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A new chemically defined medium for the growth and sporulation of Bacillus cereus strains in anaerobiosis
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A new chemically defined liquid medium, MODS, was developed for the aerobic growth and anaerobic growth and sporulation of Bacillus cereus strains. The comparison of sporulation capacity of 18 strains of B. cereus has shown effective growth and spore production in anaerobiosis..

Introduction

Bacillus cereus is a pathogenic bacterium producing toxins responsible for emetic and diarrheal syndromes [START_REF] Carlin | Research on factors allowing a risk assessment of spore-forming pathogenic bacteria in cooked chilled foods containing vegetables: a FAIR collaborative project[END_REF][START_REF] Ceuppens | Diversity of Bacillus cereus group strains is reflected in their broad range of pathogenicity and diverse ecological lifestyles[END_REF][START_REF] Ehling-Schulz | Identification of emetic toxin producing Bacillus cereus strains by a novel molecular assay[END_REF]. Soil is considered as the natural habitat of this bacterium. Consequently, vegetables, milk and rice are frequently contaminated with B. cereus. This facultative anaerobic, Gram-positive bacterium forms spores under environmental stress such as nutrient deprivation [START_REF] Moir | Spore germination[END_REF][START_REF] Setlow | Germination of spores of Bacillus subtilis with dodecylamine[END_REF][START_REF] Setlow | Spores and their signifcance[END_REF].

Spores are a differentiated cell type consisting of metabolically dormant cells, able to resist chemical and physical stresses such as air-drying, high temperature, high pressure, UV light and acidity [START_REF] Clavel | Survival of Bacillus cereus spores and vegetative cells in acid media simulating human stomach[END_REF][START_REF] Nguyen Thi Minh | Effect of sporulation conditions on the resistance of Bacillus subtilis spores to heat and high pressure[END_REF][START_REF] Setlow | Spores of Bacillus subtilis: their resistance to and killing by radiation, heat and chemicals[END_REF][START_REF] Tam | The intestinal life cycle of Bacillus subtilis and close relatives[END_REF]. This resistance is due to the presence of several specific layers and the high dehydration level of the spore core [START_REF] De Vries | Influence of glutamate on growth, sporulation, and spore properties of Bacillus cereus ATCC 14579 in defined medium[END_REF].

Sporulation media commonly used in laboratories are complex, with common features such as a high level of nutrients with a combination of peptones, yeast extract, casamino acids and minerals such as iron, magnesium, calcium, copper, manganese and zinc, presence or absence of agar, and an optimal pH value close to 7.0 [START_REF] Meyer | A new growth and in vitro sporulation medium for Clostridium perfringens[END_REF][START_REF] Ting | Chemically defined medium for growth and sporulation of Clostridium perfringens[END_REF]. Among these media, CCY (Casein-Casein-Yeast), FNA (Fortified Nutrient Agar) and 2 × SG (double-strength Schaeffer sporulation medium) are routinely used to study the sporulation of Bacillus strains [START_REF] Fernandez | Application of a frequency distribution model to describe the thermal inactivation of two strains of Bacillus cereus[END_REF][START_REF] Stewart | Commitment of bacterial-spores to germinatea measure of the trigger reaction[END_REF]. In these media, spore-forming bacteria grow until depletion of the medium, and then sporulate spontaneously. Growth and sporulation are closely linked. These media thus lead to heterogeneous and poorly reproducible production of spores [START_REF] De Vries | Growth and sporulation of Bacillus cereus ATCC 14579 under defined conditions: temporal expression of genes for key sigma factors[END_REF].

Currently, chemically defined synthetic media for growth and sporulation are frequently used [START_REF] De Vries | Growth and sporulation of Bacillus cereus ATCC 14579 under defined conditions: temporal expression of genes for key sigma factors[END_REF][START_REF] De Vries | Influence of glutamate on growth, sporulation, and spore properties of Bacillus cereus ATCC 14579 in defined medium[END_REF][START_REF] Donnellan | Chemically defined, synthetic media for sporulation and for germination and growth of Bacillus subtilis[END_REF][START_REF] Ellar | Fine structure of sporulation in Bacillus cereus grown in a chemically defined medium[END_REF]Glatz and Koepfert, 1976;[START_REF] Hageman | Single, chemically defined sporulation medium for Bacillus-subtilis-growth, sporulation, and extracellular protease production[END_REF][START_REF] Ramaley | Replacement sporulation of Bacillus subtilis 168 in a chemically defined medium[END_REF][START_REF] Ting | Chemically defined medium for growth and sporulation of Clostridium perfringens[END_REF][START_REF] Rosenfeld | Characterization of aerobic and anaerobic vegetative growth of the food-borne pathogen Bacillus cereus F4430/73 strain[END_REF]. In most of these studies, sporulation was performed in aerobiosis. However, B. cereus is able to develop in a broad range of oxygen-depleted environments (intestine, soil or on a food processing line). B. cereus vegetative cells can sporulate in such anaerobic environments and cause serious problem of food safety. However, Bacillus sporulation in anaerobiosis had not been specifically studied.

The aim of this work was to develop a new chemically defined liquid medium for growth and sporulation of B. cereus in both aerobiosis and anaerobiosis. The medium consisted of a modification of the basal medium MOD [START_REF] Rosenfeld | Characterization of aerobic and anaerobic vegetative growth of the food-borne pathogen Bacillus cereus F4430/73 strain[END_REF]. First, we compared aerobic and anaerobic growth and sporulation parameters between the MOD medium, MOD modified medium (MODS) and the CCY sporulation medium, which is frequently used for Bacillus sporulation [START_REF] Stewart | Commitment of bacterial-spores to germinatea measure of the trigger reaction[END_REF].

Materials and methods

Micro-organisms, growth and sporulation media

Eighteen B. cereus strains were used in this study (Table 1). These strains belonged to phylogenetic groups II, III, IV, V, VI and VII as defined by Guinebretière et al. (2008). In order to study the capacity of sporulation, three media were used in this work: the sporulation medium CCY [START_REF] Stewart | Commitment of bacterial-spores to germinatea measure of the trigger reaction[END_REF], the chemically defined MOD medium [START_REF] Rosenfeld | Characterization of aerobic and anaerobic vegetative growth of the food-borne pathogen Bacillus cereus F4430/73 strain[END_REF] and the new chemically defined medium named MODS. For the latter, the basal medium MOD was firstly quarter-diluted, and then supplemented with 10 mM glucose and minerals including MgCl 2 (0.5 mM); MnCl 2 (0.01 mM); ZnCl 2 (0.05 mM); and CaCl 2 (0.2 mM). Finally, the pH of MODS was adjusted to 7.2 with KOH. The composition of each medium is given in Table 2.

Culture conditions and spore production

Growth was performed in uncontrolled batch cultures in the different media. For growth and sporulation in MOD and MODS media, overnight cultures of the B. cereus strains were grown with stirring (200 rpm) in MOD supplemented with 30 mM glucose. For growth and sporulation in CCY medium, an overnight culture in LB (Luria-Bertani) broth was performed. Incubation was performed at 30 °C for strains belonging to phylogenetic groups II, V and VI, and 37 °C for strains belonging to phylogenetic groups III, IV and VII. After 18 h incubation, cultures were centrifuged at 7000 ×g for 5 min at room temperature, and cells were suspended in CCY, MOD or MODS media. For experiments in anaerobiosis, the cultures were performed in Hungate tubes filled with 12 ml of medium and equipped with caps and rubber septa. To eliminate all traces of oxygen, a flow of N 2 was sent through a Hungate column and sparged into the medium. The aerobic cultures were performed in 500 ml conical flasks containing 100 ml of medium. All the cultures were performed in triplicate.

Measure of growth and sporulation

Growth was followed using a spectrophotometer (Helios Epsilon; Thermo Scientific, Rockford, IL). To prevent oxygen entering uncontrolled anaerobiosis cultures, tubes were not opened to measure A 600 values. Consequently, the growth was followed without the dilution of cultures for which the optical density was outside the linearity curve from the spectrophotometer. Nevertheless, dilutions have been performed at the end of growth: the samples showing an A 600 greater than 0.3 were diluted with sterile medium before measurement to maintain linearity of absorbance and cell mass.

To follow the growth and sporulation of the 18 strains, the concentration of vegetative cells and spores was determined by plating cells on the appropriate growth media and after heating at 70 °C for 10 min to kill any vegetative cells. The serial decimal dilutions of cultures were made in 0.1 M phosphate buffer, pH 7.0. An aliquot of 100 μl of each dilution was plated on LB-agar medium and incubated at 30 °C for 24 h. Cell and spore concentrations were expressed in colony-forming units per ml (CFU ml -1 ). Spore production was monitored using a phase contrast microscope (Olympus BX 50 instrument, Rungis, France). When free phase-bright spores (N90%) were obtained, harvesting and purification of spores were performed at 4 °C to prevent germination. The culture was first centrifuged at 8500 g for 15 min, and then washed with cold distilled water and centrifuged with decreasing rotor speeds (8500 ×g, 6500 ×g and 5500 ×g) for 15 min. The pellet obtained from each centrifugation was suspended in cold distilled water. After harvesting, the spores were pasteurized at 70 °C for 10 min to eliminate any vegetative cells, and cooled in an ice bath. Spore suspensions were stored at 4 °C until use.

Results

Growth kinetics in MOD, MODS and CCY media

The growth of 18 strains from the B. cereus group was carried out in an uncontrolled batch culture in the MOD, MODS and CCY media at pH 7.2 in aerobiosis and anaerobiosis (Table 3). Incubation was performed at 30 °C for strains belonging to phylogenetic groups II, V and VI or 37 °C for strains belonging to phylogenetic groups III, IV and VII. Growth kinetics was studied by monitoring optical density at 600 nm.

In anaerobiosis, maximal OD in the stationary phase was lower than that in aerobiosis. In aerobiosis, maximal density was closely similar for the strains belonging to phylogenic groups II, III, IV, V and VI, and ranged from 2.06 ± 0.11 to 4 ± 0.21 (spores ml -1 ) in MOD medium, from 1.43 ± 0.10 to 3.59 ± 0.04 (spores ml -1 ) in MODS medium and from 1.45 ± 0.26 to 3.58 ± 0.42 (spores ml -1 ) in CCY medium. In anaerobiosis, the average final density in MODS was lower than that in MOD. It ranged from 0.19 ± 0.04 to 0.81 ± 0.01 (spores ml -1 ) and from 0.43 ± 0.03 to 1.24 ± 0.09 (spores ml -1 ) in MODS and MOD media, respectively. No growth was observed in the CCY medium in anaerobiosis. In addition, strains of group VII did not grow in the tested media, in aerobiosis or anaerobiosis, except for the 08CEB44 strain, which grew in CCY medium in aerobiosis.

Ability of B. cereus sporulation in MOD, MODS and CCY media

Eighteen strains belonging to the different phylogenetic groups of B. cereus (II, III, IV, V, VI and VII) were selected to study their ability to sporulate in the MODS medium in aerobiosis or anaerobiosis (Table 4). Capacity to sporulate was compared with MOD and CCY media. Spores were counted after heating the cell suspension to evaluate ability to sporulate.

In aerobiosis, no significant difference in the capacity to sporulate of the strains belonging to phylogenic groups II, III, IV, V and VI was observed between the MODS and CCY media. In both media, all the strains sporulated with an average of 8 × 10 8 spores ml -1 and 2.61 × 10 8 spores ml -1 , respectively. No sporulation was obtained in the MOD medium for any strain as confirmed by microscopic observations. As no growth was observed in anaerobiosis in the CCY medium, no spores were produced in these conditions.

In anaerobic conditions, the maximum spore production in the MODS medium was lower (average of 5 × 10 4 spores ml -1 ) than that in the aerobic conditions. The highest number of spores produced was obtained for the strain AH 187 (6.75 × 10 5 spores ml -1 ) and the lowest for the F4430/73 strain (2.73 × 10 1 spores ml -1 ). In addition, as no growth was observed in either aerobiosis or anaerobiosis for strains belonging to phylogenic group VII in the tested media, no spores were produced, except for the 08CEB44 strain, which produced spores in CCY medium only in aerobiosis.

Discussion

B. cereus is a foodborne pathogen able to produce spores [START_REF] Ceuppens | Diversity of Bacillus cereus group strains is reflected in their broad range of pathogenicity and diverse ecological lifestyles[END_REF]. Little information was available on B. cereus sporulation in the absence of oxygen because most studies on sporulation had been performed in aerobic conditions [START_REF] Planchon | Spores of Bacillus cereus strain KBAB4 produced at 10 °C and 30 °C display variations in their properties[END_REF][START_REF] Nguyen Thi Minh | Effect of sporulation conditions on the resistance of Bacillus subtilis spores to heat and high pressure[END_REF]. However, B. cereus is a facultative anaerobic bacterium, able to grow in a broad variety of environments where oxygen level may range widely. In anaerobic conditions such as intestine, soil and food processing lines, B. cereus vegetative cells can sporulate, and the spores have different properties from those of spores produced in aerobiosis.

In order to determine whether B. cereus sporulation is possible in anaerobiosis, we optimized an existing medium, MOD, to allow effective growth and sporulation in the absence and presence of oxygen. The MOD medium is a chemically defined medium, frequently used to study the effect of nutrients and/or physicochemical factors on growth parameters, growth adaptation [START_REF] Senouci-Rezkallah | Amino acids improve acid tolerance and internal pH maintenance in Bacillus cereus ATCC14579 strain[END_REF][START_REF] Thomassin | The acid tolerance response of Bacillus cereus ATCC14579 is dependent on culture pH, growth rate and intracellular pH[END_REF], substrate metabolism or toxin production in B. cereus species [START_REF] Duport | Anaerobiosis and low specific growth rates enhance hemolysin BL production by Bacillus cereus F4430/73[END_REF][START_REF] Ouhib | The production of Bacillus cereus enterotoxins is influenced by carbohydrate and growth rate[END_REF] [START_REF] Zigha | Anaerobic cells of Bacillus cereus F4430/73 respond to low oxidoreduction potential by metabolic readjustments and activation of enterotoxin expression[END_REF]. This medium supports anaerobic growth of the B. cereus strains, but our results showed it to be inefficient for their sporulation (Tables 3,4). Therefore, modifications were made fortezzo and Setloto the MOD medium to improve its efficiency for the sporulation of the B. cereus strains. For this purpose, composition of the new medium must be as close as possible to that of the traditional sporulation media. To do this, we added minerals usually present in sporulation media and necessary for the development of spores and then bacilli [START_REF] Palop | Heat resistance of native and demineralized spores of Bacillus subtilis sporulated at different temperatures[END_REF]. Based on sporulation medium CCY, MgCl 2 , MnCl 2 , ZnCl 2 and CaCl 2 were added to the MOD medium at the same concentrations. In addition, we reduced the glucose concentration present in the MOD medium because in the sporulation media, glucose is usually either at low concentration such as in FNA and 2 × SG media, used for Bacillus subtilis [START_REF] Nicholson | Sporulation, germination and outgrowth[END_REF] or absent such as in CCY medium used for B. cereus [START_REF] Planchon | Spores of Bacillus cereus strain KBAB4 produced at 10 °C and 30 °C display variations in their properties[END_REF]. It was shown that sporulation was repressed in the presence of excess glucose. In the previous work of De [START_REF] De Vries | Growth and sporulation of Bacillus cereus ATCC 14579 under defined conditions: temporal expression of genes for key sigma factors[END_REF], a growth and sporulation medium used for B. cereus ATCC 14579 strain contained 10 mM glucose. In our medium, this carbon source is particularly important for the anaerobic conditions given that without glucose, no growth occurred. It was therefore important to determine the minimal concentration of glucose for good growth in order to have a reasonable spore production for characterization. Also, the MOD medium is a chemically defined medium, rich in amino acids (10 g l -1 , 15 AA). It had previously been tested with its concentration of amino acids halved with no negative effect on growth (data not shown). Additionally, in the sporulation medium CCY, a mixture of amino acids and peptides was found with a low concentration (2.5 g l -1 ). Finally, for uncontrolled batch cultures, 100 mM of potassium phosphate buffer was added to limit the pH decrease during growth due to metabolites that acidify the medium. The MOD medium supplemented with minerals, buffer and with a final concentration of 10 mM glucose, called MODS, was used for the production of B. cereus spores.

In aerobiosis, MODS and CCY media were efficient for the sporulation of all the strains belonging to phylogenic groups II, III, IV, V and VI. However, for phylogenic group VII, no growth and no spores were produced in aerobiosis or anaerobiosis in any tested medium, except for one strain that produced spores in CCY medium only in aerobiosis. This could be due to the auxotrophic character of this group.

Our results show that MODS medium provides an appropriate culture medium for both the growth and sporulation of B. cereus. In addition, unlike CCY medium, MODS medium was also efficient in anaerobiosis for growth and sporulation.

In anaerobiosis, sporulation capacity in MODS medium was lower than that in aerobiosis. The previous results showed that a low concentration of oxygen led to a lower spore production on several species of the genus Bacillus [START_REF] Couchot | Anaerobic sporulation in facultatively anaerobic species of the genus Bacillus[END_REF]. Other experiments reported a lower spore production of Bacillus thuringiensis, genetically close to Bacillus cereus, under O 2 limitation compared with cultures with O 2 [START_REF] Avignonerossa | Bacillus-thuringiensis growth, sporulation and delta-endotoxin production in oxygen limited and nonlimited cultures[END_REF][START_REF] Finlay | Bacillus cereus emetic toxin production in relation to dissolved oxygen tension and sporulation[END_REF][START_REF] Foda | Factors affecting growth physiology of Bacillus thuringiensis[END_REF].

In conclusion, we have developed an appropriate chemically defined medium, called MODS, to study the growth and sporulation of the B. cereus strains in both the presence and absence of oxygen. These findings provide new knowledge on B. cereus behavior in an anaerobiosis environment that was hitherto lacking.
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Table 1

 1 Characteristics of the strains used in this study.

	B. cereus strain designation	Origin	Temperature growth limits (°C)	Phylogenic group a
	NVH 0861-00	Diarrheal outbreak	7-40	II
	Bc 05-F1	Soil		II
	INRA 15	Food		II
	F4810/72	Emetic outbreak	15-45	III
	DSMZ 4222	Clinical infection		III
	F4433/73	Diarrheal outbreak		III
	F4430/73	Diarrheal outbreak	10-40/45	IV
	ATCC14579	Type strain B. cereus		IV
	NVH1230	/		IV
	F2769/77	Diarrheal outbreak	10-40	V
	NVH 141/1-01	Diarrheal outbreak		V
	UHDAM TSP9	Environment		V
	INRA KBAB4	Environment	5/7-37	VI
	SDA NFFE 664	Environment		VI
	WSBC 10204 T	Type strain B. weihens		VI
	NVH883/00	Diarrheal outbreak	20-50	VII
	AFSSA 08CEB44bac	Diarrheal outbreak		VII
	NVH 391-98	Diarrheal outbreak		VII

a The phylogenetic groups as defined by Guinebretière et al.

(2008)

.

Table 2

 2 Composition of the different media used: MOD, MODS and CCY. Abbas et al. / Journal of Microbiological Methods 105 (2014) 54-58

	A.A.			55
			Concentration (g l -1 )
		MOD	MODS	CCY
	Total amino acids	10.41	2.61	2.4 (including casamino acid (1 gl -1 )
	L-Arginine	0.46	0.12	0
	L-Aspartic acid	0.91	0.23	0
	L-Cysteine	0.04	0.01	0
	L-Glutamic acid	2	0.50	0
	Glycine	0.39	0.10	0
	L-Histidine	0.36	0.09	0
	L-Isoleucine	0.7	0.18	0
	L-Leucine	1.37	0.34	0
	L-Lysine	1.18	0.30	0
	L-Methionine	0.4	0.10	0
	L-Phenylalanine	0.28	0.07	0
	L-Serine	0.66	0.17	0
	L-Threonine	0.71	0.18	0
	L-Tyrosine	0.042	0.01	0
	L-Valine	0.91	0.23	0
	L-Glutamine	0	0	0
	Glycerol	0	0	0.6
	Pastone	0	0	1
	Yeast extract	0	0	0.4
	K 2 HPO 4 , 3H 2 O	1	0.25	5.93
	KH 2 PO 4	0	0	1.768
	(NH 4 ) 2 SO 4	6	1.50	0
	MgSO 4 , 7H 2 O	0.04	0.01	0
	MgCl 2 , 6H 2 O	0	0.1	0.1
	MnCl 2 , 4H 2 O	0	0.002	0.002
	CaCl 2 , 6H 2 O	0	0.043	0.043
	ZnCl 2	0	0.007	0.007
	FeCl 3 , 6H 2 O	0	0.013	0.013
	Glucose	5.4	1.8	0
	pH	7.2	7.2	7

Table 3

 3 Growth of B. cereus strains in MOD, CCY and MODS media in aerobiosis and anaerobiosis.

	Growth a	(A 600 )

a Values of optical density measured at the stationary growth phase. b No growth.
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a No growth. b Low sporulation (10 1 to 10 3 CFU ml -1 ). c Moderate sporulation (10 4 to 10 6 CFU ml -1 ). d High sporulation (10 7 to 10 9 CFU ml -1 ).