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Abstract Production of Saccharomyces cerevisiae yeast
for applications in the food industry or in bioethanol pro-
duction still presents important techno-economic challenges
as an industrial bioprocess. Mathematical modeling of
cellular metabolism in biological production usually
improves process yields, though for industrial applications,
the model should be as simple as possible in order to
sustain model usefulness and technical feasibility. A com-
parative analysis between a black box description and a
simple metabolic network accounting for the main metabolic
events involved in yeast growth and bioethanol production
is proposed here. In both cases, a thorough analysis of reac-
tion rates allowed for the ethanol concentrations produced
in fed-batch yeast cultures, although our results showed
more accurate estimations with the metabolic flux balance
methodology. Moreover, an interpretation of the yeast
physiological state in fed-batch cultures at different glucose
feed concentrations was accomplished by means of a
stoichiometric analysis linked to the simplified metabolic
network. The results confirmed that increasing glucose
uptake rates, controlled mainly by the glucose concen-
tration in the input flow, produced an up-regulation in
reductive catabolism, resulting in higher ethanol excretion.
The biomass production relied mostly on oxidative cata-
bolism, which is controlled by the glucose and oxygen
uptake rates. Thus, ethanol or biomass production is strong-
ly dependent on the physiological state of yeast in the
culture, which can be inferred from a suitable metabolic
flux balance approach.
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1. Introduction

The yeast Saccharomyces cerevisiae has been extensively
used for the industrial bioconversion of carbohydrates from
sugar cane and other agricultural materials (plant biomass).
S. cerevisiae is used as feedstock for several food industry
processes [1], and for the production of bio-alcohols, that
are used as solvents, fuels or basic chemicals [2]. It must
be stressed that controlled fed-batch strategies have been
continuously proposed in order to reach optimal yields for
yeast biomass production [3], while processes for ethanol
production as a biofuel are still under research to fulfill
requirements for economic competitiveness [4,5] without
affecting global food supplies [6]. A rational way to
achieve these goals is through the mathematical modeling of
production processes.

The industrial production of yeast biomass and bio-
ethanol have been technically improved in the past by
application of modeling strategies [3,7], because mathe-
matical models are useful to understand, predict, control or
even design biological production systems [8]. Undoubted-
ly, effective mathematical modeling of biomass or ethanol
production must involve biochemical pathways of central
carbon metabolism, i.e, glycolysis, the tricarboxylic acid
cycle and oxidative phosphorylation. Important contribu-
tions from the Constrained-based Modeling Paradigm
(CMP) regarding large-scale metabolic networks based on
annotated genomes have been reported [9-13], but industrial
applications require metabolic models to be as simple as
possible, and thus characterized by a reduced number of
biochemical reactions. Some efforts on this condensed reac-
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tions approach have provided interesting results about cell
physiological conditions, kinetic behavior or process global
performance with different microbial systems [14,15]. A
simple metabolic flux balance (MFB) model has been sug-
gested to study transient regulations of central carbon meta-
bolism in S. cerevisiae [16], but no special emphasis was
given to bioethanol or yeast biomass production in the
culture. The integration of metabolic fluxes for explicit
biomass production linked to oxidative phosphorylation,
and for ethanol production from reductive metabolism, is
proposed here in a simplified metabolic network to
estimate ethanol and yeast biomass in fed-batch production
processes.

2. Materials and Methods

2.1. Microorganism, media composition, and culture
conditions

A commercial S. cerevisiae strain was grown in culture
media with the following composition (g/L.): KH,PO, (7.0),
CaCl,2H,0 (0.25), NaCl (0.5), and MgCl,-6H,O (6.0).
Solutions of minerals and vitamins were added (10 mL/L
each) and prepared as follows. Five hundred milliliters
of mineral solution were prepared with: FeSO,7H,0O
(278 mg), ZnSO47H,0O (288 mg), CuSO4-5H,0 (7.5 mg),
Na,Mo00,2H,0 (25 mg), MnSO,-H,0 (169 mg), and H,SO,
as needed to dissolve the Fe salt. Five hundred milliliters of
vitamin solution contained: Biotin (1.5 mg), calcium panto-
thenate (20 mg), inositol (125 mg), pyridoxine-HCI (25
mg), and thiamine-HCl (50 mg). Glucose was supplied at
three different concentrations (g/L) 27.2, 38.5, 50.0 for
different experiments. The pH of the culture was controlled
with ammonia-water solution (20% v/v), which was the
only nitrogen source. Experimental culture conditions were:
30°C, pH 5.0, air flow 450 L/h, and dissolved oxygen at
10% of saturation value (ca. 0.8 mg/L).

2.2. Fed-batch yeast cultures
A 15 L bioreactor was used for all fed-batch experiments.
Yeast cultures were inoculated using 3.0 x 10° cells/mL in
a 6 L batch, and feeding started at 12 h post-inoculation
with different glucose concentrations. Medium input flow
was controlled at ~0.4 L/h to maintain glucose concen-
trations at approximately zero inside the bioreactor (S = 0),
and favor substrate conversion.

A general mass balance on compound (z) for a fed-batch
bioreactor is:
dz

E:D(ZF_Z) *qy (1)

which can be arranged to estimate volumetric rates from
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concentration measurements as:

‘]z:%iD(zF -2) 2)
The first right-hand term in Eq. (2) vanishes as a steady
state is approached, but the importance of this term is
substance (z) and time (f) dependent. Therefore, for the
experimental condition of the substrate that S = 0, a quasi-
steady state is established (dS/dt = 0), and the glucose
consumption rate is given by:

qs=—DSg )

Whereas for the volumetric growth rate, dynamics are
slower and it is more adequately calculated from:
dX

‘]x:z"'DX “4)

Or for a finite time interval:

AX

ax = >

.
DX (5)

In fact, Eq. (5) is also useful to estimate the volumetric
rates for ethanol production and ammonia consumption,
though the dilution term for the latter must not be taken
into account because ammonia is instantaneously consum-
ed after addition. An estimation of the biomass concen-
tration in the liquid medium at any time in the culture can
be roughly achieved if the specific growth rate (p) is kept
approximately constant:

Xy =X+ pX At (©)

The oxygen consumption rate can be estimated when
dissolved oxygen is exhausted in the liquid medium
(co, » 0) through the following expression:

_ . *
do, = —K A Cq,

The mass transfer coefficient was both experimentally
measured by means of a dynamic gassing-out method
[17,18], and theoretically estimated with an empirical
correlation [19].

2.3. Analytical techniques

Samples were taken every two hours for quantitative deter-
minations. Biomass concentration in the sample was evalu-
ated using an empirical correlation between dry weight and
optical density measured at 620 nm (Boeco S-22, Hamburg,
Germany). The sample was centrifuged for 5 min at 5,000
rpm (Sol-BAT, Puebla, Mexico), and glucose, ammonia,
and ethanol concentrations were measured in the super-
natant. The glucose and ammonia concentrations were
quantified through spectrophotometric techniques (DNS
reagent method and Nessler reagent method, respectively),
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while bioethanol concentrations were measured by HPLC
(TSP Spectra system, San Jose California, USA) with an
Aminex HPX-87 column (Bio-Rad, Hercules California,
USA) at 40°C, 1,200 psi, and a 0.4 mL/min mobile phase
(H,SO,4 5.0 mM) flow. From these experimental measure-
ments, volumetric rates for ethanol production and ammonia
consumption needed for a redundancy analysis were easily
assessed. The outlet gas composition was continuously
monitored using a paramagnetic oxygen analyzer (Servomex
570/571, Huston Texas, USA) and an infrared carbon dioxide
analyzer (Servomex 1410, Huston Texas, USA) connected
to a microcomputer, and the experimental respiratory
quotient RQ was continuously monitored using this data.

2.4. Mathematical aspects

An aerobic culture of S. cerevisiae yeast with glucose
(CH,0), ammonia (NH3) and dissolved oxygen (O,) as
substrates is represented by a black box description in the
following form:

CH,O + NHj; + O, — CH, g0 53Ng.16 + CH30p 5 + CO, + H,O
3)

Main reaction products are yeast biomass (CH; §0y.5sNo.16)
and ethanol (CH30ys). The vector (g) of volumetric reac-
tion rates associated to Eq. (8) is:

T
4 = 1495 9nn, 90, 9x 9% 4co, In,0) ©

Following a degree of freedom analysis [20], three reaction
rates from vector ¢ can be measured in order to estimate
the remaining four. By defining a subvector of measured
rates as ¢m = [gs 9x 9o, 1%, and a subvector of calculated
rates as . = [qnm. 95 qc‘(% du,0 1%, vector g is restated as ¢
= [¢m g]" The black box model is then written as [20]:

q. = —[E. ' E,] ¢n (10)
where,
11 0 0110
E—[E, E]; with En— | 2 182 0. qnqpg —|3 3 02
1 058 2 0052 1
0 016 0 1 000
11

E is the elemental matrix associated to Eq. (8) [20,21]. The
kinetic system is overdetermined whenever more than Dg
rates are measured, and then a redundancy analysis can be
performed. Such an analysis allows for the estimation of
gross errors in experimental measurements, as explained in
the appendix.

A more detailed description of the biochemical pro-
cesses involved in yeast aerobic growth and ethanol ex-
cretion is obtained from metabolic flux balance (MFB). In

_ q:X (g/gh)
i100.0}-048
-:1 =2 g};’; 28]
-0.174
48
P
Biomass

oH,O

[—
H

_______ 20.0g/L[16] [ 385491

[[JeresgL Il s0.019/L

Fig. 1. A minimal metabolic network for a yeast culture producing
biomass and bioethanol. Metabolic fluxes for different glucose
concentrations in the fed stream (27.2, 38.5, and 50.0 g/L) are
referred to the glucose uptake rate (100%) and compared with data
from [16] (20.0 g/L).

this approach [25], a reduced stoichiometric description of
the involved biochemical pathways for global biomass or
ethanol production is considered for evaluating the perfor-
mance of the process. Such a condensed metabolic network
is presented in Fig. 1. The volumetric rates (g) now depend
on the specific reaction rate (r;) for each biochemical reac-
tion in the metabolic network according to [26]:

q=TrX (12)

where 77 is the transpose of the total stoichiometric matrix.
Eq. (12) is conveniently partitioned in a manner similar to
Eq. (11) as follows:

T, T
qn 142 X
qc - T3T4 rCX (13)
0 TT,

Vectors 1 = [1's 4 73]” and r. = [ > ry rg]" are the unknown
metabolic fluxes in the network. Considering the so-called
quasi-steady state assumption in the CMP [25], one can
derive from Eq. (13) the unknown fluxes r,, and r., as
shown in the appendix:

FnX = Angm, Where A, = [Ty — ToT, 'Ts] ! (14)

and,
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FCX: Acqma where Ac = _T6 lTs[Tl - T2T6 lTs] ! (14)

For the MFB in a yeast biomass or ethanol production
process (Fig. 1), matrices A, and A, are:

0 0.091 0 2 0318 0.333
An=1|_1 —0.091 o0|;and A.=| ¢ —0.045-0.333|(16)
0 0.000 -2 2 -0.273 0.000

3. Results and Discussion

3.1. Biomass and bioethanol production in fed-batch
cultures

Fig. 2 shows the yeast kinetic behavior in glucose fed-
batch processes at various feed concentrations. A general
trend indicated that high glucose uptake rates resulted in
low amounts of biomass generation, and higher ethanol
production. This is also verified in the biomass (Yxss) and
ethanol (Ygss) yield coefficients presented in Table 1. Since
ethanol excretion was higher with larger substrate avail-
ability, even in aerobic conditions, this data indicates that
reductive catabolism in yeast cells was further activated to
some extent. Interestingly, these observations correspond to
the measured and estimated RQ values for the different
fed-batch processes (Fig. 3). In a batch process where S>>
0, there is an important CO, production from pyruvate
decarboxylation, with a simultaneous ethanol production at
the maximal O, consumption, and the respiratory quotient
is > 1. If glucose concentration in the culture medium is
controlled through a fed-batch process (S = 0), CO, pro-
duction is stoichiometrically equivalent to O, consumption
and RQ =~ 1 [27]. However, if glucose in the feed exceeds
the yeast respiratory capacity [28], a slightly increasing
trend in the respiratory quotient is observed, as noted in
Fig. 3. As a consequence, ethanol concentrations in the
bioreactor are also higher (Fig. 2). Although biomass and
bioethanol accumulation occur simultaneously in a yeast
culture, metabolism can be controlled to induce either pro-
duct.

3.2. Analysis of reaction rates for bioethanol production
using a black box description

From the biomass experimental concentrations and the feed
glucose concentrations, instantaneous volumetric rates, gs
and gx, were calculated through Egs. (3) and (5), respec-
tively. In addition, the mass transfer coefficient was either
measured or estimated as a function of the aeration flow
(Qc), and the correlation is shown in Fig. 4. At the air flow
established in the experiments, we found that ki a = 51.9/h
according to the empirical correlation by Moresi and Patete
[19], therefore, from Eq. (7), the essentially constant oxygen
consumption rate was g, = 0.416 g/L/h. According to
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the black box description, the measured volumetric rates
allowed for the estimation of ethanol production rate (¢g)
during culture, so instantaneous ethanol concentrations can
be predicted from:

Ey = E + qe At (17)

where an initial experimental value (E,) is needed to start
the estimation of the subsequent ethanol concentrations.
Upper and lower confidence bounds for the predicted
concentrations were obtained with error (8g) resulting from
the redundancy analysis (see appendix section):

Ei+l,upper = Ei + (qE+ é‘E)At
Ei+1,1cwer = Ei - (qE_é‘E)At

As it can be observed in ethanol plots (Fig. 2), ethanol
concentration in fed-batch processes was acceptably depicted
by a black box approach. Nonetheless, ethanol estimations
are substantially improved by considering the main meta-
bolic events in conversion of glucose to both yeast biomass
and bioethanol.

(18)

3.3. Metabolic flux distributions for a simplified meta-
bolic network in 8. cerevisiae

A simplified metabolic network to describe cellular growth
and ethanol production in fed-batch processes is proposed
in Fig. 1. Metabolic flux () represents the glucose flow
through glycolysis until pyruvate, which is decarboxylated
to acetyl-CoA in flux (r;). This two-carbon intermediary is
either converted to ethanol through metabolic flux (rs), or
incorporated to a simplified Krebs cycle in flux (r4). The
fluxes 4 and rs correspond, respectively, to the activities of
oxidative and reductive catabolism in the yeast cells. The
metabolic flux (r¢) represents the activity level in the
respiratory chain and the rate of NADH oxidation, while r,
indicates a condensed biomass synthesis from the key
intermediaries: glucose, pyruvate, and acetyl-CoA. Table 2
shows the stoichiometry associated with this minimal
metabolic network. Given that glucose supply in the fed-
batch cultures was controlled to match the experimental
condition (S ~ 0), the specific growth rate (n) shifted
gradually toward the dilution rate, D 0.1/h, so the fed-batch
culture approached a continuous culture behavior. For this
reason, volumetric rates for production or consumption in
the fed-batch processes were practically constant, therefore
giving consistent distributions of calculated metabolic fluxes
Fig. 1. This simplified modeling approach was further
validated by using data from Herwig and von Stockar [16].
Although their metabolic flux model was proposed to
properly describe transient metabolic behavior in S. cerevi-
siae, they presented some experimental data under steady
state conditions, at D = 0.245/h, which can be used to
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Fig. 2. Produced biomass ( @), residual glucose (1), consumed ammonia (+), and produced ethanol (O) concentrations experimentally
measured for yeast fed-batch cultures with different glucose supplies in the feed (g/L): (A) 27.2, (B) 38.5, and (C) 50.0. Estimated

biomass concentrations (Eq. (6)) are also included (

(

calculate ¢, = [-4.8 2.01 —2.7]. These volumetric rates
were then introduced in Egs. (14) and (15) in order to
evaluate the flux distributions, which are included in Fig. 1.
The results are consistent with our flux distributions, ex-
cept perhaps for rs, which is underestimated to some
extent. This underestimation of the NADH oxidation flux
is attributed to the lower oxygen content considered in
biomass composition in the model by Herwig and von
Stockar [16].

The metabolic fluxes involved in ethanol production
allowed for the estimation of ethanol concentrations includ-

). Ethanol plots present the concentrations predicted by a black box description
) with the corresponding estimated error (-«««««.«- ), and by a metabolic flux balance analysis (=—— —).

Table 1. Yield coefficients for fed-batch cultures at different
glucose concentrations in the feed

Glucose supply Final biomass Final ethanol Biomass Ethanol

concentration concentration concentration yield yield
(g/L) (gL) (g/L) (g/2) (2/2)
27.25 122 4.7 0.44 0.059
38.5 9.8 5.1 0.42 0.093
50.01 7.2 6.3 0.37 0.11

ed in ethanol plots in Fig. 2, where it can be seen that the
predicted values improved estimations from the black box
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Fig. 3. Respiratory quotient RQ in yeast cultures for yeast fed-
batch cultures with different glucose supplies in the feed (g/L): (A)
272, (B) 38.5, and (C) 50.0. Experimental data ( ) and
estimated (@) from black box reaction rates analysis. The mean
estimated values are also shown ( ) for comparison with the
fully oxidative theoretical value, RQ = 1 (sesrreess ). Circles
surrounding the markers correspond to errors for RQ calculated
from the redundancy analysis.

description and more closely reproduced the experimental
measurements.

It should be noted from Fig. 1, that by increasing glucose
concentration in the feed, the relative flux to biomass
production (») decreased, while the ethanol excretion, (5)
was augmented. This would mean that yeast cells present
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Fig. 4. Estimated ( ) and measured (@) oxygen transfer
coefficients for the fed-batch culture system. The confidence
interval for the estimated values is also shown (+««+seeet ).

a physiological adjustment to an excessive glucose uptake
flow, resulting in a substantial activation of reductive
catabolism (7s), which is proportional to the glycolytic flux
(1), as shown in Fig. 5B. The oxidative catabolism was
also diminished for higher glucose concentrations in the
feed, Fig. SA. Thus, catabolic repression of NADH oxidation
by glucose [29] was confirmed. Krebs cycle, flux (ry), is
considered here as a biochemical pathway, to some extent
representative of oxidative catabolism. In Fig. 5C, one
observes that the metabolic flux (r,), associated with the
tricarboxylic acid cycle, decreased for increasing glycolytic
flux (7). Moreover, when reductive metabolism (75) increased
(Fig. 5D), a diminishing trend in oxidative catabolism flux
(r4) was registered. These results are consistent with plots
in Fig. 2 for the reduction in biomass concentrations and
increase in ethanol concentrations as functions of available
glucose in the feed.

Figs. 5A and 5C show that oxidative catabolism and
NADH oxidation are higher with decreasing glucose con-
centration in the feed. Although this behavior is clearly
observable in metabolic fluxes r4 and r, it can be seen in
Fig. 5B for reductive catabolism flux (rs), that it is pro-
portional to the glycolytic flux (r) in spite of the glucose
concentration in the input flow. This finding implies
different physiological responses of oxidative and reduc-
tive catabolism in yeast cells to a glucose uptake overflow.
The reductive catabolism enhancement would result from
the activation/inhibition of some existing enzymatic pool in
the cytoplasm for pyruvate decarboxylation and reduction
to ethanol, so this pool can quickly match any variation in
the glucose uptake rate. In contrast, genetic expression/
repression phenomena would be implied in oxidative cata-
bolism because different fluxes are estimated in oxidative
catabolism pathways for different glucose availability levels
in the culture. The glucose uptake levels seem to be strong-
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Table 2. Simplified stoichiometry for glucose conversion to biomass and ethanol by S. cerevisiae

Flux Cellular process Condensed reaction

T Glycolysis
" Biomass production

Glucose + 2H;PO, + 2ADP + 2NAD" = 2Pyruvate + 2H,0 + 2ATP + 2NADH
Glucose + Pyruvate + Acetyl-CoA + NH; +27.5ATP + 24.1H,0O - Biomass + CoA +27.5ADP +27.5H;PO,

73 Pyruvate decarboxylation Pyruvate + CoA + NAD + = Acetyl-CoA + CO, + NADH

ry Krebs cycle
7s Ethanol production
76 Respiratory chain

Acetyl-CoA + 2H,0 + H;PO, + ADP + 4NAD* - 2CO, + CoA + ATP + 4NADH
Acetyl-CoA + H;PO, + ADP + 2NADH -> Ethanol + CoA + H,O + ATP + 2NAD*
3ADP + 3H;PO4 + NADH + 0.50, = 3ATP + NAD" + 4H,0

ly involved in the oxidative physiology of aerobic yeast
cultures, and biomass and ethanol production yields depend
on the glucose/oxygen uptake balance.

4. Conclusion

The experimental measurements needed for calculating the
metabolic flux distributions included the accumulated bio-
mass, consumed glucose, and consumed oxygen. From these
data, glucose uptake, glycolytic flux, reductive catabolism,
oxidative catabolism, and NADH oxidation rates were
available through MFB in a biomass or bioethanol produc-

tion process. The volumetric rate for biomass can be
calculated from estimations of the biomass concentrations
based on a constant specific growth rate (Eq. (6)), while
glucose consumption rate depended on the dilution rate and
the glucose concentration in the feed (Eq. (3)). Oxygen
consumption rate depended on the oxygen saturation con-
centration and the mass transfer coefficient, ki a (Eq. (7)).
The parameters needed for evaluating these volumetric
rates are often known in aerobic fed-batch processes, so
metabolic flux distributions can be easily estimated during
process time, thereby presenting valuable information to
develop optimized production processes for biomass or
ethanol using S. cerevisiae.
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Incorporating biochemical and metabolic events into the
performance evaluation of a biomass or ethanol production
process improved the estimation of process final concen-
trations and yields, regardless of the intended main product
of the process. Moreover, the estimation of metabolic fluxes
for oxidative and reductive catabolism in yeast cells is
useful to achieve optimal yields from the process. For bio-
ethanol production, the MFB analysis is also used for very
accurate predictions of experimental concentrations. There-
fore, the analysis of reaction rates in a minimal metabolic
network provided important information about the physio-
logy of cultured yeast cells, and the production of bio-
ethanol or biomass could be improved by adjusting fed-
batch experimental conditions. If bioethanol is the required
product, a high subtrate supply rate should be established
while maintaining the oxygen supply at low levels, although
anaerobiosis must be avoided. In yeast biomass production
processes, a more controlled glucose feed strategy with
fully aerobic conditions will result in reduced overflow at
the pyruvate level, and maximize the oxidative catabolism
associated with high biomass yields.
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Nomenclature

C : Compounds in quasi-steady state [—]

cgz : Oxygen saturation concentration [mg/L]

co, : Dissolved oxygen concentration in the bioreactor
[mg/L]

D : Dilution rate in the fed-batch system [1/h]

Dy :Degrees of freedom [—]

E : Elemental matrix [—]

E,, E.,: Partitions of E [—]

E : Ethanol concentration in the bioreactor [g/L]

Er  :Total produced ethanol [g]

F : Variance-covariance matrix [—]

J : Reactions considered in a metabolic network [—]
kra  : Oxygen transfer coefficient in the system [/h]
NH; : Consumed ammonia in the culture [g/L]

ne  :Number of main elements in the global reaction

(Eq. 5) [-]
np : Number of products in the global reaction (Eq. 5)

[-]
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ns : Number of substrates in the global reaction (Eq. 5)
[-]

P : Modified matrix of variance-covariance [—]
QO :Aeration flow to the bioreactor [L/h]

q : Vector of volumetric rates [g/L h]

q. : Vector of calculated volumetric rates [g/L h]
qn  : Vector of measured volumetric rates [g/L h]

qm: : Vector of true volumetric rates [g/L h]
qs : Volumetric rate for ethanol production [g/L h]

dco, : Volumetric rate for CO, production [g/L h]
du,o : Volumetric rate for water production [g/L h]
gny. : Volumetric rate for NH; consumption [g/L h]
do, " Volumetric rate for oxygen consumption [g/L h]
gs  : Volumetric rate for glucose consumption [g/L h]
qx : Volumetric rate of yeast growth [g/L h]

R : Redundancy matrix [—]

R, : Reduced redundancy matrix [—]

RQ  :Respiratory quotient [—]

r : Vector of metabolic fluxes [g/g h]

re, Iy - Partitions of r [g/g h]

T : Total stoichiometric matrix [—]

T,  :Partitions of T (j =1, ..., 6) []

S : Glucose concentration in the bioreactor [g/L]

Sk : Glucose concentration in the inlet stream [g/L]

St : Total consumed glucose [g]

t : Process time [h]

X : Biomass concentration in the bioreactor [g/L]

Yeis  : Ethanol yield coefficient [g/g]

Yxis  :Biomass yield coefficient [g/g]

z : Mean value of z in the interval z;,; — z; [/ units]

Greek

Az =z, — z; : Increment in variable z [/ units]

o : Vector of errors in measured rates [g/L h]

1) : Specific growth rate [1/h]

Superscripts

T : Transpose matrix [—]

-1 : Inverse matrix [—]

Subscripts

0 : Initial value or condition [—]

i : Initial point of a time interval [—]

i+ 1 :Final point of a time interval [—]

j : Counter for the J reactions in the metabolic network
(-]

Appendix

The global kinetics for an aerobic culture of S. cerevisiae
is represented by a black box description in Eq. (8), and the
volumetric reaction rates involved in the process are
expressed in vector g (Eq. (9)). A kinetic description of the
aerobic growth with ethanol production, as represented in
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Eq. (8), is achieved by knowing the numerical values for
the reaction rates in ¢ during the microbial culture process.
Reaction rate analysis consists of measuring some of the
rates in vector ¢ according to the degrees of freedom (D)
associated with the kinetic description, and then in cal-
culating the remaining unmeasured rates. The degrees of
freedom are [20]:

Dp=ns+mnp+1-ne=3+3+1-4=3 (A1)

meaning that three reaction rates from vector ¢ shall be
measured in order to estimate the remaining four. Thus, ¢,
=[gs qx 9o, 1"and g = [qNHz’ qe> 9co,» 91,0 1', where gy, is
the subvector containing the measured rates and ¢, is the
subvector of calculated reaction rates.

Considering E as the elemental matrix related to Eq. (8),
it can be shown, by the law of mass conservation [20,21],
that:

Eq=0 (A2)

The matrix E for the biomass production reaction Eq. (8)
is expressed in a partitioned form E,, and E., as shown in
Eq. (11), in order to match the partition vector ¢ previously
stated. According to this, Eq. (A2) can be rewritten to give
[20]:

Eq=E.q,+Eq.=0 (A3)
and finally,
gc=-1EE g, (A4)

which is the black box model for Eq. (8). If more than Dy
rates are measured, the kinetic system is overdetermined,
so a redundancy analysis can be performed to estimate
gross experimental errors in measurements. The redundancy
matrix is given by [22]:

R=R,-EIEE] EE, (AS)

from which a reduced redundancy matrix R, is defined by
elimination of dependent rows in R. Considering ¢, as the
measured rates corresponding to the true values ¢y, it can
be stated that ¢, = ¢ + O, where & is the vector of
measurement errors, which can be calculated from [22,23]:

§=FR'P'R ¢n (A6)

Here, F is the variance-covariance matrix, and P is given
by [24]:

P=RFR' (A7)

Thus, through the accurate estimations of gg and gy,
from experimental data with Eq. (5) to get an overdeter-
mined system, errors in ¢y, are actually calculated.

In a metabolic flux balance (MFB) description [25], a
reduced stoichiometric network of the involved biochemical
pathways for global biomass or ethanol production is
considered for evaluating the performance of the process
(Fig. 1). Biomass and ethanol production rates depend on
the specific reaction rate (r;) for each biochemical reaction
in the simplified metabolic network as indicated in Eq.
(12). From the matrix partition expressed in Eq. (13), it
follows that:

G = Tyrp, X + Tor X, (A8)
q. = Tsr, X + Ty X, (A9)
and,

0 = Tsry, + Tyr. (A10)

Eq. (A10) represents the so-called quasi-steady state
assumption in the CMP [25]. By combining Egs. (A8) ~
(A10), the unknown fluxes r, = [rs 74 73] and r, = [ 7> 1y
r¢]" can be calculated as indicated in Eqs. (14) ~ (16). In
this MBF approach, the degrees of freedom are:

Dr=J-C=6-3=3 (A11)

where J is the number of reactions in the metabolic
network, and C is the number of pathway intermediates in
quasi-steady state. According to this, the measurement of
volumetric rates ¢q,, = [g5 gx qoa]T provides sufficient experi-
mental data to estimate a complete metabolic flux distri-
bution r = [r, r.]’, in the minimal reaction set shown in
Fig. 1, which represents the main physiological events
during yeast growth and ethanol production.
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