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Stoichio-kinetic scheme extraction from experimental data: Application to antibiotics production with Saccharothrix algeriensis

Almost a quarter of the deaths in the world results of infectious diseases. They are more and more caused by bacteria having developed a (or several) resistance to antibiotics [START_REF] Mukhopadhyay | The RNA polymerase "Switch Region" is a target for inhibitors[END_REF]. This phenomenon is worrying for humanity and stresses the importance of constantly renew the pool of bio-active molecules. Thus, the production of new bio-active molecules on the pathogenic currently available antibiotic resistant strains is the subject of more and more interdisciplinary research projects. In this context, a new bacterial specie Saccharothrix algeriensis NRRL B-24137 (Zitouni et al., 2004) has been isolated in 1992 from the Sahara desert (Algeria). This filamentous bacterium belongs to the actinomycetes family. It produces molecules belonging to the dithiolopyrrolones family which present antibacterial, antifungal, and interesting anticancer activities (Webster et al., 2000 ;[START_REF] Oliva | Antimicrobial properties and mode of action of the pyrrothine holomycin[END_REF][START_REF] Minamiguchi | Thiolutin, an inhibitor of huvec adhesion to vitronectin, reduces paxillin in huvecs and suppresses tumor cell-induced angiogensis[END_REF]. A previous work (Bouras, 2005;Bouras et al., 2006a) highlighted the influence of the culture medium composition on the dithiolopyrrolones production, including on the production of new molecules never described in the scientific literature [START_REF] Bouras | Precursor-directed biosynthesis of new dithiolopyrrolone analogs by Saccharothrix algeriensis NRRL B-24137[END_REF]. This capacity to produce antibiotics upon request by precursor-directed biosynthesis facts that the study of Saccharothrix algeriensis presents a fundamental undeniable interest, in addition to an obvious useful interest. As this bacterium has been recently discovered and characterised, no deep knowledge on its metabolism is available. Several studies have been undertaken in parallel to better understand the dithiolopyrrolones production pathway by Saccharothrix algeriensis. For the study presented here, a macroscopic approach has been chosen to investigate the bacterium metabolism. No data coming from "omics" are used but the "reaction engineering" approach adopted to analyse the metabolism from a qualitative and quantitative point of view enables to get more knowledge about the mechanism of dithiolopyrrolones production. Two broad approaches exist to model microbial bio-productions:

-The black box models which do not require any knowledge on the microorganism. Only the inputs (substrates) and the outputs (products) of the system are taken into account. These models do not enable to draw assumptions on the metabolic pathways. It remains purely descriptive.

-The structured models, like the "Metabolic Flow Analysis" model, which favour a more systemic approach of the microorganism. They are generally complex and require a good knowledge of the metabolism network of the bacteria. The quantification of hundreds of flux from a limited measurements number compels to assume that all intermediate compounds are in a quasi-stationary state. This drawback may be avoided if intracellular compounds can be measured. In this work, we adopted an intermediate approach based on an analysis of experimental data. It allows establishing a global reaction scheme of the bacterium metabolism. The advantage of this type of model is that, while remaining at the extra cellular scale, with experimental information relatively easy to obtain, it allows getting information on the metabolism of the cell. Stoechio-kinetic models consist of the decomposition of bacterial growth in some reactions of invariant stoechiometry with time. This "reaction engineering" approach is widely used in chemical engineering to determine the occurring reactions in a complex reaction scheme. It is based on the bilinear structure of the component mass balances in batch reactor. The first adaptation of the factorial analysis to the treatment batch reactor data is due to [START_REF] Hamer | Stoechiometric interpretation of multireaction data: application to fed-batch fermentation data[END_REF]. This method underwent several adaptations [START_REF] Bonvin | Target factor analysis for the identification of steochiometric models[END_REF]Harmon et al., 1995 ;[START_REF] Fillon | Data reconciliation based on elemental balances applied to batch experiments[END_REF][START_REF] Moreau | Contribution au contrôle de la culture de Brevibacterium linens en réacteur batch[END_REF][START_REF] Castro-Martinez | Brettanomyces bruxellensis : Etude Métabolique, Cinétique et Modélisation. Influence des facteurs environnementaux[END_REF]. This paper presents the results of this approach applied to the growth and production of thiolutine (the main dithiolopyrrolone produced) by Saccharothrix algeriensis, on a semi-synthetic medium. The consistency of the experimental data is first checked in order to further perform the qualitative and quantitative analysis on reliable data. These three parts are presented successively hereafter.

MATERIALS AND METHODS

Microoganism and cultures conditions

Sa. algeriensis NRRL B-24137 was used in this study. Microbial spores were obtained from solid culture on petri dishes filled with conservation medium. They were maintained in 25% glycerol at -20°C. A 100 ml volume of semi-synthetic medium was inoculated by 3.5 ml of this suspension and incubated on a rotary shaker (New Brunswick Scientific, Edison, NJ, USA) at 250 rotation per minute (rpm) at 30°C for 52 h. Five ml of the resulting preculture was used to inoculate each culture. Before inoculation, the pH was adjusted to 7 by addition of 1 mol.L -1 NaOH. Cultures were performed in NBS reactors containing 2 L of medium. Culture lasted for at least one week. pH was maintained at 7±0.035 by the automatic addition of 1 mol.L -1 NaOH and 1 mol.L -1 HCl solutions. Aeration rate of one vessel volume per minute (0.5 vvm) was employed. The agitation rate was controlled to keep the dissolved oxygen level above 30 % saturation with a starting rate of 150 rpm. The pH and dissolved oxygen level were monitoring using Ingold specific electrodes. Temperature was regulated at 30°C. Percentages of O 2 , CO 2 exhaust gas were determined by a gas analyzer (Servomex 4100, paramagnetic transductor for O 2 and infrared transductor for CO 2 ).

Media composition

The conservation media had the following composition (per litter of distilled water): 10 g malt extract, yeast extract 4 g, glucose 4 g and agarose 18 g. Semi-synthetic medium used as growth and production medium contained (per litter of distilled water): glucose 15 g, yeast extract 2 g, NaCl 2 g, (NH 4 ) 2 SO 4 2 g, KH 2 PO 4 0.5 g, K 2 HPO 4 1g, MgSO 4 .7H 2 O 0.2g, CaCl 2 .2H 2 O 1 g and MOPS 2 g, Uracil 20 mmol. Attempts were made to substitute yeast extract to better control the medium composition without success [START_REF] Strub | Investigations on Saccharothrix algeriensis grow synthetic media[END_REF]. The concentrations in chemical elements and free amino acids of the yeast extract used during this study (288620 Bacto TM Yeast Extract, Technical) are presented in tables 1. Its global elementary composition was evaluated to C 3.32 H 6.54 O 2.17 N 0.79 .

Analytical procedures

For estimation of dry cell weight (DCW), 3 ml samples of homogenised culture broth were centrifuged at 16000 g for 10 min in preweighed Eppendorf tubes. Pellet was washed first with 0.25 mol.L -1 NaOH solution, then with 0.35 mol.L -1 HCl solution and then with distilled water. Eppendorf tubes containing pellet were dried at 105°C for 48 h, and weight after cooled for 30 min in a dessicator (Bouras et al., 2007). The measurement relative error is 5 %. Supernatant coming from DCW determination was filtered at 0.2 µm and used to measure metabolites. The analysis of dithiolopyrrolone antibiotics was carried out by non polar chromatography (HPLC, Bio-Tek Instruments) with the method described by Bouras et al. (2006b). Glucose was quantified with a biochemical analyzer with fixed glucose oxydase enzymes on membrane (YSI2700 select). Glucose was determined with amperometric quantification after its enzymatic oxidation. The amperometer answer is linear for a concentration in glucose between 0 and 25 g.L -1 . The measurement relative error is 3 %. Ammonium ions and α-amino nitrogen were quantified using specific enzymatically methods (Diagnostics Ammonia kit from Boehringer-Mannheim, using glutamate deshydrogenase and Microdon Kit using glutamate oxydase) and an automatic multiparametric analyser (Mascott Lisabio). The signal answer is linear for concentrations in α-amino nitrogen and ammonium ion between 0 and 500 mg.L -1 . The measurement relative error is 5 %. Amino acids quantification was done with AminoQuant HP1900 (non polar column C 18 ) and associated protocol. Before analysis, proteins contained in the supernatant were precipated with methanol 75 % v/v one night at 4°C. Amino acids were automatically derivated with orthophthalaldehyde-9-fluorenylmethyloroformate (OPA-FMOC). 

Data reconciliation

Experimental values were reconciliated according to the chemical elemental (C, N, O, H, …) mass balances. The objective is double: first, it enables to check the consistency of experimental data and second, it can slightly correct them so that the mass balances on chemical elements are completely satisfied. Data reconciliation consists in solving the optimization problem [START_REF] Fillon | Data reconciliation based on elemental balances applied to batch experiments[END_REF]:
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Where X m is the (nc, nobs) matrix of the measured values of the concentrations of the n c components on the n obs samples, is the (nc, nobs) matrix of reconciliated values and V the measurement X variance-covariance (nc,nc) matrix calculated from the measurement relative errors.

The M =0 constraint expresses the chemical element balance between two analyzed samples:
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To check the data consistency, three statistical tests are performed: the Generalized Likelihood Ratio (Narasimhan and Mah, 1987), the Iterative Measurement Test [START_REF] Serth | Gross error detection and data reconciliation in steam metering system[END_REF] and the Residual Criterion [START_REF] Wang | Application of macroscopic balances to the identification of gross measurement errors Biotech[END_REF].

Stoechiometric coefficients and reaction extends determination

It is possible to extract a reaction scheme and corresponding reactions extends from the molar hold-up by exploiting the bilinear structure of the component mass balances. In the case of a batch reactor in which n r reactions are performed and n c components are measured on n obs samples, the data matrix D, consisting of n obs rows containing the cumulative molar amount of the n c measured species can be written as the product of two matrixes R and S the matrix of the reaction extend (n obs ,n r ) and the matrix of stoechiometric coefficients of the n r reactions (n r ,n c ) respectively. When a qualitative analysis of the raw data enables to assume the active reactions, a direct determination of R and S by solving the constrained optimization problem based on reconciliated data can be done [START_REF] Moreau | Contribution au contrôle de la culture de Brevibacterium linens en réacteur batch[END_REF]:
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RESULTS

Data reconciliation

For the amino-acids to have a sufficient weight in the elemental balance to perform data reconciliation, the 20 amino-acids from the yeast extract have been assimilated to one "pseudo amino-acid" with the composition C 4.73 H 9.69 O 2.38 N 1.26 calculated from the weight of the different amino-acids in the yeast extract. This can be done as the main amino acids are consumed nearly at a same rate during the first phase of the experiment (fig. 1). The biomass composition has been evaluated at different time during growth and the results did not show any significant evolution. So, biomass was assimilated to a chemical compound with the formula C 3.82 H 6.75 O 1.89 N 0.8 assumed to be constant during the whole experiments. Data reconciliation enlightens a lack of carbon at the very beginning of the fermentation. This indicates that a non measured carbohydrate coming from the yeast exact is consumed by Sa. algeriensis preferably to glucose as carbon source. This compound was assimilated to glucose for the quantitative analysis with the quantity given by the data reconciliation (fig 2). No deviation was found on nitrogen balance. 

Qualitative analysis of the growth of Sa. algeriensis in liquid medium

The continuous measurement of the carbon dioxide production by Sa. algeriensis shows that its growth on the semi-synthetic medium can be divided into four phases (fig. 3). The corresponding evolution of the biomass, the glucose, the -amino nitrogen, the ammonium and the thiolutine are represented on figure 4. Fig. 3: carbon dioxide production rate (g.L -1 h -1 ) versus time (h) during Sa. algeriensis growth on a semi-synthetic medium (YE 2g.L -1 , Uracil 20 mM) at 30°C, pH 7, 0.5 vvm and 150 rpm.

For all experiments, the four phases have been observed. First, the amino-acids are consumed as a carbon and nitrogen source. When this substrate is exhausted, a secondary metabolism of the bacterium is activated to produce thiolutine. No growth is observed during this second phase but some carbohydrates are consumed certainly as energy source for maintenance. Then the primary metabolism is activated again to achieve the growth on glucose and ammonium as carbon and nitrogen source respectively. During this phase, a thiolutine degradation is observed. The fourth phase begins as the ammonium is exhausted and again a thiolutine production is observed.

The qualitative analysis of the experimental results indicates a sequential consumption of the carbon source substrates, a probable diauxic growth, a preferential consumption of small molar weight aminoacids and a thioluthine production partially decoupled from the growth and initiated when a substrate deprive occurs. 

Quantitative analysis of the growth of Sa. algeriensis in liquid medium

From the qualitative analysis, we suggest to represent Sa. algeriensis growth and thiolutine production through a set of four reactions: growth on amino-acids (R1), maintenance on glucose (R2), growth on glucose (R3) and thiolutine production (R4). These reactions occur during the different growth phases formerly identified as follows:

 Phase 1: growth on amino-acids and maintenance on glucose  Phase 2: maintenance on glucose and thiolutine production  Phase 3: growth on glucose  Phase 4: maintenance on glucose and thiolutine production Two more reactions could have been written to express the thiolutine degradation and the biomass decrease but as the compounds resulting from these degradations were not determined nor measured, these reactions were omitted. To identify the reaction scheme stoichiometric, thiolutine data were corrected to consider no degradation and biomass was considered to remain constant during the last phase.

For each reaction a stoechiometric relationship was established: These coefficients together with the reaction extends have been evaluated for experiments at different glucose and yeast extract initial concentrations (Table 2) with a good agreement between calculated and experimental molar content values, as shown on Figure 5 for biomass and thiolutine. Stoichiometric coefficients do not appear to be sensitive to the glucose concentration but different values where obtained for different yeast extract initial concentrations, indicating a probable different metabolism pathway. This aspect was not analysed further in this study. Finally, for a yeast extract initial concentration of 2 gL -1 , the following reaction scheme can represent the growth of Sa. algeriensis and the thiolutine production. The growth on amino acids (R1) is carried out with a weak respiratory activity (Q R =0.689) compared to those obtained for the growth on glucose (R3), Q =1. The assimilated amino acids would be R integrated directly into the level of the proteinic synthesis without participating to the central metabolism of the micro-organism. The reaction extends presented on figure 6 confirms the assumptions made on the occurence of the different reactions: the growth is carried out initially on the free amino acids and the unknown substrate brought by the yeast extract assimilated to glucose (R1). When free amino acids are exhausted, the growth takes on glucose (R3). The production of thiolutine (R4) is uncoupled from the growth. It is carried out during the phase of maintenance on glucose (R2). A kinetic model for each reaction will be established from these reaction extends to express the reaction rate as a function of the substrate concentrations. 

R1

CONCLUSIONS

This study shows how it has been possible to acquire some knowledge on Sa. algeriensis metabolism from extra cellular compound measurements. The "reaction engineering" approach enables to perform a qualitative and a quantitative analysis on reliable data with respect to elemental mass balances. So, a four reaction scheme has been suggested as a macroscopic view of the growth of Sa. algeriensis and the associated production of thiolutine. It was shown that Sa. algeriensis was able to grow on both free amino acids and glucose as carbon source. The amino acids of weak molar weight are consumed preferentially to glucose. They seem to be directly integrated to the proteinic synthesis and enriched the medium with ammonia. This ammonia is then assimilated during the growth on glucose. It has been established that the thiolutine production was the result of a secondary e behaviour of this bacterium of a re kind. They give tracks for an exploration of the metabolism to an intracellular level and pose the ases for the production of dithiolopyrrolone at an industrial scale. itouni, A., Lamari, L., Boudjella, H., Badji, B., Sabaou ,N., Gaouar, A., Mathieu, F., Lebrihi, A. & Labeda, D.P. (2004c) Saccharothrix algeriensis sp. nov., isolated from a saharan soil. Int. J. Syst. Evol. Microbiol., 54, 1377-1381. 

Fig. 1 :

 1 Fig.1: amino-acid conversion during Sa. algeriensis growth on a semi-synthetic medium (glucose 15 gL -1 , YE 2g.L -1 , Uracil 20 mM) at 30°C, pH 7, 0.5 vvm and 250 rpm.

Fig. 2 :

 2 Fig.2: glucose (raw data (), reconciliated data ()) and amino-acids (raw data (), reconciliated data ()) during Sa. algeriensis growth on a semi-synthetic medium (YE 2g.L -1 , Uracil 20 mM) at 30°C, pH 7, 0.5 vvm and 250 rpm.

Fig. 4 :

 4 Fig. 4 : Batch culture of Sa. algeriensis on a semi-synthetic medium (YE 2gL -1 , Uracil 20 mM) at 30°C, pH 7, 0.5 vvm and 150 rpm. a) Biomass (), α-amino N () et glucose () b) Thiolutine (),αamino N () et ammonium ().

Fig. 5 :

 5 Fig.5: calculated values versus experimental values for biomass (a) and thiolutine (b) for a batch culture of Sa. algeriensis on semi synthetic media (5 g.L -1 glucose and 2 g.L -1 YE) pH 7, 30°C, 250 rpm.

  reaction extends for a batch culture of Sa. algeriensis on a semi-synthetic medium (5 g.L -1 de ), pH 7, 30°C, 250 rpm. F glucose, 2 g.L -1 YE

  metabolism, decoupled from growth. In our experimental conditions it seems to be initiated as soon as a nitrogen source depletion occurs. These results open an interesting way to deepen the knowledge on th ra . (2000) Anticancer property of dithiolopyrrolones. U.S. Patent 6,020,360.

Table 1 :

 1 Concentrations in free amino-acids and other elements of the yeast extract (288620 BactoTM Yeast Extract, Technical) 

	Amino-acids	[amino acids] (µmol) per g of YE	Atomic element	[atomic element] (µg) per g of YE
	ASP	142	P	9751
	THR	144	S	36877
	SER	200	W	222
	GLU	119	Zn	286
	GLN	4	Co	5
	PRO	42	Pb	4
	CYS	30	B	41
	GLY	204	Mn	3
	ALA	415	Fe	117
	VAL	236	Mg	802
	MET	51	Al	276
	ISO	164	V	66
	LEU	311	Be	2
	TYR	32	Ca	935
	PHE	140	Zr	1
	LYS	156	Ba	1
	HIS	47	Na	1526
	TRP	15	K	73542
	ARG	109		
	ASN	108		

Table 2 :

 2 variability of the stoechiometric coefficients with the glucose and the yeast extract initial concentrations

	[glucose] 0 (gL -1 )	[Yeast Extract] 0 (gL -1 )	Other compound	x 1	x 3	t 4
	15	2	Uracil 20 mM	1.2 0.56 0.16
	15	2	benzoic acid 5mM Uracil 20 mM	1.2 0.61 0.16
	15	2	Uracil 20 mM	1.2 0.54 0.16
	15	2	-	1.2 0.52 0.16
	3	2	-	1.2 0.44 0.16
	5	2	-	1.2 0.44 0.16
	8	2	-	1.2	0.5 0.16
	15	6	Uracil 20 mM	0.94 0.32 0.16
	15	4	Uracil 20 mM	0.74 0.26 0.16
			Uracil 20 mM			
			Amino-acids mix at			
	15	2	the same	0.95 0.53 0.16
			composition as in YE at 2gL -1			
	15	2	Uracil 40 mM	1.2 0.54 0.16