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Mathematical modelling and assessment of the pH homeostasis mechanisms in while in citric acid producing conditions

Introduction

Aspergillus niger fermentation is the world's leading source of commercial citric acid. Citric acid production has been extensively characterized at the molecular level and, consequently, there is readily available information on most of its biochemical, physiological, and genetic aspects [START_REF] Kubicek | An indirect method for studying the fine control of citric acid formation byAspergillus niger[END_REF][START_REF] Wolschek | The filamentous fungus Aspergillus niger contains two "differentially regulated" trehalose-6-phosphate synthase-encoding genes, tpsA and tpsB[END_REF][START_REF] Kubicek | The role of the citric acid cycle in fungal organic acid fermentations[END_REF][START_REF] Roehr | Industrial acids and other small molecules[END_REF][START_REF] Karaffa | Aspergillus niger citric acid accumulation: do we understand this well working black box?[END_REF][START_REF] Legisa | Changes in primary metabolism leading to citric acid overflow in Aspergillus niger[END_REF][START_REF] Papagianni | Advances in citric acid fermentation by Aspergillus niger: biochemical aspects, membrane transport and modeling[END_REF].

The core of this knowledge has been integrated in highly structured dynamical models [START_REF] Torres | Modelling approach to control of carbohydrate metabolism during citric acid accumulation by Aspergillus niger. I. Model definition and stability of the steady state[END_REF][START_REF] Torres | Modelling approach to control of carbohydrate metabolism during citric acid accumulation by Aspergillus niger. II. Sensitivity analysis[END_REF][START_REF] Alvarez-Vasquez | Metabolism of citric acid production by Aspergillus niger: model definition, steady-state analysis and constrained optimization of citric acid production rate[END_REF][START_REF] Torres | A novel approach to design an overexpression strategy for metabolic engineering. Application to the carbohydrate metabolism in the citric acid producing mould Aspergillus niger[END_REF][START_REF] Guebel | Optimization of the citric acid production by Aspergillus niger through a metabolic flux balance model[END_REF]. Since the publication of these models, new data that allow us to improve and extend these models to include other important areas of metabolism have been reported. These data pertain mostly to transport processes [START_REF] Torres | Glucose transport by Aspergillus niger: the low affinity carrier is only formed during growth on high glucose concentrations[END_REF][START_REF] Netik | Uptake and export of citric acid by Aspergillus niger is reciprocally regulated by manganese ions[END_REF][START_REF] Peksel | 13C-NMR analysis of glucose metabolism during citric acid production by Aspergillus niger[END_REF] and metabolic information [START_REF] Legisa | Changes in primary metabolism leading to citric acid overflow in Aspergillus niger[END_REF][START_REF] Papagianni | Advances in citric acid fermentation by Aspergillus niger: biochemical aspects, membrane transport and modeling[END_REF][START_REF] Ruijter | Characterisation of the Aspergillus nidulans frA1 mutant: hexose phosphorylation and apparent lack of involvement of hexokinase in glucose repression[END_REF][START_REF] Panneman | Cloning and biochemical characterization of an Aspergillus niger glucokinase. Evidence for the presence of separate glucokinase and hexokinase enzymes[END_REF][START_REF] Panneman | Cloning and biochemical characterization of Aspergillus niger hexokinase--the enzyme is strongly inhibited by physiological concentrations of trehalose 6-phosphate[END_REF] In this paper, we present an extensive mathematical model of the citric acid metabolism in A. niger that, based on previous modeling studies [START_REF] Torres | Modelling approach to control of carbohydrate metabolism during citric acid accumulation by Aspergillus niger. I. Model definition and stability of the steady state[END_REF][START_REF] Alvarez-Vasquez | Metabolism of citric acid production by Aspergillus niger: model definition, steady-state analysis and constrained optimization of citric acid production rate[END_REF], integrates a set of new elements, namely new findings on reactions and processes [START_REF] Kubicek | The role of the citric acid cycle in fungal organic acid fermentations[END_REF][START_REF] Kubicek | Evidence for a cytoplasmic pathway of oxalate biosynthesis in Aspergillus niger[END_REF] and homeostasis related contributions [START_REF] Burgstaller | Buffer-stimulated citrate efflux in Penicillium simplicissimum: an alternative charge balancing ion flow in case of reduced proton backflow?[END_REF][START_REF] Burgstaller | Thermodynamic boundary conditions suggest that a passive transport step suffices for citrate excretion in Aspergillus and Penicillium[END_REF] with the purpose of analysing the dynamics of pH differences between the environment and the cytoplasmic medium.

Quantification of intracellular pH is a very difficult task and few analyses have been carried out in A. niger [START_REF] Hesse | Measurement of intracellular (compartmental) pH by 31P NMR in Aspergillus niger[END_REF]. However, any process maximization of the citric acid conversion yield at molecular or physiological level should take into account the pH homeostasis mechanisms since many intracellular and protein synthesis processes are susceptible to pH. Thus, given the extraordinary difficulties of the experimental analysis of the pH homeostasis and the importance of the underlying processes for citric acid optimization, we aim to build up a mathematical representation of the pH homeostasis mechanism.

For this purpose we have used the theoretical framework provided by the S-system representation within the power law formalism [START_REF] Torres | Modelling approach to control of carbohydrate metabolism during citric acid accumulation by Aspergillus niger. I. Model definition and stability of the steady state[END_REF][START_REF] Torres | Modelling approach to control of carbohydrate metabolism during citric acid accumulation by Aspergillus niger. II. Sensitivity analysis[END_REF][START_REF] Savageau | Biochemical systems analysis. I. Some mathematical properties of the rate law for the component enzymatic reactions[END_REF][START_REF] Savageau | Biochemical systems analysis. II. The steady-state solutions for an n-pool system using a power-law approximation[END_REF][START_REF] Voit | Computational Analysis of Biochemical System. A practical guide for biochemists and Molecular Biologists[END_REF][START_REF] Savageau | Biochemical systems theory: operational differences among variant representations and their significance[END_REF]. This representation allows us to study in an intuitive and structured manner how sensitive is the system to changes in independent variables and parameters. These variables and parameters may include the availability of substrates, the strength of the feedback loops, the activities of some enzymes, and the affinity of these enzymes towards their substrates, products or effectors. The model so constructed will provide an integrated vision of the many simultaneous, non linear interactions taking effect. Since it will be submitted to several test quality analysis, including some evaluations of its predictions against experimental evidences, it would become a useful tool in order to support the design of experimental studies and enhance our understanding of the intracellular pH homeostasis.

Our major interest here lies in the role of citrate as an internal molecule overproduced by the fungus as a response to environmental stress conditions [START_REF] Karaffa | Aspergillus niger citric acid accumulation: do we understand this well working black box?[END_REF][START_REF] Karaffa | The biochemistry of citric acid accumulation by Aspergillus niger[END_REF][START_REF] Jernejc | A drop of intracellular pH stimulates citric acid accumulation by some strains of Aspergillus niger[END_REF] and in the role of citrate acting as a buffer contributing to the global homeostasis.

The model

Figure 1 presents the model, with its reactions and variables. Most of the metabolic processes are described in [START_REF] Alvarez-Vasquez | Metabolism of citric acid production by Aspergillus niger: model definition, steady-state analysis and constrained optimization of citric acid production rate[END_REF]. It contains thirty one dependent variables as well as several constraint relations assumed as important in the cytoplasmic pH regulation involving citric acid, phosphate and glutamate. On the following pages we will focus on the processes that are new to this version. We introduce the rationale, justification and references that support the choice of the new variables in the following sections. protonated citric acid in the cytoplasm is small. Accordingly, only two ionic forms are expected to be found at the cytoplasm: the divalent ion, HC 6 H 5 O 7 -2 , and the trivalent citrate ion, C 6 H 5 O 7 3-. On the other hand, the amount of the cytoplasmic free protons is small because they are absorbed by the cytoplasmic buffer [START_REF] Sanders | Control of intracellular pH. Predominant role of oxidative metabolism, not proton transport, in the eukaryotic microorganism Neurospora[END_REF].

Citrate transport processes.

The metabolic processes involved in the A. niger citric acid synthesis include reactions at the cytoplasm and mitochondrial [START_REF] Karaffa | Aspergillus niger citric acid accumulation: do we understand this well working black box?[END_REF][START_REF] Kubicek | Evidence for a cytoplasmic pathway of oxalate biosynthesis in Aspergillus niger[END_REF] compartments [START_REF] Legisa | Changes in primary metabolism leading to citric acid overflow in Aspergillus niger[END_REF]. The hydrogen citrate ion is excreted from the mitochondria to the cytoplasm in an exchange process that involves cytoplasmic Malate [START_REF] Karaffa | Aspergillus niger citric acid accumulation: do we understand this well working black box?[END_REF]: [START_REF] Kubicek | An indirect method for studying the fine control of citric acid formation byAspergillus niger[END_REF] This process has been observed both in rat liver mitochondria [START_REF] Papa | Coupling mechanisms in anionic substrate transport across the inner membrane of rat-liver mitochondria[END_REF] and in yeast (see review by Karaffa and Kubicek in [START_REF] Karaffa | Aspergillus niger citric acid accumulation: do we understand this well working black box?[END_REF]). In fact, the accumulation of MAL -2 (c) precedes and collaborates with the citrate production and excretion from mitochondria [START_REF] Papa | Coupling mechanisms in anionic substrate transport across the inner membrane of rat-liver mitochondria[END_REF]. The cytoplasmic citrate C 6 H 5 O 7 -3 (c) can then take protons from cytoplasm (2):

(2)

The H 2 C 6 H 5 O 7 -(c) will be excreted out of the cell. We will assume that this citrate excretion occurs via proton symport [START_REF] Burgstaller | Thermodynamic boundary conditions suggest that a passive transport step suffices for citrate excretion in Aspergillus and Penicillium[END_REF], a mechanism also observed in E. coli [START_REF] Konings | Can the excretion of metabolites by bacteria be manipulated?[END_REF].

In citric acid accumulation conditions the external pH medium value is around 2 [START_REF] Kubicek | An indirect method for studying the fine control of citric acid formation byAspergillus niger[END_REF] and the pKa value 3.1, citric acid will mostly appear as an undissociated molecule. However, since the diffusion of undissociated acid from the external medium requires Mn 2+ [START_REF] Netik | Uptake and export of citric acid by Aspergillus niger is reciprocally regulated by manganese ions[END_REF] and this ion is absent in citric acid conditions the diffusion of the undissociated citric acid from the external medium to the cytoplasmatic compartment should be considered negligible. This is supported by the observation that in Candida utilis citric acid-grown cells, the citric acid diffusion decreases with diminishing external pH [START_REF] Cassio | Low-and high-affinity transport systems for citric acid in the yeast Candida utilis[END_REF] and the fact that in Saccharomyces cerevisiae and Hansenula anomala the cellular permeability by undissociated lactic acid increased along with the pH [START_REF] Corte-Real | Transport of malic acid and other dicarboxylic acids in the yeast Hansenula anomala[END_REF][START_REF] Cassio | Transport of lactate and other short-chain monocarboxylates in the yeast Saccharomyces cerevisiae[END_REF].

1.3.

Metabolite transport processes. Two glucose transporters have been identified in A. niger [START_REF] Torres | Glucose transport by Aspergillus niger: the low affinity carrier is only formed during growth on high glucose concentrations[END_REF]. Results by Torres et al. [START_REF] Torres | Glucose transport by Aspergillus niger: the low affinity carrier is only formed during growth on high glucose concentrations[END_REF] and Papagianni and collaborators [START_REF] Papagianni | The influence of glucose concentration on citric acid production and morphology of Aspergillus niger in batch and fed-batch culture[END_REF] have shown that these glucose transport processes follow Michaelis-Menten kinetics. However, other authors claim that the process follows passive diffusion [START_REF] Wayman | Simple diffusion is the primary mechanism for glucose uptake during the production phase of the Aspergillus niger citric acid process[END_REF]. Given the available evidences we have opted for the Michaelis-Menten rate law. On the other hand, we have found in our laboratory (unpublished data) that the fructose-transport system also follows a Michaelis-Menten kinetics, as it has been demonstrated for Aspergillus nidulans [START_REF] Mark | Properties of the hexose transport systems of Aspergillus nidulans[END_REF].

Other transport systems like amino acids are also included in the current model, since it has been observed that, in citric acid producing conditions, high amounts of all amino acids are excreted [START_REF] Kubicek | An indirect method for studying the fine control of citric acid formation byAspergillus niger[END_REF]. The current model includes the α-decarboxylation of L-glutamate to produce 4-aminobutirate (GABA). It has been demonstrated that the GABA synthesis increases with the progress of acidogenic growth [START_REF] Kumar | Metabolic fate of glutamate and evaluation of flux through the 4-aminobutyrate (GABA) shunt in Aspergillus niger[END_REF]. According with this observations, Sander and collaborators suggested that amino acid side chains are an important source of buffering in Neurospora and thus could be instrumental in maintaining pH homeostasis [START_REF] Sanders | Control of intracellular pH. Predominant role of oxidative metabolism, not proton transport, in the eukaryotic microorganism Neurospora[END_REF].

The model considers the glycerol phosphate shuttle as an electron transport mechanism from the cytoplasmatic NADH pool to the mitochondrial compartment [START_REF] Shen | Involvement of a glycerol-3phosphate dehydrogenase in modulating the NADH/NAD+ ratio provides evidence of a mitochondrial glycerol-3-phosphate shuttle in Arabidopsis[END_REF]. It includes the enzyme glycerol-3-phosphate dehydrogenase which has NADH as substrate [START_REF] Teusink | Can yeast glycolysis be understood in terms of in vitro kinetics of the constituent enzymes? Testing biochemistry[END_REF]. Finally, another process considered is the polyol excretion that could contribute to the cytoplasmic pH regulation as a deposit for protons [START_REF] Jennings | Polyol metabolism in fungi[END_REF].

Determination of the cytoplasmic citrate ions concentrations.

Based on the available data and the equilibrium involved, we were able to estimate the different citrate ions species concentrations. Also by using

C 6 H 5 O 7 3- (m) +MAL 2-(c) C 6 H 5 O 7 3- (c) +MAL 2-(m) C 6 H 5 O 7 3- (c) + H + HC 6 H 5 O 7 2- (c)
some of the common procedures in power law formalism (see [START_REF] Voit | Computational Analysis of Biochemical System. A practical guide for biochemists and Molecular Biologists[END_REF] and [START_REF] Chou | Recent developments in parameter estimation and structure identification of biochemical and genomics systems[END_REF]), we calculated the kinetic orders and rate constant of the system. Table 1 shows the system parameters and intermediate concentrations used.

Intracellular buffering capacity, β i.

A critical feature of the proposed model is the buffer capacity (β i ) of key intermediates in the control of the pH homeostasis. Buffer capacity is a magnitude that measures the quantity of acid added or subtracted from the cytoplasm [START_REF] Sanders | Control of intracellular pH. Predominant role of oxidative metabolism, not proton transport, in the eukaryotic microorganism Neurospora[END_REF] by a certain process. In the case of the citrate ions, the cytoplasmic buffer capacity is defined as: 

β i K X X H O X H O X K = ⋅ ⋅ -+ - + ⎡ ⎣ ⎢ ⎢ ⎢ ⎤ ⎦ ⎥ ⎥ ⎥ 2 
dX 1 dt V 31,1 V 1,2 V 1 V 1 = - = + -- dX 2 dt V 1,2 V 3,2 V 2,3 2,58 V 2 V 2 = + - + ⎛ ⎝ ⎜ ⎞ ⎠ ⎟ = + -- V ( )( ) dX 3 dt V 2,3 V 4,3 +V 19,3 V 3,4 V 3,2 V 3 V 3 = + - + = + -- dX 4 dt (V 3,4 ) (V 4,5 V 4,3 ) V 4 V 4 = - + = + -- ( ) dX 5 dt V 4,5 V 20,5 V 5,6 V 5 V 5 = + - = + -- ( ) dX 6 dt V 5,6 V 8,6 (V 6,7 V 6,8 ) V 6 V 6 = + - + = + -- ( ) dX 7 dt V 6,7 V 7,4 V 7,8 V 7 V 7 = - + = + -- dX 8 dt (V 7,8 V 6.8 V 9,8 ) (V 8,9 V 8,6 V 8,44 ) V 8 V 8 = + + - + + = + -- dX 9 dt (V 8,9 ) (V 9,8 V 9,10 ) V 9 V 9 = - + = + -- ( )
2.6.2. S-system equations. The differential equations in the S-System representation, including the numerical values of the rate constants and kinetic orders with four significant figures, are described in the Supplementary section (Equations S1). The rate constant and kinetic order values were assessed by standard methods [START_REF] Alvarez-Vasquez | Metabolism of citric acid production by Aspergillus niger: model definition, steady-state analysis and constrained optimization of citric acid production rate[END_REF][START_REF] Voit | Computational Analysis of Biochemical System. A practical guide for biochemists and Molecular Biologists[END_REF].

The model dynamic behaviour, steady state and sensitivity analysis were conducted with the software package PLAS © [START_REF] Ferreira | Power Law Analysis and Simulation (PLAS)[END_REF].

Results

Steady state analysis.

The steady state and stability analysis showed that the basal steady state represented is stable as shown by the negative magnitudes of eigenvalues (Supplementary section; Table S1).

The eigenvalues have eight non-zero imaginary parts that should imply potential oscillations of the system [START_REF] Voit | Computational Analysis of Biochemical System. A practical guide for biochemists and Molecular Biologists[END_REF]. Also, the ranges between the eigenvalues indicate that the dependent variables have different time scales. Thus, after a transient perturbation on some key intermediates (e.g. C 6 H 5 O 7 3-m; X 15 ) the system returns to its original steady state only after a long time, while a perturbation in some other intermediates (e.g. H 2 PO 4 -; X 27 ) takes a shorter time to recover from (see section 3.4.1; Figure 2).

Sensitivity analysis

There are two types of sensitivities, rate constant and kinetics order sensitivities. A rate constant sensitivity is defined as the ratio of a relative change in a dependent concentration, X i or flux, v i , to a relative change in a rate constant (α or β; r j ). The corresponding expression is:

(5a)
where, the subscript 0 refers to the steady state. It can be determined by differentiation of the explicit steady state solution, with respect to the parameter in question. Similarly, the kinetic order sensitivity coefficients are defined as the ratio of a relative change in a dependent concentration, Xi or flux, v i , to a relative change in a kinetic order parameter, (g jk or h jk ; r jk ). The corresponding expression is:

(5b)
Logarithmic gains are a type of sensitivity coefficients representing the percentage change in a dependent metabolite concentration, X i , (or flux, v i ) caused by a change in an independent variable, X j . They are represented by the following equation: [START_REF] Legisa | Changes in primary metabolism leading to citric acid overflow in Aspergillus niger[END_REF] Sensitivity analysis offers a characterization of the quality of a model, since it indicates whether the model is able to endure structural changes.

A systematic sensitivity analysis of the model performance in terms of both the sensitivities and logarithmic gains was carried out. There are 961 metabolite rate constant sensitivities and 10757 metabolite kinetic order sensitivities and the same number in its flux counterparts. Regarding the logarithmic gains, the corresponding figures are 1457, respectively. An evaluation of its absolute magnitudes is shown in Table 2. In this Table it can be seen that 63% of the sensitivities are below 1 in both cases; this percentage rises to 95% if we consider values below 10. The examination of the absolute values of logarithmic gains shows a similar pattern, but even more pronounced: 76% are below 1 and 99% below 10. All together, these results indicate that, in spite of some uncertainties, the model can be considered robust enough and well defined.
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Because we are primarily interested in the logarithmic gains of metabolites and fluxes directly related to citrate with respect to citrate accumulation and excretion, the influence of the cytoplasmatic citrate HC 6 H 5 O 7 2transport system (X 61 ) and the mitochondrial MAL 2--CIT 3-transport system (X 64 ) on the metabolites and fluxes involved in citrate synthesis was analyzed in detail.

Citrate metabolite logarithmic gains.

The most relevant results of this analysis are shown in Table 3. First, it is observed that an increase in X 61 , the cytoplasmic citrate transport system causes a general decrease on the glycolytic metabolite concentrations having the largest influence on the mitochondrial pyruvate (-59.55). This very high sensitivity value, as in the event of any other similar situation, suggests that the process is probably not well modelled enough. But if this value is of any significance, it would indicate a significant coupling of the cytoplasmic citrate transport system activity with both the glycolysis and the mitochondrial pyruvate metabolism.

Referencia al requerimiento de análisis sistemático de las sensibilidades

In this vein, it should be noted that that this perturbation causes a significant change in the same direction (3.367) in the cytoplasmic citrate concentration (X 18 ); the same case being observed with the mitochondrial citrate (X 15 ) perturbation (0.709). Finally, it is noted that the same profile, but of opposite sign is observed when the perturbation is in the X 64 thus indicating opposite influences. 4 shows the most significant results obtained. Changes in both carriers showed an effect on the glycolytic fluxes. Thus, an increase in X 61 causes a general decrease on the glycolytic fluxes, which has the largest influence, again, on the flux through mitochondrial pyruvate (X 13, -11.99). As stated before, this high sensitivity value suggests that the process is probably not well modelled enough. Similarly to the instances observed for the logarithmic gains of metabolite concentrations, the logarithmic gains of the fluxes most affected (negatively) by a perturbation in X 61 are those involved in the citrate mitochondrial synthesis together with the flux through malate, X 10 and mitochondrial oxaloacetate, X 11. Again, the same profile, but of opposite sign is observed when the perturbation occurs in the X 64 , thus indicating opposite influences. Finally, it should be noted that the high logarithmic gains observed could be an indication of some ill-defined model features or parameter values, thus suggesting the necessity of further modifications and assessment.

Flux logarithmic gains. Table

Dynamic characterization of the system

In this series of explorations two types of experiments were carried out. In some instances (Sections 3.4.1, 3.4.2 and 3.4.3) some intermediate concentrations (Figures 2 and4) were changed, in independent pulse experiments in which at time 50 minutes the dependent variable was changed from its initial steady state value to a reduced value and the system evolution subsequently monitored. In another series of perturbation experiments, starting from the citric acid producing steady state, the basal value of a parameter was kept constant from minute 50 until minute 100 at a decreased value from its original one and the system time evolution monitored (Figures 3, 5 to 8).

Change in cytoplasmatic metabolite concentrations.

In Figure 2A it can be seen that when the mitochondrial citrate, C 6 H 5 O 7

3-m (X 15 ) concentration was temporarily decreased, PYRc (X 7 ) and H + (X 29 ) increased while X 15 and X 18 reacted decreasing their concentration. Later, it was observed that the glycolytic intermediates X 7 decreased while X 18 increased considerably. In the same Figure (2B) it is shown the evolution of intracellular pH. As it can be noticed, after a sudden decrease the steady state value then recovers at the same pace as X 18 . However, after some pulse experiments with HC 6 H 5 O 7

2-(X 18 ; Figure 2C), it was observed that after decreasing X 18 concentration by a 95%, the glycolytic metabolites X 7 increased their values from one to three-fold and the cytoplasmic concentration of H + (X 29 ) increased about seven-fold. At the end of the perturbation the glycolytic metabolite X 7 returned to the original values while X 18 increased and X 29 decreased. On the other hand, H 2 PO 4 -(X 27 ) showed some fluctuations before returning to its initial values.

In another pulse experiment, after decreasing by 70% the concentration of the reduced cytoplasmic phosphate H 2 PO 4 -, (X 27 , see Figure 2D), a rapid transient decrease in X 18 and X 29 is observed, together with an increase in X 7 . Once the perturbation ended, the cytoplasmatic metabolites X 7 and X 29 decreased while the mitochondrial metabolite X 18 increased. Kubicek [START_REF] Kubicek | An indirect method for studying the fine control of citric acid formation byAspergillus niger[END_REF] showed a similar regulatory effect of phosphate, but this effect was found when phosphate was decreased in the citrate production medium.

Dynamics of the cytoplasmatic pH.

In a previous section we showed that both the cytoplasmic citrate transporter (X 61 ) and the mitochondrial MAL 2--CIT 3-transporter (X 64 ) are important parameters in the control of key metabolites. In this section we will present the observed influence on the intracellular pH of changes in these two parameters as well as of the changes in the alternative respiratory system (X 51 ) and the H + -ATPase (X 63 ).

Figure 3A shows the results when the cytoplasmic citrate transport, X 61 was changed. We observe a significant initial increase of 0.4 pH units. The reduction of the X 61 activity causes the citric acid accumulation within the mitochondria citric which, by taking protons, increases the cytoplasmic pH. In Figure 3B, after inhibition in the mitochondrial MAL 2--CIT 3-transport system, X 64 , the pH drops 0.6 pH units, but after this perturbation the pH recovers its initial value after reaching a maximum pH value of 7.9. All the above together indicates that in all cases, but to a somewhat lesser extension in the cases of the cytoplasmic citrate transport (X 61 ) and the mitochondrial MAL 2--CIT 3-transports system, (X 64 ) the system is able to keep the cytoplasmic pH well within physiological ranges against any significant variation in key parameter values. Figure 3C shows the pH dynamics after a perturbation of the alternative respiratory system, X 51 . It is observed that the intracellular pH shows a small decrease, returning to the previous steady state value after a minimum oscillation. In practical terms it can be said that the system is almost insensitive to this perturbation. In the case of the H + -ATPase, X 63, pH initially drops, but then increases 0.1 units, slowly returning then to its previous value (Figure 3D).

Dynamics of the citric acid and phosphate buffer capacity.

Here, starting from the citric acidproducing steady state, the variables citrate, HC 6 H 5 O 7

2-(X 18 ), and phosphate, H 2 PO 4 -(X 27 ), concentrations were decreased,, in an independent pulse experiment, at time: 5 min., from its initial value to 5% of their original value (Figure 4). It should be taken into account that given that the sum of HC 6 H 5 O 7 2-and C 6 H 5 O 7 3-is a system parameter (X 73 ) the perturbation in X 18 is simultaneous with a change in C 6 H 5 O 7

3-so that X 73 would remain constant. The same applies to the changes in X 27 and HPO 4 2-concerning X 75 . Then, the evolution of the buffer capacity (ß i ) of each buffer component, the intracellular pH and the buffer components were monitored (Figure 4). The buffer capacity of each case is given by the following equilibrium: for the citrate buffer, and by the equilibrium for the phosphate buffer.

In Figure 4A it can be seen that the citrate ß i showed a sharp decrease of almost 15 units after a perturbation in HC 6 H 5 O 7 2-, but quickly returned to its original value. The phosphate buffer capacity (Figure 4B) also shows a decrease after the perturbation in the H 2 PO 4 -concentration. All together, these observations indicate that the dynamics of the cytoplasmic pH is influenced by both, the citrate and phosphate concentrations but at the same time displays a strong recovery capacity. When in stress conditions for citric acid production, an alternative respiratory system is also active in A. niger, in addition to that sensitive to cyanide: the salicylhydroxamic acid-sensitive system [START_REF] Kubicek | Regulation of citric acid production by oxygen: effects of dissolved oxygen tension on adenylate levels and respiration in Aspergillus niger[END_REF]74]. In Figure 5 it is represented the evolution of some representative system variables after a 60% inhibition of the alternative respiratory system (X 51 ). A decrease in CoA (X 12 ) and acetyl-CoA (X 14 ) was observed while mitochondrial pyruvate (X 13 ) and mitochondrial NAD + (X 30 ) increased their values. The latter ones exhibited more than a four-and seven-fold increase, respectively, before reaching their initial value. X 13 accumulation suggests that the alternative respiratory inhibition is affecting the mitochondrial pyruvate kinase since a decrease in its products, CoA and acetyl-CoA, is observed. On the other hand, the increase in mitochondrial NAD + could indicate an excess of mitochondrial NADH that was also not oxidized by the respiratory chain. Some experimental evidences [START_REF] Paul | Relationship between morphology and citric acid production in submerged Aspergillus niger fermentations[END_REF] show that the interruption in aeration negatively affects the citric production in A. niger. In the same vein, Rohr and collaborators observed a lesser oxygen uptake at an early phase when compared with the late stage of fermentation, when the citric acid production starts [START_REF] Rohr | Accumulation and partial re-consumption of polyols during citric acid fermentation by Aspergillus niger[END_REF]. There are changes on the cytoplasmic pH as well as in several dependent variables, but in all cases they return to their original steady state.

3.4.6. Effects of down-regulation in the cytoplasmic citrate carrier and mitochondrial malate-citrate transport system. Figure 6A shows the system dynamics after a 60% decrease in the cytoplasmatic citrate transport X 61 . It can be seen that it causes a twofold accumulation of X 18 and a decrease of X 7 and X 13 . The protons, X 29 , showed a fluctuation pattern. The excretion from the cytoplasmic compartment to the external medium of HC 6 H 5 O 7 2-, X 18 , could be a process without energy consumption [START_REF] Guebel | Optimization of the citric acid production by Aspergillus niger through a metabolic flux balance model[END_REF]. In the current model the citrate excretion occurs via the HC 6 H 5 O 7 2-/H + symport, which allows the citrate translocation out of the cell with an additional efflux of protons. This perturbation stimulated metabolic fluctuations. Mitochondrial and citric acid pyruvate did also accumulate.

Figure 6B shows the systems dynamics after a similar perturbation, but in the mitochondrial malate-citrate transport (X 64 ). It is observed an initial increase decrease in X 18 , but there is a decrease of some glycolytic metabolites (X 7 ) as well as other cytoplasmic intermediates such as X 13 and X 29 . It has been showed that the C 6 H 5 O 7 3-could be excreted across the mitochondrial membrane through a specific transport [START_REF] Promper | The role of the proton-pumping and alternative respiratory chain NADH:ubiquinone oxidoreductases in overflow catabolism of Aspergillus niger[END_REF]. This transport is related with the oxaloacetate produced in the cytoplasmic compartment when it is reduced to malate by cytoplasmic malate dehydrogenase and goes to the mitochondrial space by an antiporter malatecitrate transport [START_REF] Karaffa | Aspergillus niger citric acid accumulation: do we understand this well working black box?[END_REF] 3-and MAL 2-, that also catalyzes the exchanges between the cytoplasmic and mitochondrial compartments [START_REF] Bisaccia | Reaction mechanism of the reconstituted tricarboxylate carrier from rat liver mitochondria[END_REF].

3.4.7.

Effects of the changes in the H + ATPase. Figure 7 shows the system dynamics after a 60% decrease in the H + ATPase, X 63 . It can be seen that HC 6 H 5 O 7 2-, X 18 and the H + concentration, X 29 , increase before returning to their original values where a decrease of X 17 was also observed. It has been reported [START_REF] Legisa | Changes in primary metabolism leading to citric acid overflow in Aspergillus niger[END_REF] that at the late growth phase, in some A. niger strains, the H + ATPase could be not responsible for all the proton extrusion to cytoplasm. The small increase in the proton concentration observed here could indicate that other pH regulatory mechanisms are operating.

An experimental verification of the model prediction was provided by the results obtained by Jernecj and Legisa [START_REF] Jernejc | A drop of intracellular pH stimulates citric acid accumulation by some strains of Aspergillus niger[END_REF]. These authors showed that changes in the H + -ATPase were followed by a spontaneous drop of intracellular pH in a high citric acid-producing A. niger strain. In particular, these authors showed that addition of vanadium ions, potent inhibitors of H + -ATPases, to the culture medium, not only induces an enhanced citric acid accumulation but also a reduced intracellular pH, thus suggesting that one of the mechanisms stimulating citric acid accumulation by A. niger could be a slight cytoplasmic acidification. An equivalent perturbation experiment carried out with our model (see Figure 7) shows that any inhibition of the H + -ATPases is followed by a cytoplasmic acidification, thus in agreement with the experimental observations.

Discussion

In this work we have built up a mathematical model with the aim of relating the citrate excretion in A. niger with the cytoplasmic pH regulation. That model suggests that A. niger requires the citric acid intracellular accumulation and its excretion to regulate the cytoplasmic pH against external acidic conditions. The results also serve to illustrate how excretion to the medium could be a general mechanism for internal pH regulation.

There is a mechanism that arises as critical in the pH homeostasis in A. niger. Citrate and phosphate buffer capacity decreases when citrate anion C 6 H 5 O 7

3-concentration decreases. Thus, any such perturbation alters the cytoplasmic pH, but the buffer capacity soon recovers as the citrate HC 6 H 5 O 7 2-concentration increases. Other key elements are the transport systems. The model predicts the behaviour of the system after changes in both the cytoplasmic and mitochondrial citrate transport systems. Significantly, when the cytoplasmic citrate transport is increased, it causes the accumulation of the cytoplasmic citrate but without affecting the internal pH and while also having a small effect on the mitochondrial citrate. On the other hand activation of the mitochondrial citrate transport enhances the mitochondrial α-keto-glutarate export to the cytoplasm.

The sensitivity analysis carried out for the citrate transport systems involved are another important source of information provided by the model. The cytoplasmic citrate concentration increases its concentration and its flux if the citrate cytoplasmic transport increases, while an increase in the mitochondrial transport produces an opposite effect in the cytoplasmic citrate flux. Overall, these findings support the idea of the important role that mitochondrial and cytoplasmic citrate transports play in the citrate accumulation process.

Another aspect that our model allows to explore is the effect on the pH and citrate accumulation of changes in the glucose uptake and in some enzymes. Accordingly, it has been shown that a 10% activation in the external glucose transport causes a general enhancement of the glycolytic intermediates as showed by our model. However, our model does not show any increase in mitochondrial and cytoplasmic citrate. We have also concluded that the cellular glycolytic requirements can be modulated by the citrate excretion either from the mitochondrial or cytoplasm. This fact has been experimentally observed in A. niger transformants [START_REF] De Jongh | Enhanced citrate production through gene insertion in Aspergillus niger[END_REF].

The present model shows that citrate accumulates when the H + -ATPase activity is reduced (Figure 7). In this vein, experimental results indicate that a fourfold increase in the H + -ATPase activity by in an A158 A. niger strain correlates with a low citric acid production [START_REF] Jernejc | A drop of intracellular pH stimulates citric acid accumulation by some strains of Aspergillus niger[END_REF]. It has been observed that H + -ATPase inhibition raises the medium pH. However, our model assumes a constant, acidic pH. As result of the H + -ATPase perturbation, the cytoplasmic pH slightly decreases but the ATP concentration remains unaffected. It is thus proposed, in agreement with some observations, [START_REF] Papagianni | Advances in citric acid fermentation by Aspergillus niger: biochemical aspects, membrane transport and modeling[END_REF] that since during citric acid synthesis the ATP requirements are met by the glycolytic pathway, a higher ATP concentration can have a negative effect on glycolytic flux. This model contemplates that an increase of the cytoplasmic proton concentration by a decrease in the H + -ATPase causes an increase of the citrate intracellular accumulation as observed in root cells [START_REF] Yan | Adaptation of H+-pumping and plasma membrane H+ ATPase activity in proteoid roots of white lupin under phosphate deficiency[END_REF]. However, we cannot discard this as not being the effect of a passive citric acid efflux parallel to the H + efflux driven by the plasma membrane H + -ATPase.

The trivalent anion C 6 H 5 O 7

3-efflux from the mitochondrial compartment through a transport system was demonstrated in yeast [START_REF] Evans | A comparative study of citrate efflux from mitochondria of oleaginous and non-oleaginous yeasts[END_REF]. Later, the acid is excreted outside of the cell through a transport system [START_REF] Netik | Uptake and export of citric acid by Aspergillus niger is reciprocally regulated by manganese ions[END_REF]. The stoichiometry of this process could vary with the dissociation state of the transport system, as was found in membrane vesicles in E. coli [START_REF] Brink | Generation of an electrochemical proton gradient by lactate efflux in membrane vesicles of Escherichia coli[END_REF]. We can speculate if in A. niger the dissociation state of the citric acid transport is linked to the external pH. The divalent citrate excretion/proton symport, HC 6 H 5 O 7

2-/H + could be possible if we are to assume that the citrate divalent anion is excreted down its potential gradient and the protons are moving against it. In the external medium the pH is around 2. At this value the membrane permeability is small for the undissociated acid [START_REF] Cassio | Low-and high-affinity transport systems for citric acid in the yeast Candida utilis[END_REF]. This low pH does not permit the diffusion of the undissociated citric acid to enter the cells. Furthermore, the A. niger cytoplasmic pH has a small probability of releasing undissociated organic acids. Although it was not considered here, it is possible to find the citrate under physiological conditions in two dissociated Mg 2+ complexes such as: MgH 2 C 6 H 5 O 7

-and MgHC 6 H 5 O 7

2- [START_REF] Guynn | Equilibrium constants of the malate dehydrogenase, citrate synthase, citrate lyase, and acetyl coenzyme A hydrolysis reactions under physiological conditions[END_REF].

Additionally, the model included the process of excretion and re-consumption of other organic metabolites like glutamate. Glutamate is transformed into 4-aminobutyrate by a decarboxylation reaction and then excreted to the medium. Our model showed no significant changes in the level of these metabolites. However, the associated logarithmic gains reflect an influence of the external proton concentration on the glutamate, 4aminobutyrate and the external glutamate.

As indicated above, the experimental assessment of the great amount of variables involved in the study of pH homeostasis is a very difficult and time-consuming task. In situations like these, the previous analysis of the system under consideration becomes indispensable if we want to save efforts and resources. It is at this point that the modelling approach becomes instrumental in dealing with complex problems like the present one. In fact we have obtained a pragmatic, a posteriori verification of the model predictions (see section 3.4.7) which supports the proposed approach.

One of the main tenets of the Systems Biology approach is the integration of the system information previously gathered in a mathematical model susceptible to be analysed. From the system insights so obtained it is thus possible to decide what variables are relevant to consider and which parameters are worthwhile to measure and modulate.

In spite of the model limitations, we believe that the new inclusions make a more realistic model for the description of the pH homeostasis mechanism. The current model is the result of a process of making simplifying assumptions where many simultaneously variables interact in a non-linear form. We are confident that it could be instrumental in getting insights on the critical factors involved in this mechanism and greatly facilitate its optimization by using readily available optimization methods ( [START_REF] Torres | Pathways Analysis and Optimization in Metabolic Engineering[END_REF][START_REF] Vera | MetMAP: an integrated Matlab package for analysis and optimization of metabolic systems[END_REF][START_REF] Marín-Sanguino | Optimization of biotechnological systems through geometric programming[END_REF], work in progress). Finally we think that this model could serve as the basis of an evolving testing bench where other analysis can be carried out in addition to those here presented. 

Figure 1

Transport GLUc Glucose Glucose Glucose (X 1 , cytoplasmic glucose); G6P (X 2 , glucose-6-phosphate); F6P (X 3 , fructose-6phosphate); F1,6P (X 4 , fructose 1,6 biphosphate); GAP (X 5 , glyceraldehyde-3-phosphate); PEP (X 6 , phosphoenol pyruvate); PYRc (X 7 , cytoplasmic pyruvate); OXAc (X 8 , cytoplasmic oxaloacetate); MAL 2-c (X 9 , cytoplasmic malate); MAL 2- In all cases, starting from the citric acid producing steady state, the basal value of a parameter was kept constant from minute 50 until minute 100 at 40% (indicated by arrows) of its original value, and the time evolution of cytoplasmic pH was recorded. A. pH evolution after changing the cytoplasmic citrate carrier, X 61 . B. pH evolution after changing the mitochondrial malate-citrate transport system X 64 . C. pH evolution after changing of the alternative respiratory system, X 51 . D. pH evolution after changing the H + -ATPase, X 63 . 2-, X 18 (A) or H 2 PO 4 -, X 27 (B) were decreased by a 95% of its steady state value and the evolution of the buffer capacity, ß i , intracellular pH and the buffer components were recorded. In A dashed lines represent the concentration of C 6 H 5 O 7 3-while in B dashed line represents the concentration of HPO 4 -2 . In both cases the total concentration of the buffer pair was kept constant (X 73 and X 75 , respectively). Data are represented as normalized values with respect the reference steady state. niger while in citric acid producing conditions. In these experiments, starting from the citric acid producing steady state, the basal value of the alternative respiratory system, X 51 was kept constant from minute 50 until minute 100 (arrows) at 60% of its original value. The evolution of those variables showing significant changes is represented: CoA (X 12 ; black dashed line); mitochondrial pyruvate (X 13 ; black solid line); acetyl-CoA (X 14 ; grey dashed line); NADHm (X 30 ; grey solid line). Data are represented as normalized values with respect the reference steady state. In these experiments, starting from the citric acid producing steady state, the basal values of two parameters were kept constant from minute 50 until minute 100 (arrows) at 60% of its original value and the time evolution of the variables showing significant changes were represented. A. Predicted changes after inhibition of the cytoplasmic citrate carrier, X 61 : cytoplasmic pyruvate (X 7 ; grey dashed line); mitochondrial pyruvate (X 13 ; black dashed line); HC 6 H 5 O 7

+ GLU - GLU Ext (X 26 ) MAL 2-m X 10 C 6 H 5 O 7 3-m X 15 AcCoA X 14 PYRm X 13 OXAm X 11 ISOCIT X 16 α-Keto-GLU X 17 C 6 H 5 O 7 3-m X 15
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NAD + m Ala ALT NAD + m NAD + m + H 2 O Transport MAL 2-CIT 3- NAD + c NAD + c CO 2 (X 18 ) H + Cytosol, pH=7.6 H 2 C 6 H 5 O 7 - H 3 C 6 H 5 O 7 + NAD + c GLY3Pm X 23 DHAPm X 67 FAD- G3Pdhm FAD X 31 FADH 2 + + H + H Transport GLUc + GLU - GLU Ext (X 26 ) MAL 2-m X 10 C 6 H 5 O 7 3-m X 15 AcCoA X 14 PYRm X 13 OXAm X 11 ISOCIT X 16 α-Keto-GLU X 17 C 6 H 5 O 7 3-m X 15
X 1 G6P X 2 F6P X 3 GAP X 5 PYRc X 7 OXAc X 8 GLUc - X 24 GABA X 25 Fructose X 19
2-(X 18 ; black solid line) and intracellular H + (X 29 ; grey solid line). B. Predicted changes after inhibition of the mitochondrial malate-citrate transport system, (X 64 ): X 7 (grey dashed line); X 13 (black dashed line); X 18 (black solid line) and X 29 (grey solid line). Data are represented as normalized values with respect the reference steady state. In these experiments, starting from the citric acid producing steady state X 63 was kept constant at a decreased 60% from its steady state value and the evolution of the whole system was recorded. PYRc (X 7 ; grey dashed line); α-KetoGLU (X The main metabolite concentration and fluxes have been taken from [START_REF] Alvarez-Vasquez | Metabolism of citric acid production by Aspergillus niger: model definition, steady-state analysis and constrained optimization of citric acid production rate[END_REF]. In most instances fluxes have been calculated from known kinetics rates for each enzyme. Values refer at 150 hours of fermentation (idiophase steady state). ( * ) μmol/mol protein a Concentration expressed in millibar.

Table 2. Sensitivity coefficient and logarithmic gains pattern in A. niger citric acid producing conditions steady state. The distribution of the total number of sensitivities for fluxes (v i ) and intermediates (X i ), as well as logarithmic gains according with its absolute magnitudes are indicated. For the sensitivities coefficients r j refers to the rate constant and r jk to the kinetics order while in the case of the logarithmic gains X j refers to the independent variable, Figures in each column indicate the total number of coefficients (Total) and the number with absolute values below 1; 10 and above 10, respectively. 
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 3 Figure 3. Dynamic response of the cytoplasmic pH to different parameter changes in A. niger while in citric acid producing conditions. In all cases, starting from the citric acid producing steady state, the basal value of a parameter was kept constant from minute 50 until minute 100 at 40% (indicated by arrows) of its original value, and the time evolution of cytoplasmic pH was recorded. A. pH evolution after changing the cytoplasmic citrate carrier, X 61 . B. pH evolution after changing the mitochondrial malate-citrate transport system X 64 . C. pH evolution after changing of the alternative respiratory system, X 51 . D. pH evolution after changing the H + -ATPase, X 63 .

Figure 4 .

 4 Figure 4. Dynamics of the cytoplasmic buffer capacity (ß i ) in A. niger while in citric acid producing conditions. At time 5 min (arrow) the concentrations of HC 6 H 5 O 72-, X 18 (A) or H 2 PO 4 -, X 27 (B) were decreased by a 95% of its steady state value and the evolution of the buffer capacity, ß i , intracellular pH and the buffer components were recorded. In A dashed lines represent the concentration of C 6 H 5 O 7 3-while in B dashed line represents the concentration of HPO 4 -2 . In both cases the total concentration of the buffer pair was kept constant (X 73 and X 75 , respectively). Data are represented as normalized values with respect the reference steady state.

Figure 5 .

 5 Figure 5. Dynamic response after a transient perturbation in the alternative respiratory system in A.niger while in citric acid producing conditions. In these experiments, starting from the citric acid producing steady state, the basal value of the alternative respiratory system, X 51 was kept constant from minute 50 until minute 100 (arrows) at 60% of its original value. The evolution of those variables showing significant changes is represented: CoA (X 12 ; black dashed line); mitochondrial pyruvate (X 13 ; black solid line); acetyl-CoA (X 14 ; grey dashed line); NADHm (X 30 ; grey solid line). Data are represented as normalized values with respect the reference steady state.
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 6 Figure 6. Dynamic response to transient perturbations in the cytoplasmic citrate carrier and mitochondrial malate-citrate transport system in A. niger while in citric acid producing conditions.In these experiments, starting from the citric acid producing steady state, the basal values of two parameters were kept constant from minute 50 until minute 100 (arrows) at 60% of its original value and the time evolution of the variables showing significant changes were represented. A. Predicted changes after inhibition of the cytoplasmic citrate carrier, X 61 : cytoplasmic pyruvate (X 7 ; grey dashed line); mitochondrial pyruvate (X 13 ; black dashed line); HC 6 H 5 O 72-(X 18 ; black solid line) and intracellular H + (X 29 ; grey solid line). B. Predicted changes after inhibition of the mitochondrial malate-citrate transport system, (X 64 ): X 7 (grey dashed line); X 13 (black dashed line); X 18 (black solid line) and X 29 (grey solid line). Data are represented as normalized values with respect the reference steady state.
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 7 Figure 7. Dynamic response to transient perturbations in the H + ATPase in A. niger while in citric acid producing conditions. In these experiments, starting from the citric acid producing steady state X 63 was kept

  . C 6 H 5 O 7 3-and MAL 2-are substrates of the mitochondrial transporter [62]. As it has been mentioned above, this model considers that the mitochondrial citrate transport only takes the form of C 6 H 5 O 7 3and malate MAL 2-. It was reported a new but similar dicarboxylate-tricarboxylate transport that accepts both anions, C 6 H 5 O 7

System dynamic response against different pulse perturbations experiments in A. niger while in citric acid producing conditions.

  NADHm (X 30 , mitochondrial nicotinamide adenine dinucleotide); FADH2 (X 31 , flavin adenine dinucleotide reduced form). Independent variables are numbered from 32 to 78: Fru Ext. (X 32 , medium fructose); Transport Glu (X 33 , glucose carrier); HK (X 34 , hexokinase); PEPc (X 35 , cytoplasmic phosphoenol pyruvate carboxykinase); PGI (X 36 , phosphoglucose isomerase); FBPase, (X 37 , fructose-2,6-bisphosphatase); F2,6P (X 38 , fructose 2,6 biphosphate); PFK1 (X 39 , 6-phosphofructo-1-kinase); GA3Pdh (X 40 , glyceraldehyde-3-phosphate dehydrogenase); PK (X 41 , pyruvate kinase); PC (X 42 , pyruvate carboxylase); MDHc (X 43 , cytoplasmic malate dehydrogenase); GOT (X 44 , aspartate aminotransferase); Transport PYR (X 45 , mitochondrial pyruvate carrier system); PDH (X 46 , pyruvate dehydrogenase); CS (X 47 , citrate synthase); Glu Ext. (X 78 , medium glucose). See text for further explanations. At time 50 min. (arrow) the concentration of a dependent variable was momentarily decreased and the time evolution of the remaining metabolites concentration were monitored. A.

	m (X 10 , mitochondrial malate); OXAm (X 11 , mitochondrial oxaloacetate); CoA (X 12 , CoA); PYRm (X 13 , mitochondrial pyruvate); AcCoA, (X 14 , acetyl-CoA); C 6 H 5 O 7 3-m (X 15 , mitochondrial citrate); ISC (X 16 , isocitrate); α-Keto-GLU (X 17 , α-keto-glutarate mitochondrial); HC 6 H 5 O 7 2 (X 18 , cytoplasmic citrate, reduced form); Fructose. (X 19 , cytoplasmic fructose); DHAP (X 20 , cytoplasmic dihydroxyacetone phosphate); GLY3P (X 21 , glycerol-3-phosphate); NADHc (X 22 , cytoplasmic nicotinamide adenine dinucleotide); Glycerol (X 23 , glycerol); GLUc (X 24 , cytoplasmic glutamate); GABA (X 25 , 4-aminobutyrate); GLUe (X 26 , extracellular glutamate, reduced form); GLUe -(X 26 , extracellular glutamate, anion form); H 2 PO 4 -(X 27 , cytoplasmic phosphate, reduced form); ATP (X 28 , adenosine triphosphate); H + (X 29 , intracellular protons); MDHm (X 48 , mitochondrial malate dehydrogenase); ACN (X 49 , aconitase); Transport GLUm, (X 50 , mitochondrial glutamate transport); RESP (X 51 , alternative respiratory system); O 2 (X 52 , oxygen uptake); ALT (X 53 , alanine transaminase); G3Pdh (X 54 , glycerol-3-phosphate dehydrogenase); TPI (X 55 , triose-phosphate-isomerase); ALD (X 56 , fructose-biphosphate aldolase); Decarboxylase (X 57 , glutamate decarboxylase); G6Pdh (X 58 , glucose-6-phosphate dehydrogenase); Transport Fru (X 59 , fructose carrier); NH 4 + (X 60 , ammonium); Transport HC 6 H 5 O 7 2-(X 61 , cytoplasmic dihydrogen citrate ion carrier); Transport GLUc (X 62 , cytoplasmic glutamate carrier); H + ATPase, (X 63 , H + ATPase); Transport MAL 2--CIT 3-, (X 64 , mitochondrial malate-hydrogen citrate ion antiporter carrier system); Transport GABA-GLU -(X 65 , GABA-glutamate carrier); Glu DIF. (X 66 , glucose diffusion); DHAPm (X 67 , mitochondrial dihydroxyacetone phosphate); FAD-G3P (X 68 , FAD-glycerol-3-phosphate dehydrogenase); AK (X 69 , adenylate kinase); NADHase (X 70 , NADH dehydrogenase); ATP Total (X 71 ); NADH Total (X 72 ); Total citrate concentration (X 73 ); Total glutamate concentration (X 74 ); Total phosphate concentration (X 75 ); ISCDH (X 76 , isocitrate dehydrogenase); External Protons (X 77 ); Ala 3-m (X 15 ; black dashed line); HC 6 H 5 O 7 2-(X 18 ; black solid line) and intracellular H + (X 29 ; grey solid line) after a 50% decrease in the mitochondrial citrate concentration (X 15 ). B. Intracellular pH system dynamics after a 50% decrease in the mitochondrial citrate concentration (X 15 ). C. Dynamics of X 7 (grey dashed line); X 18 (black solid line); X 27 (black dashed line) and X 29 (grey solid line) after a 95% decrease in the reduced cytoplasmic citrate (X 18 ). D. Dynamics of X 7 (grey dashed line); X 18 (black solid line); X 27 (black dashed line) and X 29 (grey solid line) after a transitory 70% decrease in the reduced cytoplasmic phosphate (H 2 PO 4 -; X 27 ). In all cases, only those variables showing significant changes are represented. Data are represented as normalized values with respect to the reference (Alanine); Figure 2. Dynamics of cytoplasmic pyruvate (X 7 ; grey dashed line); C 6 H 5 O 7 steady state.

Table 2 .

 2 17 ; black dashed line); HC 6 H 5 O 7 2-(X 18 ; black solid line) and intracellular H + (X 29 ; grey solid line). There are only represented those variables showing significant changes.
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Table 3 L(V i , X j )

 3 

	Flux		F1,6P	GAP	PEP	PYRc	OXAc	MAL -2 c	MAL -2 m	OXAm	PYRm	AcCoA	C 6 H 5 O 7	-3	HC 6 H 5 O 7	-2	H +
			v(X 4 )	v(X 5 )	v(X 6 )	v(X 7 )	v(X 8 )	v(X 9 )	v(X 10 )	v(X 11 )	v(X 13 )	v(X 14 )	v(X 15 )	v(X 18 )	v(X 29 )
	Parameter														
	Cytoplasmic														
	HC 6 H 5 O 7	-2														
	Transport X 61	-2.5	-2.432	-2.437	-2.418	-2.208	-2.229	-4.972	-4.972	-11.99	0.811	0.0042	1.628		0.046
	Mitochondrial														
	MAL -2 -CIT -3														
	Transport X 64	1.751	1.703	1.711	1.698	1.313	1.302	3.156	3.156	5.879	-0.439	0.168	-0.790		-0.115

Table 4 Table 1 . Steady state fluxes and metabolite concentration values at steady state in A. niger while in citric acid producing conditions.
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Table 3 .

 3 Concentration Logarithmic Gains. Influence of cytoplasmic citrate HC 6 H 5 O 7 2-transport (X 61 ) and mitochondrial transport MAL -2 -CIT -3 (X 64 ) on ten representative dependent variables as measured by its Logarithmic Gains.

Table 4 .

 4 Flux Logarithmic Gains. Influence of cytoplasmic citrate HC 6 H 5 O 7 2-transport (X 61 ) and mitochondrial transport MAL 2--CIT 3-(X 64 ) on ten representative fluxes.
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