resillactose concentration on the
production parameters A and B, and hence the grawthnon-growth-associated parts of
lactic acid production. Indeed, during cultureshwiit pH control, inhibition account for
cessation of growth and lactic acid productiondieg to high residual lactose concentration,
namely approximately 39g "L for cultures carried out without pH control on whe

supplemented with 10g1yeast extract. However, high values gfled to low values of the

o S : .
substrate limitation ter61— resj; hence the parameter B increased, while the pdeane
s

decreased. Aberrant values were consequently @otafor growth- and non-growth-

associated parts of production (TablelV-5). Frons,thhe modification of the ‘Substrate
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limitation model’ by introducing the limiting lacse concentration;s (Eq. IV-11), in place

of the residual concentratiopgEq.IV-10) was clearly validated.

Table 1V-5.Effect of the residual lactose concentratgyg on the growth- and non-growth-associated parts of

d dx S
production obtained in case of a substrate Iimjtat'erm,d—i) =A* a +B*x*|1-—| (Eq.IV-10), and
S
both substrate limitation and inhibition ~ terms, rdyn the  following expression

@:A*%+B*X* 1—% *11- [HL] (Eq.IV-15), during batch cultures df. helveticus
dt dt s [HL],..

carried out without pH control on whey permeatepseimented with 10 gL yeast extract.

Equation 1V-10 Equation IV-15
Ses (@M 3 39 3 39
A ) 2.87 0.32 2.28 -2.92
B (hh 0.42 12.59 0.70 25.56
Peac,t (917 6.17 5.73 6.10 5.71
Pass,t (017 2.93 0.33 2.32 -2.99
Pron-ass, (9 1Y) 3.24 5.40 3.78 8.70

Fig.IV-5d shows that as expected (8 1V-1) ‘inhibitimodel’ (Eq.IV-7) matched lactic
acid production data recorded during cultures withgH control, as shown as an examples
for cultures carried out on whey supplemented wlifly L yeast extract and the RM
supplementation. It was also the case for the ‘ggéized model’ and also the ‘substrate
limitation model’. Parameters for growth- and nooygth-associated production given by the
‘inhibition model’ and the ‘generalized model’ wesmilar, while those given by the
‘substrate limitation model’ differed, leading tbghtly higher sum of the residual squares
SD?, if compared to those given by the GM1 and thentidels (TablelV-6). Consequently,
IM and GM1 models gave similar parts of growth- amh-growth-associated production;
while SLM model overestimated the growth-associgtad of production, until values of
growth-associated lactic acid produced 26 and 2higher than the growth-associated

production given by the IM and GM1 models, duribg helveticuscultures on whey
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supplemented with 10 and 20¢ least extract (Table IV-6). Indeed, during culsuvéthout

pH control, low amount of lactic acid were producéelading to high residual lactose

concentrations; the substrate limitation te(rfm- ﬂj remained then always close to unit.
S

To counterbalance this effect, the parameter Brgine the SLM model was always lower
than the values given by the IM and GM1 modelsjilEato an underestimation of the non-
growth-associated production (Table IV-6). The Shidel appears therefore inappropriate
to describe culture without pH control. It is iliteted at the examination of figureVI-6,

showing that throughout culture, the model largalyerestimated growth-associated
production, shown as an example for the worst caaeely growth on whey supplemented

with 10g L* yeast extract.

p. (@

t ()

Figure 1V-6. Growth-associated production determined by theégalised model’ (dot line), the ‘inhibition
model’ (dash line) and the ‘substrate limitationdab (continuous line) during batch cultureslofhelveticus
growing without pH control on whey supplementedwiid g L* yeast extract
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Table 1V-6.Parameters derived from the models for lactic acidiuction (Egs.IV-7, 11 and 18yring batch cultures df. helveticuscarried out without pH control on whey
permeate supplemented with 5, 10, 26 E and the RM supplementation.

Generalized model Substrate limitation model (SLM) Inhibition model
(GM1) (IM)
Yeast extract (g% RM Yeast extract (g7) RM Yeast extract (g') RM
5 10 20 5 10 20 5 10 20

A ) 2.67 2.28 2.51 3.88 3.00 2.87 3.05 4.17 2.68.29 2.52 3.89
B (h'l) 0.46 0.70 0.57 0.32 0.31 0.42 0.33 0.16 0.492648 0.53 0.30
Pt (@) 4.44 610 755  7.98 444 617 758  8.00 4.44  6.10.56 7.98
Passt (QFY) 222 232 350 587 249 293 424 630 222 23852 5.88
Pronass.t (g 2.22 378 405 211 195 324 334 170 222 3.78.03 2.10
SO’ 0.69 0.30 0.67 0.60 0.76 0.35 0.89 0.59 0.69250. 0.67 0.61
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IV-2.3. Conclusion

The above results show that the generalized maamled g satisfactory description of
experimental data in various culture conditionagsiit was validated during cultures at pH
controlled and in absence of pH control, as wellcagifferent nitrogen supplementation of
culture media.

During cultures at pH controlled, nutritional limitons caused cessation of growth
and lactic acid production; then the ‘inhibition det was obviously inappropriate as
experimentally confirmed, since it did not accofantcessation of production.

In absence of pH control, growth and hence laatid aroduction were inhibited by pH and
the undissociated lactic acid. The ‘generalised etfiahd the ‘inhibition model’ gave similar
calculated data; while the parameters A and B faowth- and non-growth-associated
production given by the ‘substrate limitation modéffered, leading to an overestimation of

the growth-associated production.

V-3 GROWTH MODEL IMPROVEMENT (GM2 model) AND COMPARISON OF
THE GENERALIZED MODELS (GM1 and GM2).
IV-3.1. INTRODUCTION
The ‘generalized model’ (GM1, 8IV-2) gave a satisfaty description of experimental
data in various culture conditions, since it wakkdeded in case of nitrogen limitation, namely
during cultures at pH controlled at 5.9 for variongrogen supplementation of culture
medium, and in case of an inhibition, namely durcndfures in absence of pH control (see
8IV-2). However, in some cases, especially durinfjuces carried out at acidic pH control,
an inhibitory effect can be observed during growilnich however ceased when carbon

became limiting (or when the undissociated lacti a&concentration reached its inhibitory

98



threshold value at highly acidic pH control) (Ameaand. Prigent, 1999a). Description of

such cultures by means of the ‘new generalized h@@M2) was examined in this part.

Moreover, in the growth model (Verlhust model — IEeB3), possible limitation or
inhibition of growth was only indirectly taken intccount. Growth model can be therefore

improved by introducing an inhibition term, as poasly proposed (Altiok et al., 2006):

f h
%=pmax*(1—ij *(1—L] *x (IV-16)

m p max

Where f and h were parameters related to the “toxic power” foontass and product

inhibition.

However, since the main inhibitory species is thdissociated form of the lactic acid (Gatje

and Gottschalk 1991, Kashket 1987), the term adddtle growth model in this work was

related to the undissociated lactic acid inhibi&bﬁ%) instead of the total lactic acid
inh

concentration [27], leading to the following moddi Verlhust model (Eq.IV-3):

K o (1—%}* (1— (L] j X (IV-17)

dt max [HL]inh

This expression allowed a dissociation of the irtbityi and the nutritional effects; the term

X . . . .
[1——] accounted in “a global way” for an increasing laafknutrients, namely for a
X

max

nitrogen limitation (Amrane , 2001; Amrane and Bnig 1998b; Diaz et al., 1999).

Equation 1V-11 involving a carbon substrate limatito account for cessation of production

was considered for production.
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In addition, lactic acid and lactose concentratiese assumed to be linearly correlated

(Amrane, 2001):

P—Po —
S, —S

Yo = constant (8)

Validation of the second ‘generalized model’ (GM2ymely equation (Eq.IV-17) for
growth and equation (Eq.IV-11) for production, arsdcomparison to the ‘generalized model’
(GM1), namely equations (Eq.IV-3) and (Eq.IV-12) frowth and production respectively,

was also examined in this section.

IV-3.2. Results and Discussion

Figures 1IV-8 and IV-9 show for both models a strongrrelation between
experimental and calculated data. Indeed, the gmuplata points are homogeneously
distributed around the first bisectrix, with almaditthe data points included in the range £ 5
% around the bisectrix. The model matched both mx@atal growth (Fig.lV-8) and
production (Fig.IV-9) data in a wide range of cudticonditions. Indeed, it was validated in
absence of inhibitory effect, namely during growth various culture media at the optimal
pH, 5.9 (Fig.IV-8a — b and Fig.lV-9a — b); and &se of an inhibitory effect by the pH and
the undissociated lactic acid accumulation, nardalyng growth on various culture media in
absence of pH control (Fig.IV-8c — d and Fig.IV-9d), or during growth on RM medium at
various acidic pH control, initially adjusted bycta acid addition (Fig.IV-8e — f and Fig.IV-

9e — ).
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Figure IV-7. Parity plot of predicted growth, equation (IV-Bids.IV-7a, ¢ and e) ‘GM1’ model, and numerical
integration of equation (IV-17) (Figs.IV-7b, d afdGM2’ model, versus experimental growth time-cse data
during batch cultures of.Lhelveticusat pH controlled at 5.9 on whey supplemented Wity L* yeast extract
(e) and the RM supplementation)((Figs. IV-7a and b), without pH control on whaypplemented with 5u)
and 10 6) (g L") yeast extract and the RM supplementatitn(Figs. IV-7c and d), and at pH controlled at 5.9
(m,0), 4.63 (A ,0), 4.34 (¥, A) and 4.04 ¥ ,0) on whey supplemented with RM (Figs.IV-7e and f).
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Except in one case, namely production model fohélveticus growing at strong
acidic pH control (4.04), low residual standard idggn (RSD) were recorded. Indeed, the
RSD values given by the first model ‘GM1'were alsdelow 0.16 and 0.78 for growth and
production models respectively (TableVI-7), andséhaiven by the second model ‘GM2’
were below 0.18 and 0.83 for growth and productisodels (TableVI-8). Moreover, for a
given experiment, the RSD given by both models waréhe same order of magnitude.
Contrarily, in case of strong acidic pH control04), the generalized model ‘GM2’ gave a
reasonable residual standard deviation (1.54), @woenthe high number of data points since
the corresponding culture lasted 80 h, while th®R@lue increased drastically to 11.67in
case of the ‘GM1" model.

Some remarks can be drawn at the comparison gfateaneters given by both models
(Tables IV-7 and 8). In absence of any inhibitoffe&t, namely during cultures carried out at
pH 5.9, nearly similar parameters values were glweboth models. Contrarily, in case of an
inhibition, namely during cultures in absence of pbhtrol, the ‘GM2’ model gave higher
values for the growth-associated parameter A amgrwalues for the non-growth-associated

parameter B, if compared to the values given by@&1’ model, showing a clear effect of

the term related to the undissociated lactic adigbition (1— [ [HL] j

|_”‘]inh

102



Table 1V-7.Calculated growth (Eq.IV-3) and production (Eq.I¥}Jparameters given by the generalized models
‘GM1’ for batch cultures of Lhelveticuscarried out on supplemented whey permeate at pltaitad at 5.9,
without pH control and at various acidic pH control

Acidic pH control

pH controlled at 5.9  Without pH control Lactic acid initially added HCl initially added
YE(gL?Y RM YE(gLY) RM
10 5 10 5.9 4.63 4.04 5.9 4.63 4.04
Xo (9 L'l) 0.22 0.16 0.04 0.02 0.02 0.16 0.37 0.23 0.16 0.3.14
Hmax (0 0.77 0.78 0.63 0.66 0.68 0.78 0.41 0.13 0.78 0.9.29
Xmax (0 L'l) 3.98 7.28 0.87 1.05 154 7.28 5.10 0.89 7.28 75.4.39
RSD 0.067 0.16 0.023 0.022 0.03 0.16 0.004 0.0002 16 0.0.015 0.0005
A ©) 2.36 2.30 2.67 228 3.88 230 -0.025 -6 2.30 90.688.83
B (hh 0.81 1.22 046 0.7 0.32 121 194 1.46 1.21 1.837.15
Peac s (LY 401 40.2 444 610 7.98 402 401 22.5 40.2 14040.2
RSD 0.76 0.57 0.18 0.11 0.15 0.57 0.61 0.78 0.57 00.811.7

During cultures at acidic pH control, an effecttbé above inhibitory term was observed,
since the ‘GM2’ model (Table 1V-8) led to slighthygher growth parameter values,fgaand
Xmax), If compared to the ‘GM1’ model (TableVI-7). Agpected, maximum specific growth
rate Hnax and maximum biomass concentration.xdecreased for decreasing pH control,
owing to an increasing inhibitory effect. For beattidic pH, 4.63 and 4.04, and irrespective of
the model used, higherp and xn.x were recorded when the pH was initially adjustechg
HCI addition instead of lactic acid addition, inregment with previous results (Amrane and.
Prigent, 1999a), confirming the inhibitory effedttbe undissociated lactic acid. It can also be
noted that during culture at pH 4.04 initially astied by lactic acid addition, 8.9g"Lof
undissociated lactic acid was produced, which he\e added to the 1.8 ¢'linitially added
(corresponding to 5g°t of total lactic acid). This total HL concentratibas to be related to
the values of 8.5 and 13.4¢"lleading to a full inhibition of growth (leading o stationary
phase) and acid production respectively (Amrane Rnglent, 1999a). The inhibitory effect
led to cessation of lactic acid production beftve ¢arbon source was exhausted (Fig.IV-9b).
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The generalized model ‘GM2’ led to increasing pagters A for growth-associated
production (and decreasing parameters B for nomdfroassociated production), for
increasing inhibitory effect, namely decreasing pidues (TableVI-8), in agreement with
previous results (Amrane and. Prigent, 1999a)should however be noted that lower
parameter A values were given by the model (TabR)If compared to the experimental
values corresponding to the slope of the linear giathe product on biomass yield (Amrane
and Prigent, 1999a), except at low pH control (%.6zr which the calculated values
corresponded to the experimental ones. High exgeriah values for the parameter A led to
an overestimation of the growth-associated prodacfAmrane and. Prigent, 1999a), as

shown during culture at pH 5.9 (see §IV-2).

Table IV-8.Calculated growth (Eq.IV-17) and production (Egq1¥) parameters given by the generalized
models ‘GM2’ for batch cultures &f. helveticusarried out on supplemented whey permeate at pittalted at

5.9, without pH control and at various acidic phhicol.

Acidic pH control

pH controlled at 5.9  Without pH control Lactic acid initially added HCl initially added
YE(gL?Y RM YE (g L'Y RM
10 5 10 5.9 4.63 4.04 5.9 4.63 4.04
Xo (9 L'I) 0.23 0.16 0.038 0.024 0.02 0.16 0.35 0.25 0.163 0 0.1
Hmax (0 0.75 0.8 0.65 0.68 0.67 0.8 0.45 0.15 0.8 0.55370
Xmax (@ LY 4.03 7.35 0.90 1.09 1.69 7.35 5.59 0.95 7.36 55.8.4
RSD 0.062 0.17 0.020 0.023 0.044 0.17 0.005 0.004 18 0.0.027 9.6 E-05
A ) 2.41 1.94 3.29 3.02 4.95 1.93 2.69 13.14 1.9354 2. 13.33
B (h'l) 0.79 1.32 0.27 0.39 0.05 1.32 0.93 0.29 1.32 30.9.33
Peac.t (@1 40.2 40.2 4.42 6.19 7.76 40.2 40.2 25.8 40.2 2 4040.2
RSD 0.76 0.51 0.15 0.11 0.19 0.51 0.83 0.77 0.51 6 0.1.54
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Figure IV-8. Parity plot of predicted lactic acid productioy humerical integration of equation (IV-12)
(Figs.IV-8a, ¢ and e) ‘GM1’" model and equation (¥} (Figs.IV-8b, d and f) ‘GM2’" model versus
experimental production time-course data duringta&ultures of Lhelveticusat pH controlled at 5.9 on whey
supplemented with 10 gLyeast extracts) and the RM supplementation)((Figs.IV-8a and b), without pH
control on whey supplemented with §)(and 10 ¢) (g L") yeast extract and the RM supplementatiah (
(Figs.lV-8c and d), and at pH controlled at 580), 4.63 (A,e), 4.34 ¢,*) and 4.04 A,0) on whey
supplemented with RM (Figs.IV-8e and f).

Examination of growth- and non-growth-associatecpeeters A and B given by the
generalized model ‘GM1’ shows some negative valassyell as an aberrant value for a pH

control of 4.04, initially adjusted with HCI (TalM&8). The term related to the undissociated
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lactic acid inhibition(l— [ [Hl]'] j was therefore more appropriate in the growth rel&ion
inh

(EQ.IV-17), instead of the production rate relati¢Bq.lV-12), confirming the above
assumption (see Introduction). Indeed, ‘GM2’ modwelolved two terms in the growth
relation (Eq.IV-17), the Verlhust term accountimg‘a global way” for an increasing lack of
nutrients, namely for a nitrogen limitation (Amrar2®01; Amrane and Prigent, 1998b, Diaz
et al. 1999), and an inhibitory term; while carbsubstrate limitation was considered for
cessation of production (Eq.IV-13). Obviously, thddition of the inhibitory term in the
production rate (‘\GM1’" model) was not appropriate dase of both an inhibitory and a
nutritional effect, as was the case at acidic phtrad. Consequently, only the fitting obtained
by means of the generalized model ‘GM2’ was dispthin Figure 1V-9. As observed, the
model matched growth (Fig.IV-9a) and lactic aciddarction (Fig.IV-9b) experimental data.
It should however be noted that the decline phaten occurring, was not described by the
model. Indeed, when growth ceased concomitantlgessation of lactic acid production,
namely when carbon source became exhausted, gromtory displayed a sharp peak,
corresponding to a sudden shift from growth to sts, in agreement with previous results
(Amrane, 2001; Amrane and Prigent, 1997). It wesdase when pH was controlled at 5.9
and 4.63 (Fig.lV-9a). When cells were cultivatedpét 4.04, a long stationary phase was
recorded, since only 40 h of growth was needed c¢hiese the growth inhibitory
concentration of undissociated lactic acid, nan&hg L* (Fig.IV-9a). At this acidic pH
control, cessation of production was recorded leet@rbon source exhaustion, owing to the
final HL concentration achieved, 13.4¢ (Fig.IV-9b), which inhibited lactic acid productio
(Amrane and. Prigent, 1999a). This inhibitory HLncentration was not achieved when pH
was controlled at 5.9 and 4.63, leading to cessaifdactic acid production, due to carbon

source exhaustion (Fig.IV-9b).
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The Luedeking and Piret plot, oys. [, is a valuable tool to analyse the linking
between growth and lactic acid production (Luedgkand Piret, 1959a, Amrane and Prigent,
1997), As observed (Fig.4c), the model ‘GM2’ mattiexperimental data. For an increasing
inhibitory effect, namely decreasing pH controlci@sing g and p values were recorded;
this behaviour was satisfactory described by thdeh@ig.IV-9c). The experimental values
recorded at the beginning of cultures, namely at Iliomass concentrations and then high
specific growth rates, can be regarded as of Igimificance, due to the high error in the

differentiation of experimental data (Levenspi€f2).
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Figure 1V-9. Growth (Fig.IV-9a), lactic acid production (Fig.I®b) time-courses and specific production rate

versus specific growth rate (Fig.IV-9c¢) during Batwltures ofL. helveticusgrowing at various controlled pH
(m) 5,9; () 4,63; () 4,04 initially adjusted by addition of lactic d¢icalculated data (continuous lines).
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IV-3.3.Conclusion

Two generalized models were compared in this sectiothe first generalized model
‘GML1’, both inhibitory and nutritional effects wetaken into account in the production rate
expression; while the inhibitory effect was intredd in the growth rate expression in the
second model ‘GM2’. Both matched experimental gloamd lactic acid production data in
various culture conditions and media, namely irecaisgrowth inhibition (cultures without
pH control or at acidic pH control) or nutritionahitations. Discrepancies was only observed
between experimental and calculated data usinggémeralized model ‘GM1’ at low pH
control (4.04), namely in case of a high inhibitef§ect. The better adequation of the ‘GM2’
model was confirmed at the examination of growtid aon-growth-associated parameters, A
and B. Indeed, some aberrant A and B values werendby the ‘GM1’ model at acidic pH
control, namely in case of an inhibitory effect growth, which however ceased due to

carbon source exhaustion.
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IV-4: MODELLING OF A TWO STAGE CONTINUOUS CULTURE

IV-4.1. INTRODUCTION

Batch fermentation remains the most commonly ugguicach in industrial lactic acid
production. However, volumetric productivities alew due to end-product inhibition
(Amrane and Prigent, 1996, Kwon et al., 2001), &l now well established that lactic acid
production is strictly dependent on cell growth.n@ouous bioreactors can be therefore a
useful alternative (Amrane and Prigent, 1996). Hevevolumetric productivities reported
for continuous one stage bioreactors remain vemsy Tdhe efficiency of continuous two-stage
bioreactors was previously successfully demongtrgdenrane and Prigent, 1996, Schepers et
al., 2006). In addition to high volumetric prodwiies, this process present the useful and
usual advantages of continuous systems, namely onéy sterilisation is needed at the
beginning of the culture, process control is vamme and possible problem of inoculum
reproducibility is avoided, owing to the availabjliof continuous seed culture (Amrane and
Prigent, 1996). Conversion rates of lactose inttidaacid (above 90 %) for a weak residence
time (8 h) are similar to those recorded in batehuce under comparable conditions, namely
a final lactic acid concentration of 44¢ Lcorresponding to nearly 90 % conversion rate afte
8 h of culture. Contrarily, a long residence tirmenéeded to achieve an interesting conversion

rate during one stage continuous culture.

The objective of this section was the developmeut the validation of the above models in
the case of a two stage continuous culture (AmeartePrigent, 1996); the first stage acting
as a continuous seed culture (no pH control), iteded continuously the second bioreactor,
the production reactor (pH control at 5.9), whichswcontinuously fed with sterile culture

medium.
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IV-4.2. Overall Mass Balance
A schematic diagram of the system is given in Fegit-10.
The following assumptions were considered:
() The fermentation process was carried out in contisistirred-tank reactors (CSTR),
(i)  There was no micro-organisms in the feeds of staipe (¥ = 0),

(i) At steady state conditions, there was no variadiogrowth and product concentrations

do_ o,

with time (% =0;
dt dt

The mass balance can be expressed as follows:

Accumulation = Inlet + Production — Outlet — Conmgation (IV-19)
It was drawn for each stage. -
0
Xos S0y Po
Fi Fi Fi
oo I
Xo, S0y Po Xi, S, P Xer S Pe
Seed culture
Culture

Figure 1V-10.Diagram of the two-stage continuous process.

IV-4.2.1. First stage (Seed culturere pH contro)

a. For growth

—t= (l’li -D; )Xi (IV-20)
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Where p, and D, :I\:/—iwere the specific growth rate thand the dilution rate in the first

stage (H).
Under steady-state conditir{n%%( = Oj , EQ. (IV-20) became:

D, =, (IvV-21)
b. For production

dp:

dt =Dip, —0p X ~ Dip (IV-22)

By considering a negligible lactic acid concentmtiin the feed of the continuous seed

culture, at steady-state (Eq.IV-22) can be writisriollows:
Xi =D;p, (IV-23)

IV-4.2.2. Second stage (Culture — pH controlled at 5.9)
a. For growth

© =D,x, - + (1, ~D)x, (IV-24)

WhereD,_ = % was the dilution rate in the second stag®.(h

c

Under steady-state conditi({n%;(TC = Oj, Eq (IV-24) became:

%D&i +(u, -D K. =0 (IV-25)

c

b. For production

dp, _V, o = - -
—<=—D.p -D.p.+q, X IV-26
dt V |p| cpc qpC c ( )

c
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Under steady-state conditio%d%ﬁ =0, and Eq.(IV-26) can therefore be written as fola

ED,P, ~Dp, 7, X, =0 (IV-27)

c

Where V and \. were the volumes of the seed culture and the reuteactors, respectively.

Xi,p;, X, ,p_were biomass and lactic acid concentrations atigistate conditions in the seed

culture and the culture reactors, respectively.

The above equation (Eq. IV-27) can be rearrangddliasvs:

- v - - |1
P. {V—'Dipi +qpcxc} 5 (IV-28)

IV-4.3. Model development

The Verlhust model which proved to describe satisiy growth kinetics (Moraine

and Rogovin, 1996; Pandey et al., 2000) was coraider all the models developed above:

u=mm@—¥ij (IV-3)
X

max
Where xmax Was the maximum biomass concentration apgc was the maximum specific

growth rate.
IV-4.3..1. Growth model

a. First stage (Seed culturere pH contro)
Under steady-state conditionB,(=y,, Eq. IV-21), Eq. (IV - 3) became:

o

X =X (1- (IV-29)

max;
max;
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b. Second stage (Culture — pH controlled at 5.9)

the introduction of the Verlhust model (Eq. IV -iB)the mass balance for biomass in the

second stage (IV-24) led to the following implieguation oi7<c :

V. = M ima ¥ "
—xiD + *(x  —Xc]-D_ [xc =0 IV-30
oD, L —_— } (Iv-30)

c

Eq.(IV-30) indicated that the biomass concentraﬁorsteady-state_(cwas a function of the
biomass concentration at steady-state in the sfimye_(i, and the dilution rates in the first

(D) and in the second (pstages.

IV-4.3.2. Production models

IV-4.3.2.A. Luedeking-Piret model (LP model)

To describe the production kinetics, the Luedekdngt model was considered:

q, =Au+B (IvV-31)
Where A and B were the coefficients for growth- aed-growth-associated productions.

IV-4.3.2.A.1. First stage (Seed culture — no pH control)
By introducing the equation for mass balance ofgfmluct at steady-state (Eq. 1V-22) into

the Luedeking-Piret model (Eq. IV-31) and by coesidg the biomass concentration at

steady-state in the first stage (Eq. IV-20), it eam

E)i = 7 l:l_ D, :|(AiDi +Bi) (IV-32)
M max,
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IV-4.3.2.A.2. Second stage (Culture — pH controlled at 5.9)

By introducing the Verlhust expression (Eqg. IV-8ja the Luedeking-Piret relation

(Eqg. IV-31), the specific production rate in thesed stagey, can be expressed as a function
of the biomass concentration at steady-state is¢gend stage . :

I max, (X

q, =A ~Xc) +B, (IV-33)

c c

max,
max,

From the mass balance for the product in the sestadge (Eqg. 1V-28), the lactic acid
concentration at steady-state in the second qﬁggan then be expressed as a function of the
dilution rates in the first Dand the second Istages, the lactic acid concentration at steady-

state in the first stag_:ei and the biomass concentration at steady-stateisgcond sta&q:

(IV-34)

— V. — }/LmaxC = " 1
=|—D.p + A X —-Xc)+B,_ [Xc
pc {V |p| { cX ( max, ) c] :|D

c max, c

IV-4.3.2.B. Modified Luedeking-Piret model
IV-4.3.2.B.1First stage (Seed culture — no pH contrdM model)

The first stage of the system acts without pH adntbwing to the positive effects of
pre-cultivating without pH control (Amrane and Rnng, 1996, Amrane and Prigent, 1998a).
Since the main inhibitory species is the undisgedidorm of the lactic acid (Kashket, 1987,
Gatje and Gottschalk, 1991), the Luedeking-Piretdehavas previously modified to account

for the undissociated lactic acid inhibition (§¥-1):

P G a1 :
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Where [HL] and [HL]inh were the undissociated lactic acid concentratiah iés inhibitory

concentration, namely 8.5g'L(Amrane and Prigent, 1999a). The concentrationthef
undissociated form of lactic acid [HL] was giventhg Henderson-Hasselbach equation:

- p
[HL]= o107 (IV-5)

An implicit expression for the lactic acid concextiton at steady-state can be deduced by
introducing the mass balance of the product infite¢ stage (Eqg. IV-23) into the above
modified Luedeking-Piret model (Eqg. IV - 7) and dnsidering the biomass concentration at

steady-state in the first stage (Eq. IV - 29):

~ Xma» Di
P = i (l_ )

_ P, ]
D, Hmaxi {AiDi ' B{l [1+107(pH, - pK,, )J[HL ], H (1V-35)

IV-4.3.2.B.2Second stage (Culture — pH controlled at 5&LM model)

To overcome the inhibitory effects of pH (Goncahetsal.,, 1997, Fu and Mathews
1999) and undissociated lactic acid species (Gatjd Gottschalk, 1991), the pH is
maintained during culture, namely in the secondjestat its optimal value for lactic acid
production (5.9) (Hanson and Tsao, 1972, Venkastsal., 1993), leading to cessation of
production when carbon became limiting. Indeed |dlc&éc acid bacteria are unable to use the
carbon content arising from the autolysed cells (@&me and Prigent, 1997). In order to take
this limitation into account, the Luedeking-Pirekpeession was previously modified

(Amrane, 2001):

q, =Au+ B[l—s’—sesj (IV-10)
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Recently, the above expression was improved byodoiting the limiting lactose

concentratiorsin, in place of the residual lactose concentrasigi(see 8 1V-2):

a, =Au+|3[1—s'ﬂj (IV-11)
S

sim corresponded to the limiting lactose concentrat8BmL?, deduced from several runs on
whey supplemented with various yeast extract canagons (Amrane and Prigent, 1999Db,

Amrane and Prigent, 1998b).

There was a linear relationship between the cashdostrate concentration s and the lactic

acid production p, if we consider a constant producsubstrate yield,:

Ype = D Po (IV-18)

By introducing the Verlhust expression (Eg.IV-3jarthe above modified Luedeking-Piret

relation (Eq. (IV-11) and by considering a constargduct on substrate yield,s(Eq. (IV-

18), the specific production rate in the secondestg, can be expressed as a function of the

biomass and the lactic acid concentrations at gtetade in the second staétgandf)c :

qp, =A

c c

Hom (X ey, = Xc) + Bc(l— Sim Y15 ] (IV-36)
X SoYpis ~ P tPo

max,

Introduction of the specific production rate (Eq-38) into the mass balance for the product

in the second stage (Eq. 1V-28) led to the lactic aoncentration at steady-state in the

second stagic :

- i - may o im Y -
. =[ L EDip, +{ A L™ (¢, —xc)+Bc(1— o2 ]xc : (Iv-37)
Vc Xmaxc SOYP/S —P:. TP Dc
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This implicit expression Of_)c (Eq. IV-37) involved the lactic acid concentrationthe first

staqui , the biomass concentration in the second st_qgand the dilution rates in the first D

and the second {3tages.
IV-4.3.2.C. generalized mode(GM1 model)

To avoid the use of two expressions to describetbduction rate, depending on the
culture conditions, the above Luedeking-Piret eggians (Eqgs.IV-7 and 1V-11) were merged,
leading to an unique expression taking into accauath effects, an inhibitory effect (Eq.IV-

7) and a nutritional limitation effect (Eq. IV-11):

a, :A*H+B*(1— S';" j*(l—[LT'i] j (IV-12)

IV-4.3.2.C.1. First stage (Seed culture ro pH contro)
Similarly to the inhibition model (Eq. IV-35), amplicit expression for the lactic acid
concentration at steady-state can be easily deiffred the above relation (Eq. 1V-12) by

considering a constant product on substrate ¥iglg:

- X _ _ D
pi — __ max (1_ D| ) AiDi + Bi 1- YP/S'S_Um 1- pl
Di M maxi SOYP/S —Pi TP [1+10A(pHi - pKA)][HL]inh

(IvV-38)
It can be noted that the product concentrationteddy-state in the first stage was only
function of the dilution rate D
IV-4.3.2.C.2. second stage (Culture — pH controlled at 5.9)
Similarly to the substrate limitation model Eq.(-B&), the specific production rate in

the second stage, can be expressed as a function of the biomasstrendactic acid
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concentrations at steady-state in the second siagmdﬁ if the Henderson-Hasselbach

equation (Eqg. IV - 5) was considered for the urmlissted lactic acid concentration:

- "lmaxc v Sim YP/S Bc
q, =A, (Xpax. —Xe) +B | 1- = 1-
P Xmaxc e { SOYP/S - pc + po J[ [1+10A(pHc - pKA )][HL]Inh J

(IvV-39)
The introduction of the above specific productiater(Eq. IV - 39) into the mass balance for

the product in the second stage (Eq. 1V-28) lethtolactic acid concentration at steady state

in the second stag_EC :

Ac Mmaxc (Xmaxc _;c)‘l' Bc[l— YslimY_P/S J
_ - ma S -p.+ _
. =| “Dip, < A = (1v-40)
V., D D,
1_ [
i [1+10(pH, = PK )I[HL ], |

As for the other models, the expressiorr_)(c)(Eq. IV-40) involved_ai ,?c, Di and Q.
IV-4.4. Results and Discussion
IV-4.4.1. First Stage (Seed culture)
The calculated value (Eq. IV-29) for the biomasagemtration at steady-stafe in

the first stag&i (continuous seed culture) was 1.49, Le. rather close to the experimental
value 2.0g [ — (Amrane and Prigent, 1996). The considered ealiee the maximum

biomass concentratior ., and the maximum specific growth raig,, involved in Eq.IV-

X
29 were 1.54 g £ and 0.68 H respectively, taken from previous batch culturésLo
helveticuscarried out without pH control on the similar madi (see section 1 ). The dilution

rate in the first stageivas 0.083 i (Amrane and Prigent, 1996)
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The calculated values for the lactic acid concéiatnaat stationary statE)i in the first

stage are given in Table VI-9. Three models weresiciered for the production kinetics, the
Luedeking-Piret (LP) (Eq. IV-31), the ‘Inhibitionadel’ (IM), i.e. the Luedeking-Piret model
modified to account for the undissociated lacticl achibition (Eq.IV-7) and the ‘Generalized

modell’ (GM1) which take into account both an intiddn and a substrate limitation (Eq.IV-

12). The lactic acid concentration at steady sﬁtewas deduced from production kinetics by

considering the above biomass concentration atlya{etate_(i. In the relation for the lactic
acid concentration at steady-state given by thedekimg-Piret model (Eq. 1V-32), the
growth- (A) and non-growth-associated ;Barameters were deduced from the fitting of
production time-courses recorded during batch caltd L. helveticus carried out without pH
control on the similar medium (Amrane and Prigd®99a)and are collected in TablelV-9.
Similarly, the ‘Inhibition model’ (Eq.IV-7) and th€&eneralized model’ (Eq.IV-12) led to an
implicit relation for the lactic acid concentrati@at steady-state, Eqs.( IV-35) and (IV-38)
respectively; the previously calculated valuesgarameters Aand B deduced from batch
cultures of L. helveticus carried out without pHhtrel on the same medium were considered
(see section 1) and are given in Table VI-9. Thageeixnental pH in the seed culture reactor
was also taken into account in a first approach, (3mrane and Prigent, 1996). In the
‘Generalized modell’,;s corresponded to the limiting lactose concentratBanL?, deduced
from several runs on supplemented whey (AmraneRaigkent, 1999b, Amrane and Prigent,
1998b); the corresponding product on substratel yyejs (0.9) was also addressed. We shall
keep in mind that during cultures without pH cohtra low amount of lactic acid was

produced, leading to high residual lactose conaénotrs; then the substrate limitation term

. Yoe.S . .
(PSﬂj’ namely the tern{l— p/s-Stim J in Eg. IV-38, remained always close to
S SOYP/S —Pi * P
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P,
[1+107(pH, - pKA)][HL],,

unit. Therefore, ‘inhibition term(l— ] in Eq.IV-38 appeared the

most significant. It should also be noted that thetic acid concentration in whey was
neglected = 0).
As observed inTableVI-9, similaﬁi values were given by the three considered models.

Indeed, the undissociated lactic acid concentratias 4.1g [* (pH, = 3.9), namely lower
than the inhibitory undissociated lactic acid corcation (8.5g [}(Amrane and Prigent,
1999a), leading to a low inhibitory effect. The age calculated value was 8.0g with a
standard error of 0.2g™L This value was rather close to the experimental, @2g [
(Amrane and Prigent, 1996).

Reliable prediction was therefore recorded for bdtle biomass and the lactic acid

concentrations at steady-state in the seed cudtage.

Table 1V-9.Lactic acid concentration at steady—st:ﬁTIIe in the seed culture stage obtained by considdhirg

growth- (A) and non-growth-associated ;\Bparameters deduced from the fitting of batch wrak of L.
helveticus carried out on the same medium.

Model
LP IM GM1
(Eq.IV-32) (Eq.IV-35) (Eq.IV-38)
A 4.24 3.89 3.88
B; (h) 0.14 0.30 0.32
Picac (gL? 8.0 7.8 8.1

IV-4.4.2. Second Stage (Culture)

Figure 2 shows the experimental and the calcul@egdIV-30) biomass concentration
data at steady-state in the second stage (RSD)=As%bserved, the model did not account

for the important decrease of the biomass condsmrat high dilution rate, namely close to
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wash out (Amrane and Prigent, 1996), and couldubsexjuently improved. Complex growth

models have been avoided in this work to avoidcimmplex production models.

Table 1V-10.Growth- (A) and non-growth-associated jBarameters deduced from the fitting of batchurek
of L. helveticuscarried out on the same medium and used for thermatation of the lactic acid concentrations

at steady-statgd, in the culture stage.

Model
LP SLM GM1
(Eq.IV-34) (Eq.IV-37) (Eq.IV-40)
A. 5.16 2.36 2.32
Be (h) 0.3 0.81 0.83

From the production kinetics, namely the ‘Ludekiiget model’ (Eqg. IV-31), the

‘Substrate limitation model’ (SLM) (Eq. IV-7) antid ‘Generalized model’ (GM1) (Eq. IV-
12), the lactic acid concentration at steady-sfa%tdn the second stage (production reactor)
was expressed as a function of the dilution ratebath stages, Dand 0, the lactic acid

concentration in the seed culture stageand the biomass concentration in the culture stage

Xc, namely Egs. 1V-34, 37 and 40 for LP, SLM and GiMadels respectively.

In the models for lactic acid concentration at dyestate (Egs.IV-34,37and 40), the
maximum biomass concentration and the maximum 8peapowth rate in the second stage

Xmax, @Nd ., were deduced from the fitting (Verlhust modelg-12) of batch cultures of

L. helveticus carried out at pH controlled at 5r®the same medium. Similarly to the first
stage, a value of 3g”Lfor sim and the corresponding product on substrate yigld (6.9)
were considered. Moreover, it should be noted wiety contained 489t (s) lactose and a

negligible amount of lactic acid {p
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Figure IV-11.Experimental (symbol) and calculated (continuaug)l (Eq. 1V-30) biomass concentrations at
steady-state in the second stage of the system.

In Figure IV-12a, the parameters for the growth #rednon-growth associated; &nd
B., were taken from the fitting (Eqgs.IV-34, 37 and 40 batch culture data of L. helveticus
growing at a pH 5.9 on the same medium. The cooredipg values are collected in Table
IV-10. As observed and similarly to the behavioecarded for the seed culture stage, all the
tested models underestimated the lactic acid caratems at steady-state. The ‘Luedeking-
Piret model’ appeared to fail in the descriptiorited experimental data by the largest amount;
while the ‘Substrate limitation model’ and the ‘@ealized model’ led to some similar and
fairly reliable predicted values, the residual dtand deviations decreased to 8.1 and 8.8 when
compared to the value given by the LP model (RS®4 7). Indeed, at controlled pH (5.9),
the undissociated lactic acid concentration (apipnetely 0.3g [) is below the inhibitory
threshold (Géatje and Gottschalk, 1991), namely atmegligible compared to the inhibitory

undissociated lactic acid concentration, 8.5g(Amrane and Prigent, 1999a). Consequently,
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the inhibition terml- [HL] , hamely the term|1- b in
[HL],, [1+107(pH, — pKAN[HL ],

Eq.40, had no effect, since it was close to unitt i@ main term was therefore the substrate

YP/S'ﬁ_im
SOYP/S —P; +Po

limitation term [1— ] (Egs.IV-34 and 40).

0 ——
0.00 0.05

0 T T T T T T T T T T T 1
0.00 0.05 0.10 0.15 0.20

Figure 1V-12. Experimental (symbol) and calculated (continuliness) lactic acid concentrations at steady-state
in the second stage of the system by consideriagofitimizedgrowth (A) and non-growth associated B
production parameters (b) or the parameter valeglckd from the fitting of batch cultures laf helveticus
carried out on the same medium (a). Lactic acicdcentrations were calculated by considering the kkad
and Piret model ((Eq. IV-34 — solid line), the dswéte limitation model (Eq.25 — short dot line) atite
generalized model (Eq. IV-40 — dash dot line).
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The predictive potential of the modified Luedekiagd Piret models (IM, SLM and
GM1) were confirmed, since fairly reliable predotteoncentrations were recorded for the
biomass and the lactic acid concentrations at gtetde in both stages, seed culture and
culture. However for a comprehensive model valaigtisome reliable predicted data should
be confirmed for continuous two-stage cultures anous media; the corresponding work
requires subsequent experiments.

The calculated data displayed in Figure IV-12b wiéee result of an optimization of
the parameters £and B, which were 3.32 and 1.10 for the three modelsoBserved and
confirming the above results, the ‘Luedeking-Pmreddel’ failed in describing experimental
data; while both other models (SLM and GM1)led imilsr calculated data (as discussed
above), which was close to experimental data (RSD3=2.6). It can be observed, that both
optimized parameter values were higher than thanpeter values taken from the fitting of
batch culture data.

The calculated volumetric productivity in the sed@tage corresponded to the
product of the lactic acid concentration at steat;kﬂeﬁc and the dilution rate DThe

volumetric productivity displayed in Figure 1V-13aw calculated using the optimized

parameters fand B; per the previous observations, it matched theexpgental values for
the SLM and GM1 models (RSD = 0.4), since the dated EC values matched the

experimental values (Fig.IV-13).
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Figure 1V-13. Experimental (symbol) and calculated (continudings) volumetric productivity DT)C at

steady-state in the second stage of the systemobgidering the optimized growth- {Aand non-growth-
associated (B production parameters. The Luedeking and Piretl{YE34 — short dot line), the substrate
limitation (Eq.IV-37—dash line) and the generalizf€g.IV-40— dash dot line) models were respectively
considered for calculations.

The parity plot (FigurelV-14) confirmed that theul&trate limitation model’ and
the ‘Generalized model 1'were appropriate, owinghe strong correlation between
experimental and calculated data. Indeed, the gobdata points was homogeneously
distributed around the first bisectrix; the cortigla coefficient was 0.97 for the growth

data and was at least 0.99 for the production aladiethe volumetric productivity data.
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Figure IV-14. Parity plot of the predicted biomass concentrati(a), the lactic acid concentrations (b) and the

volumetric productivitiesDcpc (c) at steady-state in the second stage by caisidéhe substrate limitation

(B) and the generalized) models versus experimental time-course data.
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IV-4.5.Conclusion

Experimental data were accurately described inctse of a two stage continuous
culture, by the above models; the first stage gctis a continuous seed culture (no pH
control), inoculated continuously the second biotea the production reactor (pH control at
5.9), which was continuously fed with sterile codtumedium.

As observed for growth, the model did not accoontiie important decrease of the biomass
concentration at high dilution rate and could beréfore subsequently improvedhe
corresponding work is in progress.

As expected, the ‘Luedeking-Piret model’ faileddiescribing experimental data; while both

other models, SLM and GM1, led to similar calculbtiata.
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CHAPTER YV

CONCLUSIONS AND

PROSPECTS
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Conclusion

A study on modelling lactic acid fermentation intdleand continuous cultures was
carried out. The most important conclusions are:

The model developed concerning seed culture, naregperiments carried out
without pH control (inhibition model), shows thatll the parameters have a clear biological
meaning. The Verlhust model was considered to desgrowth kinetics (Eq.IV-3), which
can easily be integrated to give growth time-cosidey.IV-4). The Luedeking-Piret model
was modified by introducing an additional term t@unt for the undissociated lactic acid
inhibition (Eq.IV-7). The model was found to matdioth experimental growth and
production data and was validated in various ce#wronditions, namely for a large range of
nitrogen supplementation of whey permeate.

During cultures at pH controlled at 5.9, nutritibianitations caused cessation of
growth and lactic acid production; the ‘inhibitiomodel’ was therefore obviously
inappropriate as experimentally confirmed, sinceditl not account for cessation of
production. From this, to describe lactic acid prcttbn data, a corrective term was
introduced into the Luedeking-Piret model (Eq. I®)10 account for cessation of production
owing to carbon substrate limitation. Moreover,sthast model has been improved by
introducing the limiting lactose concentration,,s in place of the residual lactose
concentration s (Eq. IV-11). This model (substrate limitation mfdeas successfully tested
for a large range of nitrogen supplementation;ioeglel matched whole production kinetics
recorded during cultures at pH controlled, namelgase of nutritional limitations.

To avoid the use of two expressions (inhibition elaghd substrate limitation model)
for production rate depending on the culture coodd, the above expressions were merged,
leading to an unique expression taking into acchotit effects, a nutritional limitation effect

and an inhibitory effect (Eq.IV-12). Results obtinshow that the generalized model gave a
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satisfactory description of experimental data imiougs culture conditions, since it was
validated during cultures at pH control and in alegeof pH control, as well as for different
nitrogen supplementation of culture media. Howevar,some cases, especially during
cultures carried out at acidic pH control, an intoity effect can be observed during growth,
which however ceased when carbon became limitingvfeen the undissociated lactic acid
concentration reached its inhibitory threshold ea#u highly acidic pH control).In this case
the above model (Eq.IV-12) appeared inapproprigtem this, another general model was
considered. This model was based on the modifiedhVWst expression (Eq.IV-17). In this
model, the inhibitory term related to the undisaten lactic acid inhibition was added in the
growth relation instead of the production model. tlBBogeneralized model matched
experimental growth and lactic acid production dataarious culture conditions and media,
namely in case of growth inhibition (cultures witlhgoH control or at acidic pH control) or
nutritional limitations. Discrepancies was only ebh&d between experimental and calculated
data using the first generalized model (Eq.IV-3 &wlV-12) at low pH control (4.04),
namely in case of a high inhibitory effect. Thetbetadequation of the second generalized
model (Eq.IV-17 and Eq.IV-11) was confirmed at teeamination of growth- and non-
growth-associated parameters, A and B. Indeed, stragant A and B values were given by
the first generalized model at acidic pH contr@mely in case of an inhibitory effect on
growth, which however ceased due to carbon sowitaustion.

Finally, the above models were developed, in theecaf a two stage continuous
culture, the first stage acting as a continuousd sedture (no pH control), inoculating
continuously the second bioreactor, the producteactor (pH control at 5.9), which was
continuously fed with sterile culture medium. Theodals matched experimental data
accurately but for growth, the model did not acdotor the important decrease of the

biomass concentration at high dilution rate anddte therefore subsequently improved. On
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the other hand and as expected, the ‘Luedeking-Pioelel’ failed in describing experimental
data; while both other models, the substrate limotamodel and the first generalized model
led to similar and satisfactory calculated data.

In the near future, it would be interesting to iy the growth model in the case of
two stage continuous cultures using a neural ndisvanethod to describe lactic acid
fermentation. To generalize the models developetigwork to other types of fermentation,
such as ethyl fermentation, alcohol fermentatioml ahers may be also subsequently
considered. The generalization of the models dgeeldfor one substrate in this work to

multi-substrate fermentation would be also helpful.
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Nomenclature
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—gc

Kq
Ki

Kip,
Ki, HL

Nomenclature

Eq.N°
coefficient for growth-associated production (eimsionless)
coefficient for non-growth-associated product{ht)
constants
maximum concentration of inhibitory product(gL 11-31
dilution rate (i)

1-174
specific level of the enzyme
specific relative growth enzyme levels inside tbé c 11-61
an additional term (dimensionless) 11-91
flow rate of aqueous phase ml. fhin 11-145
removal rate of filtrate ml. min [1-145
recycle rate of cell concentrated broth ml. tin [1-145

substrate concentration at which the substratebitidn [1-59

factor was:e %)™ = 0.368

lactic acid inhibition concentration at which thpgoduct [1-59

inhibition factor was:e %) = 0,368
substrate catabolic constant of affinity of the +oH-68

proliferating cells

lactic acid inhibition constant 11-69
affinity constant o the growing cells for glucose 1-69
inhibition constants for growth 11-171
inhibition constants for lactate production 1-171

empirical equation constant depending on the mari
specific growth rate

coefficient of inhibition by the death cells

substrate inhibition parameter 11-34
lactate inhibition parameter [1-57
undissociated lactic acid inhibition parametespestively [I-57

134



Kp

Ks

f,h
[HL]
[HLc]
[HL].

L]
Lt HLp
La,]

[Ma,]

parameter representing the pH dependence of uptodi-57

inhibition

kinetic parameter which describe the effect of gté on [I-35

U max and Kp.

kinetic parameter which describe the effect of pgté on [1-36

M max and Kp.

kinetic parameter which describe the effect of pgté on [I1-36

M max and Kp.

dissociated lactic acid inhibition constant

undissociated lactic acid inhibition constant

product inhibition constant (g'1)
saturation constant of ‘usable proteins’

Michaelis constants
the inhibitor (lactate) constant for cell growth

the specific glucose consumption raté)(h

product inhibition constant

Monod constant (mol/f)

constant

toxic power for both biomass and lactic acidibition
undissociated lactic acid concentration (g)L
undissociated acetic acid concentration{q L

constant

Lactate concentration (g1)
dissociated lactic acid concentration (g)L

constants

lactic acid concentration from hexose fermenta(ph™)

total, total malic acid concentration (gL
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[1-38

11-38

11-43
-17
11-23

-28

I1-24

[1-28
11-29
[1-105

[1-30
[1-92

[1-93



[

[La]

pHC
pHopt
Pr
p”
Op
RSD

Q

Q2

SIG

Xg,, Xng
Xm ’ pn
YE
Yp/s
Yxls
YEc
WP
WP:

total lactic acid concentration from molate utitiva (g L)

total lactic acid concentration (g').

parameter used to describe product inhibition
total lactic acid concentration (g

Coded pH ((pHc = (pH -5.5))/0.8)

pH optimal

concentration of ‘usable proteins’ (gL

critical lactic acid concentration (g

specific production rate ()

residual standard deviation

volumetric bleed flow-rate
volumetric dilution rate

consumption or production rates of substrate andymt

carbon substrate concentration (§ L

the sum of the residual squares

abbreviation for sigmoid

time (h)

volume (L)

biomass concentration (g').

biomass in state of growth and in oneaf-growth(g L)
inhibitory biomass and lactic acid concentratifms™)
yeast extract(g L)

product on substrate yield

the biomass on substrate yield
Coded yeast extract concentration Y¥E(YE -10))/5.5)

whey permeate concentration (gL

Coded whey permeate concentration @#KWP -60))/30)

specific growth rate (H
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[1-94

[1-95

[1-51

-17

[1-170

[1-178
I-72

[1-102

11-58
[1-57
[1-58



a,B,d
g ,n

UmX 'AX

mp ? p
N

I

Viens

Subscript
S

ass
c

calc
exp

f

inh

[

inh

lim
non-ass
max

0

kinetic parameters which describe the effect oftHeon

M max and Kp.

[1-35

control coefficients corresponding to the genetind a

metabolic regulations inside the cell

biomass productivity coefficient [mol'g™]

maximum temperature beyond which there was no mbré3

growth

constants

parameters in the Gaussian equation

maximum growth rate () and growth lag phase (h)

maximum production rate ) and product lag phase (h)

Monod equation

The inhibition action of lactic acid production

The remaining self-inhibition coefficient

growth-associated
culture (second stage)
calculated
experimental
final
inhibitory
seed culture (first stage)
inhibitory
limiting
non-growth-associated
maximum

initial
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