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Abstract. Flux Balance Analysis (FBA) is a technique that allows estimation of
metabolic fluxes in established conditions, focusing the flux determination as an
optimization problem. For this reason, it is important to use an appropiate
objective function in order to adjust estimations of FBA with the real behaviour
of the cell. The aim of this work was to examine the effect of a set of input data
fluxes (among five diferent sets) on the accuracy of predictions obtained with
FBA with application in seven different objective functions. In this study,
Saccharomyces cerevisiae was selected as model microorganism, and its
metabolism was represented at genomic scale using the model iMM904.
Accuracy of obtained predictions was evaluated and compared with eight set of
experimental data. Results showed that the objective function representing in a
better way the cellular behaviour depends on the set of fluxes used as input
data.
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1 Introduction

Flux Balance Analysis (FBA) is a technique of mathematical modeling, which allows
determining a distribution of fluxes in a steady state through maximization of a sup-
posed objective function [1]. Obtaining of a suited estimation by using of FBA re-
quires a good metabolic model, a set of adjusted restrictions to real conditions and an
objective function that generates realistic results. In other words, a mathematical func-
tion should model a cellular objective [1-5]. It also requires a set of input data that
allows a feasible region for the model data [6]. Nevertheless, both quality of the ob-
tained estimation and more appropriate objective function can depend on the number
of fluxes used as input data in the FBA and chosen fluxes.

Different set of input data can result interesting for getting distinct objective in the
cellular modeling. If it is wanted to analyze a cell as a biological system, the set of
input data will consist probably of all uptake metabolic fluxes. On the other hand, if it
is needed to predict production of secondary metabolites in a continuous culture,
maybe it is necessary to add the specific growth rate to the input data, because this
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will be controlled by both mode of design and operation of the chemostat, and so on.
From this way, it is necessary to broaden the searching for appropriate cellular objec-
tives to conditions with different set of input data.

The aim of the present study was to explore the possible relationship between the
set of selected data as input data in the application of FBA and the best objective
function in this technique (that is, the one that allows lower errors in the estimation of
exchange fluxes and specific growth rate). Therefore, based on sets of known experi-
mental data, we compared the performance of different objective functions in the
FBA varying input data and using the rest of measured fluxes for the evaluation of the
quality of the estimations.

2 Data and Methods

We decided to use the yeast Saccharomyces cerevisiae as cell model, because is one
of the most important microorganism for biotechnological applications. For the cell
modeling, we selected the iMM904 model [7], which is a model at genomic scale and
that includes 1228 metabolites in 1577 reactions with eight cell compartments.

As experimental data for carrying out evaluation of the performance of objective
functions, we selected two dataset from continuous cultures. The first dataset was
obtained from a number of aerobic experiments with u = 0,1 h™' but with different
oxygen uptake rates [8], and the second one was taken from anaerobic culture with
four distinct specific growth rates [9]. These two dataset do not represent all different
environmental conditions and growth that can be found. However, they attempt a
range of conditions broad enough to obtain some conclusions from them, considering
the objectives of the present study.

Data of aerobic growth contain measurements of both glucose and oxygen uptakes,
production of ethanol, glycerol and carbon dioxide, and growth rate. The experimen-
tal configurations differ in the O, inlet percentages to the cell culture, being 0,5%,
1,0%, 2,8% y 20,9% of saturation of O, [8]. On the other hand, anaerobic experiments
include measurements of substrate and oxygen uptake, and production of ethanol,
glycerol, acetate, succinate, private and carbon dioxide, and specific growth rate ().
The experiments were carried out with different p (0,1, 0,2, 0,3 and 0,4 h'l) [9].

Experimental data were classified in two categories: (i) the values used as equality
restrictions in the FBA optimization problem were named ‘input data’, and (ii) the
rest of fluxes were used in order to compare predictions obtained by FBA with expe-
rimental data, and named °‘output data’. Different categories of input data were
defined in order to determine if distinct initial conditions cause differences in the
objective functions necessary to define cellular modeling. The categories were the
following: uptake, uptake and p, uptake and production, production and p, and pro-
duction. Each category makes reference to those fluxes that were taken as input data.

As objective functions were taken a set of representations of cellular objective that
have been proposed in distinct previous studies on comparison of performance and
generation of objective functions in FBA [3-4], [10-11]. The selected functions were
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(I) maximization of biomass production, (II) minimization of glucose uptake, (IIT)
minimization of NADH and NADPH in cytosol, (IV) maximization of biomass
production plus minimization of carbon dioxide production, (V) maximization of
biomass production plus minimization of NADH production in cytosol, (VI) maximi-
zation of biomass production plus minimization of NADH production in cytosol plus
minimization of NADH and NADPH uptake in mitochondria, and (VII) minimization
of ATP consumption in cytosol plus maximization of ATP transport from mitochon-
dria to cytosol. By shortness, in Fig. 1 y Fig. 2 is kept roman numeration shown for
objective functions.

The accuracy of estimations was evaluated with the error percentage on the estima-
tion of the specific growth rate, and named Biomass error (see equation (1)), while the
error percentage on the estimation of exchange fluxes that were experimentally meas-
ured, but not used as input data, were named Fluxes error (see equation (2)).

Biomass error = (@) *100 (1)
exp

Fluxes error = (”vexf’;ve“”) *100 )
[Fexnll

In the equations (1) and (2), the subscript “est” represents the estimations, and the
subscript “exp” represents experimental data. In some categories of input data it was
no possible to compute both errors, because of use of p as input data, or of all ex-
change fluxes. Similarly, some objective functions do not appear in some Figures; this
happens when some objective cannot be applied to some category of input data (for
instance, maximization of biomass production cannot be used if u is among the input
data). It is important to note that sign Biomass error indicates if FBA overestimated
(negative sign) or underestimate (positive sign) the specific growth rate of the cell.

3 Results and Discussion

In Fig. 1 are presented results obtained by simulation of aerobic experiments. For
aerobic continuous cultures at low growth rates, it was found that among compared
functions, maximization of biomass (function I) presents the lower errors using as
input data the set ‘uptake’, while ‘minimization of glucose uptake’ (function II)
showed better results using as input data ‘production’ and ‘production and p’. The
function VII was clearly the second better in the category ‘production’. Strangely,
maximization of biomass (function I) gave worst estimations if only metabolite excre-
tion fluxes are used as input data (that is, category ‘production’). In the remaining
category, ‘uptake and pu’, function VI showed the best performance.

The results for the anaerobic experiments are showed in Fig. 2. Again, maximiza-
tion of biomass production (function I) is one of the best objective functions in the
categories ‘uptake’ and ‘uptake and production’; however, in the first category the
function V gave slightly better estimations, and in the second with the functions IV
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Fig. 1. Error percentages of the estimations obtained with FBA in aerobic growth conditions.
Roman numbers represent seven different objective functions tested (See Data and Methods).
The different panels show the obtained errors using the following input data: (A) uptake fluxes,
(B) specific growth rate and uptake fluxes, (C) uptake and production fluxes, (D) specific
growth rate and production, and (E) production fluxes.

and VII were obtained similar errors. In this case, with the function VII was obtained
the best estimation for the category ‘uptake and p’. In the categories ‘production’ and
‘production and p’, again the best function was the minimization of the glucose up-
take (function II). In both situations, the function VII reached the second place on the
quality of estimations.
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Fig. 2. Error percentages of the estimations obtained with FBA in anaerobic growth conditions.
Roman numbers represent seven different objective functions tested (See Data and Methods).
The different panels show the obtained errors using the following input data: (A) uptake fluxes,
(B) specific growth rate and uptake fluxes, (C) uptake and production fluxes, (D) specific
growth rate and production, and (E) production fluxes.

4 Conclusions

The results of this study indicate that the best objective function for representing the
cellular behavior in FBA depends on the set of fluxes used as input data. Therefore,
depending on the objective of the application of FBA (that is, according to the expe-
rimental condition to be represented, or the objective to be reached with the model-
ing) the objective function can be changed, being important to carry out a more
detailed study of this problem, including more experimental data and different cell
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conditions (among them, experiments of growth cell under batch conditions focusing
on exponential phase), and using of a wide spectrum of different objective functions
proposed for the analysis of cell modeling.
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