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Antifungal activity of strains of lactic acid bacteria isolated from a semolina ecosystem against Penicillium roqueforti, Aspergillus niger and Endomyces fibuliger contaminating bakery products$ Francesca Valerio, Mara Favilla, Palmira De Bellis, Angelo Sisto, Silvia de Candia, Paola Lavermicocca Institute of Sciences of Food Production, National Research Council, Via Amendola 122/O, 70126 Bari, Italy



Abstract Thirty samples of Italian durum wheat semolina and whole durum wheat semolina, generally used for the production of Southern Italy’s traditional breads, were subjected to microbiological analysis in order to explore their lactic acid bacteria (LAB) diversity and to ﬁnd strains with antifungal activity. A total of 125 presumptive LAB isolates (Gram-positive and catalase-negative) were characterized by repetitive extragenic palindromic-PCR (REP-PCR) and sequence analysis of the 16S rRNA gene, leading to the identiﬁcation of the following species: Weissella confusa, Weissella cibaria, Leuconostoc citreum, Leuconostoc mesenteroides, Lactococcus lactis, Lactobacillus rossiae and Lactobacillus plantarum. The REP-PCR results delineated 17 different patterns whose cluster analysis clearly differentiated W. cibaria from W. confusa isolates. Seventeen strains, each characterized by a different REP-PCR pattern, were screened for their antifungal properties. They were grown in a ﬂour-based medium, comparable to a real food system, and the resulting fermentation products (FPs) were tested against fungal species generally contaminating bakery products, Aspergillus niger, Penicillium roqueforti and Endomyces fibuliger. The results of the study indicated a strong inhibitory activity – comparable to that obtained with the common preservative calcium propionate (0.3% w/v) – of ten LAB strains against the most widespread contaminant of bakery products, P. roqueforti. The screening also highlighted the unexplored antifungal activity of L. citreum, L. rossiae and W. cibaria (1 strain), which inhibited all fungal strains to the same or a higher extent compared with calcium propionate. The fermentation products of these three strains were characterized by low pH values, and a high content of lactic and acetic acids. r 2009 Elsevier GmbH. All rights reserved. Keywords: Organic acids; Inhibitory activity; Durum wheat; Weissella REP-PCR; L. citreum; L. rossiae; W. cibaria; Acetic acid; Lactic acid



Introduction $



Nucleotide sequence data reported are deposited in the GenBank database under the following accession numbers: FJ428224, FJ429974, FJ429975, FJ429976, FJ429977, FJ429978, FJ429979, FJ429980, FJ429981, FJ429982, FJ429983, FJ429984, FJ429985, FJ429986, FJ429987, FJ429988, FJ429989. Corresponding author. Tel.: +39 080 5929356; fax: +39 080 5929374. E-mail address: [email protected] (P. Lavermicocca). 0723-2020/$ - see front matter r 2009 Elsevier GmbH. All rights reserved. doi:10.1016/j.syapm.2009.01.004



Wheat is cultivated worldwide, with durum wheat (Triticum durum) being one of the most important cereal crops in the world. Durum wheat is better adapted to semiarid climates (such as that found in Southern Italy) than soft wheat (T. aestivum). Durum wheat semolina is prepared from durum wheat kernels by grinding or
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milling processes in which the bran and germ are removed and the inner endosperm fractions are ground to a suitable degree of ﬁneness. Whole durum wheat semolina is prepared by a similar process, but the bran and part of the germ are retained. Generally, durum wheat is suitable for manufacturing diverse food products and, in particular, pasta. Products other than pasta are also made from durum wheat, for instance, couscous which is consumed mainly in North Africa, and ﬂat bread and bulgur which are part of the main diet in Jordan, Lebanon, Syria and Turkey. Durum ﬂour is used to some extent in bread production, especially in Europe. In some Southern Italian regions, T. durum is also employed for bread production, such as the Altamura bread produced in the Apulia region, which is prepared by subjecting the semolina to lactic acid bacteria (LAB) fermentation. Generally, the LAB involved in cereal fermentation originate from natural contamination of the ﬂour and include the following species: Lactobacillus casei, Lactobacillus coryniformis, Lactobacillus curvatus, Lactobacillus plantarum, Lactobacillus salivarius, Lactobacillus brevis, Lactobacillus fermentum, Enterococcus faecalis, Lactococcus lactis, Pediococcus acidilactici, Pediococcus parvulus, Pediococcus pentosaceus and species from the Leuconostoc and Weissella genera [7]. During spontaneous fermentation, lactobacilli dominate the sourdough ecosystem, while Leuconostoc and Weissella are involved in the ﬁrst phase of fermentation [7]. Microorganisms that contaminate cereals are generally concentrated in the outer layers and tend to remain with the bran-rich fractions during the milling process. As a consequence, bacterial counts in the resulting ﬂour should be lower than in the corresponding wheat, even though the conditioning treatment, performed by spraying water in order to increase the moisture content so as to prevent kernel fracturing during milling and allowing the endosperm to separate from the outer grain layers, could raise the initial number of microorganisms, including LAB [1]. A further contamination of ﬂour derives from other sources, such as mill equipment [24]. In order to pilot the cereal-based fermentation process, LAB are frequently added to the dough as starter cultures. These bacteria contribute technological and nutritional properties and inﬂuence the ﬂavour. They also prolong the microbiological shelf-life of ﬁnal products by producing several antimicrobial metabolites such as organic acids, fatty acids, cyclic dipeptides, carbon dioxide, ethanol, hydrogen peroxide, diacetyl, bacteriocins and antibiotics [2,6,12,14,23,29]. Among organic acids, lactic, acetic, phenyllactic (PLA) and p-OH-phenyllactic acids (OH-PLA) produced by LAB play a role in inhibiting fungal and bacterial growth [10,15,17,18,21,29,31]. In particular, a fermentation product (FP) of a sourdough L. plantarum strain, containing these organic acids, has been demonstrated to be as effective as calcium



439



propionate 0.3% (w/v) in preventing the rope spoilage of bread caused by Bacillus subtilis [31]. Many published studies have also been carried out on LAB microbiota in order to ﬁnd effective antifungal strains, and most of them refer to Lactobacillus strains [28]. This increased interest in biopreservation of food systems originates mainly from reduced levels of the chemical preservatives admitted in bakery products, such as propionate and sorbate salts which are used at maximum concentrations of 0.3 and 0.2% (w/v), respectively (EU Directive 95/2/CE). In order to ﬁnd strains with antifungal activity for use as an alternative to chemical preservatives, lactic acid bacteria of Italian durum wheat semolina and whole durum wheat semolina were characterized by repetitive extragenic palindromic-PCR (REP-PCR), identiﬁed by 16S rRNA gene sequencing, and screened for their inhibitory properties in an in vitro system.



Materials and methods Raw material and isolation of LAB Samples used for the microbiological study are reported in Table 1. Durum wheat (T. durum) kernels of different cultivars were collected from Apulia and Basilicata, two Southern Italian regions, and ground in the same mill. Semolina samples were obtained from six cultivars of durum wheat, six mixtures of the same cultivars and whole durum wheat semolina samples were from three different cultivars. Kernels from each cultivar or mixture were subjected to short (7–8 h) or long (15–16 h) conditioning treatment, thus obtaining a total of 30 samples. Sterile Bacto-peptone solution (0.1% w/v) was added to 20 g of each sample to 200 g, homogenized in a blender for 2 min, serially diluted to 102 and plated on sourdough bacteria (SDB) agar [13]. In order to collect at least 10–30 colonies from low contaminated samples, 1 ml of a 101 dilution was plated in quintuplicate while 100 ml of the 101 and 102 diluted cell suspensions were plated in duplicate. After Petri dishes had been incubated anaerobically for 48 h at 30 1C, the colonies were counted. A detection limit (DL) corresponding to 10 cfu/g was considered for the bacterial count. After enumeration, 10–30 colonies per semolina sample were randomly picked from SDB agar plates, puriﬁed and stored at 80 1C. Gram-positive and catalase-negative isolates were considered as presumptive LAB.



DNA isolation and REP-PCR In order to perform a molecular characterization of isolates, bacterial DNA was extracted from overnight
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Table 1. Durum wheat semolina and whole durum wheat semolina samples analysed: bacterial count on SDB agar and species of LAB identiﬁed. Cultivar



Short conditioning (7–8 h)c Sample



CFU/g



Mixture of durum wheat semolina Simeto-Duilio C18 1.2  103 Simeto-Appulo C20 6  102 Simeto-Arcangelo C19 3.2  102 AppuloC12 2.9  103 Arcangelo Duilio-Arcangelo C16 5.4  102 Duilio-Appulo C17 3.2  102



Long conditioning (15–16 h)c



No. of presumptive LAB isolatesa



LAB speciesb



Sample



CFU/g



No. of presumptive LAB isolatesa



LAB speciesb



–d – – –



– – – –



C9 C10 C11 C13



3.8  101 7.4  101 1.36  104 7.1  103



1 – 2 –



L. lactis – L. citreum –



– –



– –



C14 C15



4.6  103 3.9  102



– –



– –



– L. citreum, W. cibaria, W. confusa W. cibaria, W. confusa W. cibaria, W. confusa L. rossiae, W. cibaria, L. plantarum –



Durum wheat semolina Arcangelo C6 Appulo C5



9  101 7.5  101



8 8



W. confusa L. lactis, W. confusa



C1 C2



2.1  104 8.6  103



– 24



Simeto



C7



5.5  102



–



–



C3



6.9  102



19



Duilio



C8



1.4  103



–



–



C4



4.3  104



19



Svevo



C22



3.4  101



2



W. cibaria



C21



8.5  102



10



Ciccio



C25



6.5  103



6



L. plantarum



C27



3.3  102



25



C46



1.6  103



–



1.15  104 5.5  102



– 1



L. mesenteroides, W. cibaria – W. confusa



C47 C48



1.7  103 1.25  103



– –



Whole durum wheat semolina Svevo C43



Ciccio Appulo



C44 C45



–



–



– –



a



Presumptive LAB: Gram-positive and catalase-negative. LAB species were identiﬁed by sequencing of the 16S rRNA gene. c Each cultivar or mixture were subjected to short (7–8 h) or long (15–16 h) conditioning treatment by spraying kernels with water. d Value below detection limit, DL: 10 cfu/g. b



cultures grown in de Man Rogosa Sharpe (MRS) broth (Difco, Detroit, MI, USA) at 30 1C, using a Clonesaver Card Starter Kit (Whatman, Maidstone, United Kingdom) and analysed by REP-PCR, according to the method described by Hyytia¨-Trees et al. [11]. Two degenerate primers, REP-1R-Dt (50 -IIINCGNCGNCATCNGGC-30 ) (where N is A, T, C or G and I is inosine) and REP-2R-Dt (50 -NCGNCTTATCNGGCCTAC-30 ), were used [32]. The PCR reactions were performed in a total volume of 25 ml containing 23 ml Mega Mix (Microzone Ltd., United Kingdom), 2 mM of each primer and 1 ml genomic DNA. The ampliﬁcations were conducted in a GeneAmp PCR system 9700 (Applied Biosystems, Foster City, CA, USA) following



the PCR conditions described by Hyytia¨-Trees et al. [11]. PCR products were electrophoresed at 80 V for 3 h in 1.5% (w/v) agarose gels in 1  TAE buffer stained with ethidium bromide (0.5 mg/ml) [25]. GelPilot 200 bp ladder (Qiagen GmbH, Hilden, Germany) was used as a molecular weight marker. The banding patterns were visually inspected and analysed by the Quantity One software (Bio-Rad Laboratories, Hercules, CA, USA). The reproducibility of the ﬁngerprints was veriﬁed by repeating the analysis at least twice. The presence or absence of a band was scored as 1 or 0, respectively, and the binary matrix was obtained in an Excel format, which was then used as input for the BioNumerics v. 5.0 software (Applied Maths, Inc., Austin, TX, USA).
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Cluster analysis was performed by using the Dice similarity coefﬁcient (SD) and the unweighted pair group method with averages (UPGMA) algorithm provided in the BioNumerics software package.



Biotechnology Information (NCBI) (http://www.ncbi. nlm.nih.gov/; download: October 2008). Lactobacillus plantarum was also identiﬁed by a multiplex PCR assay based on recA gene-derived primers, as described by Torriani et al. [30].



Molecular identiﬁcation of LAB



Preparation of antifungal fermentation products by lactic acid bacteria



Strains were identiﬁed by 16S rRNA gene sequence analysis. The nearly complete 16S rRNA gene from different strains, each characterized by a different REPPCR pattern, was ampliﬁed by PCR as described by Di Cello et al. [9], with slight modiﬁcations. The universal primers P0 (50 -GAGAGTTTGATCCTGGCTCAG-30 ) and P6 (50 -CTACGGCTACCTTGTTACGA-30 ) were used for 16S rRNA gene ampliﬁcation, since their 30 end anneals at positions 27f and 1495r, respectively (referring to the Escherichia coli 16S rRNA gene numbering), in forward (f) or reverse (r) orientation. Each 50 ml reaction mixture contained 5 ml of 10  HotMasterTM Taq Buffer with Mg2+ (2.5 mM), 0.2 mM dNTP Mix, 1.25 U HotMasterTM Taq DNA Polymerase (Eppendorf AG, Hamburg, Germany), 0.3 mM of each primer and 1 ml genomic DNA. The reaction mixtures were ﬁrst incubated for 2 min at 94 1C, and then cycled for 35 cycles according to the following temperature proﬁles: 30 s at 94 1C, 30 s at an annealing temperature of 60 1C for the ﬁrst ﬁve cycles, 55 1C for the next ﬁve cycles and 50 1C for the last 25 cycles, then 4 min at 68 1C, followed by a ﬁnal extension for 10 min at 68 1C. Aliquots (3 ml) of the PCR products were analysed by agarose gel electrophoresis (1%) in TAE buffer [25], stained with 0.5 mg/ml of ethidium bromide, and photographed under ultraviolet light. The size of the ampliﬁed DNA fragments was estimated by comparison with a GelPilot 100 bp Plus Ladder (Qiagen GmbH, Hilden, Germany). PCR products were then puriﬁed with a QIAquick PCR Puriﬁcation Kit (Qiagen), and then quantiﬁed by an ND 1000 spectrophotometer (NanoDrop Technologies, Inc., Wilmington, USA). Sequencing of the 16S rRNA gene PCR products was performed by using the BigDyeTM Terminator cycle sequencing kit (Applied Biosystems) on an ABI Prism 3100 Genetic Analyzer (Applied Biosystems). In addition to the universal primers P0 and P6 [9], internal primers for 16S rRNA gene sequencing were P5 (50 -AAGGAATTGACGGGGGC-30 ; position: 930f), we16s1r (50 -AGCCGAAACCCTTCATCAC-30 ; position: 408r), we16s1f (50 -GACAGGTGGTGCATGGTTG-30 ; position: 1061f) and we16s2r (50 -AACCCAACATCTCACGACA-30 ; position: 1073r). Their positions indicate the number of the E. coli 16S rRNA gene position where their 30 end anneals in forward (f) or reverse (r) orientation. 16S rRNA gene sequences were examined for similarity with deposited sequences using the BLAST N program available through the National Centre for



Bacterial strains, each characterized by a different REP-PCR pattern, were chosen to screen for their antifungal performance. Strains were subcultured (2% v/v) from a stock culture in de Man Rogosa Sharpe broth (MRS, Difco) and incubated at 30 1C for 8 h. Before experiments, MRS was inoculated at 0.2% (v/v) with the 8 h culture and incubated at 30 1C for 18 h. This culture was used to inoculate a ﬂour-based medium (M1, pH 4.670.16) at 0.2% (v/v) [31]. All cultures were incubated at 30 1C for 72 h. Cells were then harvested by centrifugation (10,000g for 10 min at 4 1C), and the cellfree culture supernatants were ﬁlter sterilized (0.22 mm, Millipore) (fermentation products) and used in the microdilution test or for the HPLC analysis.



Chemicals DL-3-phenyllactic acid (PLA), DL-p-hydroxy-phenyllactic acid (OH-PLA) and calcium propionate were purchased from Sigma Aldrich (St. Louis, MO, USA), lactic acid from Carlo Erba (Milan, Italy) and acetic acid from Mallinckrodt Baker (Phillipsburg, NJ, USA). Methanol HPLC grade, ethyl acetate, 88% (w/v) formic acid and anhydrous Na2SO4 were obtained from Mallinckrodt Baker. Ultra-pure water was produced using a Millipore Milli-Q System (Millipore Corporation, Bedford, MA, USA). Triﬂuoroacetic anhydride (TFA), 99% (w/v), was obtained from the Pierce Chemical Company (Rockford, IL, USA).



Determination of organic acids in fermentation products The assessment of PLA and OH-PLA production in FPs was performed by HPLC analysis, as reported by Valerio et al. [31] but with some modiﬁcations. Brieﬂy, 5 ml of each FP was adjusted to pH 2.0 with 10 M formic acid and extracted four times with 15 ml ethyl acetate. After dehydration with anhydrous Na2SO4, the combined organic extracts were evaporated and the dried residue was dissolved in water, ﬁltered (0.22 mm, Millipore) and 100 ml was injected into the HPLC system. PLA and OH-PLA were separated on an HPLC system (AKTA Basic 10, P-900 series pump, Amersham Biosciences AB, Uppsala, Sweden) using a Luna Phenyl Hexyl (150 mm  4.6 mm, 5 mm particles, Phenomenex,
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Torrance, CA, USA) equipped with a security guard ﬁlter (C18, 4.0 mm  3.0 mm) (Phenomenex). The mobile phase consisted of a linear gradient of solvent A (methanol – 0.05% TFA) and solvent B (water – 0.05% TFA) from 10% to 30% for 16 min followed by an isocratic mixture of 30% solvent A for 5 min and then by a linear gradient from 30% to 60% solvent A for 6 min at a ﬂow rate of 1.0 ml/min. The sample was monitored using a three-channel UV detector (Amersham Biosciences 900) that allowed simultaneous measurements at 210 nm for PLA and at 220 nm for OH-PLA. Quantiﬁcation limits of PLA and OH-PLA were 1.49 and 0.27 mg, respectively. The amount of metabolites produced by bacterial strains was determined by integrating calibration curves obtained from standards. Concentrations of D- and L-lactic, acetic, citric and formic acids in all FPs were determined by commercially available assay kits (Roche-Diagnostics-Mannheim, Basel, Switzerland).



Fungal cultures Fungal strains used in this study were isolated from bakery products. Aspergillus niger ITEM5132 was isolated from bread and belonged to the ITEM Culture Collection of the CNR Institute of Sciences of Food Production, Bari, Italy. Penicillium roqueforti IBT18687 (bread) and the yeast Endomyces fibuliger IBT605 (rye bread) were obtained from the Culture Collection of the Technical University of Denmark, Lyngby, Denmark.



(Labsystem, Multiskan MS, Version 3.0, Type 352). Percentage inhibition (calculated with respect to the fungal growth in uninoculated M1 medium) was obtained using OD580 values after 96 h growth. In each experiment, M1 medium containing or lacking calcium propionate (0.3% w/v) was included as a control. The antifungal effect of lactic and acetic acids at concentrations found in the FP of a representative strain (C21-11) was also tested. Acids were added to M1 medium and assayed against each fungal strain. Triplicate determinations were performed.



Effects of temperature, pH and proteolytic enzymes on antifungal activity The antifungal activity of selected FPs (C2-27, C21-11 and C21-4) after heat treatment, pH adjustment and exposure to a proteolytic enzyme was determined using the microdilution test. FPs were heated to 100 1C for 60 min. The samples were allowed to cool and they were then tested for their antifungal activity. The pH of each FP was adjusted to values of 4, 5, 6 and 7 with 2 M NaOH and tested for the inhibitory performances directly or after readjustment to the initial values after 1 h. Proteinase K (Sigma) was used as a proteolytic enzyme. FPs were adjusted to the optimum pH value for the enzyme (7.0), treated with 100 mg of the enzyme per ml and incubated at 37 1C for 1 h. Before evaluating the antifungal activity the pH was readjusted to the initial pH value. The uninoculated M1 medium was subjected to the same treatments and it was used as a control.



Preparation of fungal inoculum suspension Fungal conidia were collected from 7-day-old cultures on potato dextrose agar (PDA, Difco), washed twice with sterile water, and a 50 ml aliquot of conidial suspension was spread on PDA plates, and incubated at 25 1C for 72 h. Conidia were collected using Triton X100 0.05% (v/v) and 10 ml of conidial suspension, containing approximately 5  102 conidia, were used as an inoculum.



Statistical analysis All microbiological data and organic acid concentrations were analysed by Student’s t-test, and one-way analysis of variance followed by the Fisher test with the level of signiﬁcance set at Po0.05. All statistical analyses were carried out with the STATISTICA 6.0 software (StatSoft software package, Tulsa, OK).



Antifungal microdilution tests



Results Microdilution tests were performed as reported in Lavermicocca et al. [15] with sterile, disposable multiwell microdilution plates (96 wells; IWAKI; Scitech Div. Asashi Techno Glass; Japan). Fermentation products were dispensed into the wells in 190 ml volumes inoculated with 10 ml of conidial suspension. Inoculated wells and blanks were prepared in triplicate. All microdilution plates were incubated in a humid chamber at 25 1C for 96 h. Fungal growth was measured as optical density at 580 nm by a spectrophotometer



Enumeration of LAB Results of microbiological analysis showed that bacterial counts on SDB agar ranged from 3.4  101 to 4.3  104 cfu/g (Table 1). In total, 10–30 colonies per sample were picked up and subjected to Gram staining and the catalase reaction. As a result, 125 presumptive LAB isolates, detected in 12 out of 30 samples analysed, were available for identiﬁcation.
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discriminated from isolates of W. confusa which were associated with REP-PCR patterns C, D and E. The W. cibaria group was linked to L. mesenteroides (ﬁngerprint Q), and to L. citreum (G) and L. rossiae (H) at a similarity level of approximately 46% and 30%, respectively. L. plantarum and L. lactis (ﬁngerprints A, B and F) grouped together with the W. confusa cluster.



Molecular characterization and identiﬁcation



LAB microﬂora of semolina samples The most frequent LAB species isolated from semolina belonged to the Weissella genus. In fact, W. confusa and W. cibaria were each isolated from six different samples (Table 1 and Fig. 2), while isolates belonging to the Leuconostoc genus (L. citreum and L. mesenteroides) were recovered from three samples. Species from the Lactobacillus genus, represented by L. rossiae and L. plantarum, were detected in two samples. Two L. lactis isolates showing different REP-PCR patterns were detected in two samples.



Production of organic acids in fermentation products



C3-17



C3-16



C3-15



C3-14



C3-13



C3-12



C3-11



C3-10



The organic acids in the LAB FPs were quantiﬁed in order to ﬁnd a relationship with the antifungal activity of bacterial strains. M1 control medium contained small amounts of each acid (Table 2). All strains acidiﬁed the medium, leading to pH values ranging from 3.05 to 3.85, and they produced organic acids (lactic acid and to a



C3-8



C3-7



C3-5



C3-4



C3-3



C3-2



One hundred and twenty-ﬁve LAB isolated from wheat ﬂours produced in the South of Italy were investigated for possible clonal relationships, using the REP-PCR technique. REP-PCR results delineated 17 different patterns, named from A to Q, each associated with a number of isolates ranging from 1 to 18 (Figs. 1 and 2). In total, 39 diverse polymorphic bands were scored in the ﬁngerprints of the complete set of isolates. Seventeen bacterial strains, each characterized by one of the 17 different REP-PCR proﬁles, were identiﬁed by sequencing approximately 1400 bp of the 16S rRNA gene. The 16S rRNA gene sequences were deposited in GenBank under the accession numbers FJ428224 and from FJ429974 to FJ429989. Database searches with these sequences showed 99–100% identities with those available in the database and led to the identiﬁcation of the following bacterial species: Weissella cibaria, Weissella confusa, Leuconostoc citreum, Leuconostoc mesenteroides, Lactococcus lactis, Lactobacillus rossiae and Lactobacillus plantarum (Table 1). As 16S rRNA gene sequences of L. plantarum and Lactobacillus pentosus were identical in the sequenced part, the identiﬁcation of L. plantarum was also obtained by a multiplex PCR assay [30]. Isolates showing eight out of the 17 different REPPCR patterns (I-P, Fig. 2) were identiﬁed as W. cibaria. They clustered together and were linked at a similarity level of about 50%. Moreover, they were clearly



MW



443



4 kb 2.2 kb 1.8 kb 1.4 kb 1.2 kb 1.0 kb 0.8 kb 0.6 kb 0.4 kb



0.2 kb



Fig. 1. REP-PCR ﬁngerprints of lactic acid bacteria isolated from durum wheat semolina sample C3. The patterns were obtained using primers REP-1R-Dt/REP-2R-Dt. MW, molecular weight marker.
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% similarity 40



60



Bacterial isolates 80



100 A



Lactobacillus plantarum



C21 (41); C25 (3, 4, 7, 8, 41, 42)



B



Lactococcus lactis



C5 (6)



C



Weissella confusa



C5 (7); C2 (17, 18, 34, 37); C6 (1, 2, 4, 5, 6, 7)



D



Weissella confusa



C3 (7, 9, 11, 12, 13, 15, 18); C4 (22, 23, 24, 25); C2 (13, 25, 35); C5 (1, 8); C6 (3, 8)



E



Weissella confusa



C4 (9, 12, 15, 17, 19, 26, 27, 28, 29, 32); C5 (2, 3, 4, 5); C45 (1M)



F



Lactococcus lactis



C9 (6)



G



Leuconostoc citreum C2 (26, 27, 28, 31); C11 (53, 54)



H



Lactobacillus rossiae



C21 (11, 47)



I



Weissella cibaria



C21 (1, 4, 6, 9p, 10p, 43, 46); C2 (1, 4, 36); C22 (1, 2)



J



Weissella cibaria



C3 (1, 2, 3, 5, 6, 8, 10, 14, 16, 17)



K



Weissella cibaria



C2 (2, 8, 10, 12, 20); C3 (4); C4 (14, 18, 18b, 20)



L



Weissella cibaria



C43 (5, 8, 9, 11, 12, 21, 22, 1M, 12M, 14M, 22M)



M



Weissella cibaria



C3 (19)



N



Weissella cibaria



C4 (21)



O



Weissella cibaria



C2 (19s, 23, 32)



P



Weissella cibaria



C2 (5, 33)



Q



Leuconostoc mesenteroides



C43 (3, 10, 19, 20, 2M, 3M, 4M, 5M, 6M, 10M, 11M, 15M, 16M, 17M)



Fig. 2. Dendrogram based on REP-PCR ﬁngerprints of 125 lactic acid bacteria isolated from durum wheat semolina and whole durum wheat semolina. The dendrogram was constructed by using UPGMA and the Dice Similarity Index. The capital letters (A–Q) indicate 17 different patterns. In the column ‘‘bacterial isolates’’ the capital letters followed by a number indicate the semolina sample, and the number in the brackets indicates the bacterial isolate. Isolates used for the antifungal assay are indicated in bold type.



lesser extent acetic and formic acids). In particular, L. plantarum C21-41 produced the highest amount (Po0.05) of lactic acid. All strains, except C21-41, C5-6 and C9-6, produced acetic acid at concentrations higher than that found in M1 control medium. A low production of formic acid was observed for all strains, whereas a signiﬁcantly higher level (Po0.05) was found only in the FP of L. lactis C5-6. Many strains produced citric acid, PLA and OH-PLA at levels below the quantiﬁcation limit or below the amounts found in the control medium.



Antifungal activity Seventeen isolates representative of each REP-PCR pattern were chosen in order to screen them for their antifungal properties (Table 3). After 96 h incubation, a conspicuous fungal growth occurred in M1 control medium (OD580 nm: 0.92, 0.82 and 0.66, for A. niger, P. roqueforti and E. fibuliger, respectively). Eight out of 17 LAB, namely W. cibaria (3 strains), W. confusa (1), L. citreum, L. mesenteroides, L. plantarum and L. rossiae, almost completely inhibited (more than 90%)
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Table 2. Organic acid production and pH values of the fermentation products of LAB strains in comparison to M1 control medium. Strains



M1 medium L. plantarum C21-41 L. lactis C5-6 W. confusa C5-7 W. confusa C3-7 W. confusa C4-17 L. lactis C9-6 L. citreum C2-27 L. rossiae C21-11 W. cibaria C21-4 W. cibaria C3-2 W. cibaria C3-4 W. cibaria C43-11 W. cibaria C3-19 W. cibaria C4-21 W. cibaria C2-32 W. cibaria C2-5 L. mesenteroides C43-2M



Concentration (mM)7SDa Lactic acid



Acetic acid



Formic acid



Citric acid



PLA



OH-PLA



pH



1.3670.12 39.2978.13 18.5372.12 22.2476.23 24.3277.88 16.6270.52 13.2773.49 28.2675.16 28.9375.14 25.4472.81 21.9677.16 24.3272.95 22.2670.87 24.5571.72 24.9475.57 27.0977.43 28.3575.30 20.2574.40



8.6570.72 NRc NR 9.2270.73 11.6070.72 11.6170.97 NR 14.6270.09 14.7070.03 13.0871.25 11.3370.93 11.7971.17 11.9073.56 11.9070.01 9.9671.98 12.8870.87 12.5070.67 10.1473.57



0.0870.04 NR 0.3570.05 0.1170.02 0.0870.03 0.15770.01 0.2170.09 NR NR NR NR 0.1070.02 0.1870.09 NR 0.1270.02 0.1370.05 NR 0.2070.09



0.0970.03 NR 0.1270.04 NR NR NR NR NR NR NR 0.1470.00 0.1570.02 NR 0.1370.01 0.1270.01 0.1370.01 0.1470.01 0.1270.00



oQLb 0.0970.02 oQL oQL 0.1070.03 oQL oQL 0.1170.00 oQL oQL oQL oQL oQL oQL oQL oQL 0.0870.01 oQL



oQL 0.0370.01 oQL oQL 0.0270.00 oQL oQL 0.0170.00 oQL oQL oQL 0.0170.00 oQL 0.0570.03 0.0270.00 oQL oQL oQL



4.5670.16 3.0570.06 3.4070.14 3.4870.08 3.7270.17 3.8570.07 3.5670.13 3.4270.02 3.2770.00 3.3270.05 3.5670.02 3.6070.03 3.3170.17 3.5570.05 3.4070.13 3.5270.12 3.5370.09 3.4870.25



a



Acid concentration (mM)7SD of three independent determinations. QL: quantiﬁcation limit. QL for PLA: 0.09 mM, QL for OH-PLA: 0.015 mM. c NR: not relevant since below the levels found in M1 control medium. b



Table 3. Antifungal activity of fermentation products of LAB strains expressed as percentage inhibition in comparison to calcium propionate 0.3% (w/v). Strains



Propionate 0.3% L. plantarum C21-41 L. lactis C5-6 W. confusa C5-7 W. confusa C3-7 W. confusa C4-17 L. lactis C9-6 L. citreum C2-27 L. rossiae C21-11 W. cibaria C21-4 W. cibaria C3-2 W. cibaria C3-4 W. cibaria C43-11 W. cibaria C3-19 W. cibaria C4-21 W. cibaria C2-32 W. cibaria C2-5 L. mesenteroides C43-2M



% Inhibition7SDa A. niger ITEM5132



P. roqueforti IBT18687



E. fibuliger IBT605



88.4371.88 42.4876.92 45.10710.16 29.8079.54 0 0 0 98.1473.80 99.9470.08 99.9670.06 56.42718.07 49.94715.6 72.54716.04 23.7875.87 26.2877.5 62.13713.76 57.17710.75 44.46715.52



84.6878.62 91.4872.09 81.3279.46 82.0176.64 65.5273.27 39.0674.25 39.63718.11 87.7772.30 78.96711.64 79.0676.89 70.3073.03 69.5973.27 89.1677.3 67.8976.19 83.7476.50 79.8776.38 73.8772.72 87.1171.26



31.3370.64 99.7570.35 80.0077.58 97.7071.27 21.4779.37 11.0871.73 76.30712.14 97.8473.24 99.4070.21 90.8678.42 50.8779.00 43.09715.5 100.0070.25 59.46712.32 99.3770.88 80.78722.71 60.27720.28 88.96713.2



a Percentage inhibition (calculated after 96 h growth with respect to the fungal growth in uninoculated M1 medium)7SD of three independent experiments.



the yeast E. fibuliger with respect to growth in M1 control medium. Fermentation products of LAB also inﬂuenced the growth of the ﬁlamentous fungus



P. roqueforti, which was inhibited by almost all strains at a percentage higher than 65.52% (C3-7). In particular, L. plantarum C21-41 was the most effective against
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P. roqueforti. Finally, L. citreum C2-27, W. cibaria C21-4 and L. rossiae C21-11 completely inhibited (498%) the growth of the other ﬁlamentous fungus A. niger. In order to assess the effectiveness of LAB FPs, the food preservative calcium propionate 0.3% (w/v) was used as a control. A. niger and P. roqueforti were almost completely inhibited by the preservative while E. fibuliger was shown to be resistant to the compound. Ten strains, including W. cibaria (C2-32, C4-21, C21-4 and C43-11), W. confusa (C5-7), L. lactis (C5-6) and all Leuconostoc and Lactobacillus species, inhibited P. roqueforti in the same way as the food preservative (P40.05). The strains which completely inhibited A. niger were also more effective than calcium propionate (Po0.05). W. cibaria C3-4 and W. confusa C3-7 inhibited yeast growth to the same degree as calcium propionate (P40.05), while the remaining strains, except for C4-17, were more effective (Po0.05). W. cibaria C21-4, L. citreum C2-27 and L. rossiae C21-11 nhibited all fungal strains to the same or a higher extent compared with calcium propionate, and the production of acetic and lactic acids was comparable (P40.05) between each strain (Table 2). In order to conﬁrm the role of these acids in the antifungal performance of the most active FPs, the inhibitory effect of pure lactic and acetic acids, at concentrations found in a representative FP (C21-11), was tested. Results indicated an inhibitory effect of M1 medium containing both organic acids (99.9770.04%, 75.5576.25% and 97.4473.62% inhibition against A. niger, P. roqueforti and E. fibuliger, respectively) which was comparable (P40.05) to that of C21-11 FP (Tables 2 and 3).



Effect of temperature, pH and proteolytic enzymes The antifungal activity of the selected FPs (C2-27, C21-11 and C21-4) was retained after heat exposure and after treatment with the proteolytic enzyme. Nevertheless, the activity was gradually lost when the pH value of the FP was adjusted to values above 4, although it reappeared after readjustment of the pH to initial values.



Discussion In this study, an investigation into the diversity of lactic acid bacteria associated with durum wheat semolina and whole durum wheat semolina enabled these ecosystems to be characterized and LAB strains to be selected that inhibited the growth of common fungal contaminants of bakery products. Analysis of the 30 semolina samples obtained from short or long conditioning of kernels showed a variable bacterial contamination. Generally, the bacterial count was



higher in semolina samples subjected to longer conditioning times, except in the case of the Simeto-Duilio, Simeto-Appulo and Ciccio samples (C9, C10, C27 and C47). These results are in agreement with data reported by Berghofer et al. [1], who observed an increase in the aerobic mesophilic count in Australian wheat after conditioning, mainly due to the presence of microorganisms in the mill machinery which can then establish in the wheat. Among the 125 presumptive LAB isolates, 75 were found in semolina samples from durum wheat subjected to long conditioning, with the remaining ones being recovered from short conditioned samples. Weissella was the most representative genus with 11 strains (referring to the REP-PCR patterns) out of 17 (Fig. 2). Although W. cibaria and W. confusa showed very similar 16S rRNA gene sequences, they were efﬁciently differentiated on the basis of the cluster analysis of their REP-PCR patterns. Isolates from the Leuconostoc, Lactobacillus and Lactococcus genera were also recovered. All species found in this study were common to the sourdough ecosystem [7], while no relationships were observed with species contaminating T. durum kernels collected from several Italian regions, including Apulia, where a prevalence of species belonging to the Enterococcus genus and strains of Lactobacillus graminis have been found [5]. These data suggest that the lactic acid bacteria population reported here for semolina samples may be due to a secondary contamination of semolina from mill equipment. Since the presence of W. cibaria and W. confusa species has been previously ascertained in Greek and Belgian sourdough [8,27] and in Italian sourdough [3], respectively, it can be supposed that these species originate from ﬂour. Also, species belonging to the Leuconostoc and Lactobacillus genera have been previously isolated from Italian sourdough [3,4,19], while L. lactis has been found in Portuguese sourdough [20]. In order to ﬁnd strains with antifungal activity, LAB were grown in a ﬂour-based medium comparable to a real food system and the resulting fermentation products were tested against three common fungal contaminants of bakery products showing variable antifungal properties. Results of the current study indicated a strong inhibitory activity of almost all strains against P. roqueforti, a species generally known to be tolerant to high levels of acids. This result can be attributed to the high sensitivity of the microdilution test used in this study, as also demonstrated by Lind et al. [16]. Three strains, namely W. cibaria C21-4, L. citreum and L. rossiae, had the strongest antifungal activity against all fungal strains, to the same or a higher extent compared with calcium propionate 0.3% (w/v). Their FPs were characterized by the highest inhibitory activity against A. niger, with low pH values and a high content of lactic and acetic acids. In order to ascertain a relationship between the antifungal activity and the acid
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content of FPs, the mixture of both acids was tested at concentrations equivalent to those found in the FPs. The ﬁndings indicated that the activity of acids mimicked the inhibitory effect of FPs. Results conﬁrmed the key role of lactic and acetic acids in the antimicrobial activity of LAB strains, as previously reported by other authors [10,17,21], while the other acids evaluated here were scarcely produced in the ﬂour-based M1 medium and the involvement of proteinaceous substances was excluded. This is the ﬁrst report on the antifungal performances of L. citreum and L. rossiae against insidious fungal species spoiling bakery products. However, the inhibitory activity of W. cibaria against Fusarium oxysporum has been ascertained and it was supposed to be related to the production of proteinaceous substances other than organic acids [22]. In addition, the antifungal performances of Weissella paramesenteroides, isolated from cereals, have been demonstrated [26]. Data from this study conﬁrm the importance of the exploration of different ecological niches to highlight the antifungal performances of LAB, which were strain related. However, it cannot be excluded that growth conditions, and in particular the medium composition, may inﬂuence the production of active metabolites. Nevertheless, the antifungal effect of LAB strains could be enhanced by modulating the production of antifungal metabolites in fermentation products to be used in food processing for prolonging the fungal-free shelf-life of ﬁnal products.
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