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ABSTRACT 20	

Beef burgers were stored at 4°C under vacuum in nisin-activated antimicrobial packaging. 21	

Microbial ecology analyses were performed from samples collected between days 0 to 21 of the 22	

storage to discover the population diversity. Two batches were analyzed using RNA-based DGGE 23	

and pyrosequencing. The active packaging retarded the growth of the total viable counts as well as 24	

lactic acid bacteria. Culture-independent analysis by pyrosequencing of RNA extracted directly 25	

from meat showed that Photobacterium phosphoreum, Lactococcus piscium, Lactobacillus sakei 26	

and Leuconostoc carnosum were the major OTUs shared between control and treated samples. Beta 27	

diversity analysis of the 16S rRNA sequences data and RNA-DGGE showed a clear separation 28	

between two batches based on the microbiota. Control samples from batch B showed a significant 29	

high abundance of some taxa sensitive to the nisin such as Kocuria rhizophila, Staphylococcus 30	

xylosus, Leuconostoc carnosum and Carnobacterium divergens compared to control samples from 31	

batch A. However, only from batch B it was possible to find a significant difference between 32	

controls and treated samples during the storage due to the active packaging. Predicted metagenomes 33	

confirmed differences between the two batches and indicated that the use of nisin-based 34	

antimicrobial packaging can determine a reduction in the abundance of specific metabolic pathways 35	

related to the spoilage. The present study aimed to study the viable bacterial communities in beef 36	

burgers stored in nisin-based antimicrobial packaging and highlights the efficacy of this strategy to 37	

prolong beef burgers shelf life. 38	

 39	

Keywords: antimicrobial vacuum packaging/meat/nisin/RT-PCR-DGGE/rRNA-based 40	
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INTRODUCTION 46	

Spoilage of meat or meat products is caused by an uncontrolled growth and various metabolic 47	

activities of the dominant microbiota found on these foods (1, 2). It is commonly assumed that 48	

microbiota of meat can originate from the processed animal’s skin or intestines and that 49	

contamination may occur during the successive steps of processing and distribution (3–6). 50	

Undesired microbial development in meat could also appear during storage. In particular, different 51	

storage conditions of meat products can influence the development of different microbial groups 52	

and their ability to produce spoilage-associated compounds such as esters, ketones, aldehydes, 53	

sulfur compounds, amines and volatile fatty acids (2, 7). In the last decades numerous methods had 54	

been applied for storage of meat to control the spoilage process extending the shelf life of raw meat 55	

and meat products. Among them, refrigerate storage conditions, addition of natural preservatives, 56	

vacuum pack (VP) and modified atmosphere packaging (MAP) could influence the development 57	

and the activities of the “ephemeral spoilage microorganisms (ESO)” and consequently the spoilage 58	

process (3). Antimicrobial nisin-based active packaging has also been recently developed as a 59	

powerful tool for meat storage (8–11). Depending on the storage conditions and other extrinsic 60	

factors, only a few species are able to sufficiently develop in the food matrix to significantly affect 61	

the food quality. 62	

The development and application of powerful molecular techniques have contributed to 63	

produce reliable data on the microbial species and strains occurring during meat storage. High-64	

throughput sequencing (HTS) is becoming an increasingly popular tool in food microbiology 65	

offering numerous chances of food microbiota assessment (12, 13). Although DNA-based 66	

procedures provide a picture of the global community, they do not necessarily reflect the live 67	

population, as the DNA may not originate from living cells. To avoid this bias several authors 68	

suggest the use of treatments with PMA or EMA prior to DNA extraction to detect or quantify 69	

viable microorganisms. However, in some cases EMA and PMA could also diffuse into living 70	

bacterial cells with intact membranes (14). On the other hand, RNA is considered a more useful 71	



	 4	

target for viable bacteria even though rRNA molecules remain available for detection after bacterial 72	

death for some generally not predictable time (14). Moreover, RNA should be considered as a more 73	

informative target than DNA as rRNA can be proportionally more abundant in microbial cells than 74	

DNA copies, and this could lead to more detailed picture of the matrix analyzed (15). Many studies 75	

showed that species from Lactobacillales, Bacillales, Enterobacterales, Pseudomonadales and 76	

Vibrionales, are the predominant spoilage microorganisms on meat/meat products (16). Indeed, it is 77	

poorly understood whether members of these microbial communities are active during storage of 78	

raw meat.  79	

The aim of this work was to study the viable bacterial communities in beef burgers stored in 80	

nisin-based antimicrobial VP and at following the changes in bacterial counts and diversity during 81	

storage at 4°C. 82	

 83	

MATERIALS AND METHODS 84	

Preparation of antimicrobial bags and films. A nisin-based antimicrobial solution (NS) at 2.5% 85	

(Nisin, Sigma, Milan, Italy) was prepared as described by Ercolini et al. (17). Four milliliter of 86	

antimicrobial solution was used to manually coat the inner layer of 12 bags of Linear Low Density 87	

Polyethylene (LLPDE, oxygen transmission 0.83 cm3 m-2 h-1 at 23°C, 30 X 30 cm2). A coating rod 88	

able to form a 45 µm thick coating was used. One mL of antimicrobial solution was used to 89	

manually coat both sides of 72 LLDPE strips (30 cm x 10 cm). Both bags and films were then air 90	

dried at 50 °C and used for the packaging of beef burger samples as described below. The 91	

antimicrobial activity of pieces of plastic films was checked in agar assays as previously described 92	

(18), using Listeria monocytogenes EGDE as the indicator strain. Briefly, the treated films were 93	

located onto the surface of a BHI (Oxoid, Milan, Italy) soft (0.75%) agar plates seeded with 2.5% of 94	

an overnight culture of L. monocytogenes EGDE as the indicator strain. The treated face of the film 95	

was in contact with the agar. Untreated films were assayed as negative controls. After incubation 96	
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the antimicrobial activity was evaluated by observing a clear zone of growth inhibition in 97	

correspondence of the active film. 98	

Beef burger samples and microbial analysis. Beef burger samples (100 g each in a square shape) 99	

were manufactured in a local meat factory in the area of Torino, Italy. The formulation used in the 100	

manufacture included minced beef, salt and pepper. Two independent batches were analyzed 101	

(namely A and B). Both batches were prepared with meat from the same supplier in two different 102	

periods of time. Figure 1 presents a schematic representation of the experimental plan. Twenty-103	

seven beef burgers were placed inside the activated bag, on three layers one on the top of each 104	

other, nine burgers on each layer in a three by three square. Three activated strips were placed on 105	

top of the first and second layers of burgers, in order to let both faces of each burger be in contact 106	

with a strip or with the inner face of the activated bag. No space was left between each burger on 107	

every layer to avoid oxygen accumulation during successive packaging. A total of 324 burgers were 108	

prepared in twelve bags, six bags for each batch. The samples were then vacuum packed before 109	

thermal sealing and stored at 4 °C. After 1, 3, 5, 7, 14 and 21 days of storage one bag from each 110	

batch was opened and six samples from each bag were taken for microbiological analysis and 111	

microbial population assessment. The burgers were collected by taking two samples from each 112	

layer at random positions, the two samples were then pooled together and 10 g of each of the three 113	

pools were homogenized with 90 mL of Ringer’s solution (Oxoid, Milano, Italy) for 2 min in a 114	

stomacher (LAB Blender 400, PBI, Italy; stomacher bags: Sto-circul-bag, PBI, Italy) at room 115	

temperature. Before packing, at time 0, three burgers for each batch were also analyzed. An equal 116	

series of 324 burgers in twelve bags were packed as described above using non activated bags and 117	

strips, and used as a control. From each control (C) and treated (T) sample, 1 ml of the first decimal 118	

dilution was used to determine: i) total aerobic bacteria, ii) Lactic Acid Bactiera (LAB), iii) 119	

Staphylococcaceae, iv) Enterobacteriaceae, v) yeasts and vi) moulds, by using selective media and 120	

conditions previously described (19). Results were expressed as means of Log colony forming units 121	

(CFU) for three independent determinations on each batch. 122	
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The pH of each sample was measured by using a digital pH meter (Waterproof pH Tester, Thermo 123	

Scientific, Nijkerk, The Netherlands).  124	

Total DNA and RNA extraction from beef burger samples. At each sampling point, 1 ml of the 125	

first decimal dilution was collected and directly centrifuged at maximum speed for 30 s. Nucleic 126	

acid were extracted from two out of three biological replicates from each batch. Total DNA was 127	

extracted as described by Alessandria et al. (20). DNA was quantified using a NanoDrop 1000 128	

spectrophotometer (Thermo Scientific, Milano, Italy) and standardized at 100 ng/µl. For RNA 129	

extraction, 200 µl of RNA-later (Ambion, Applied Biosystems, Milan, Italy) was immediately 130	

added to the pellet and stored at -80 °C. Total RNA from the samples was extracted using the 131	

MasterPureTM Complete DNA and RNA Purification kit (Epicentre, Madison, WI, USA) 132	

following the manufacturer's instructions. Three microliters of TURBO-DNase (Ambion) were 133	

added to digest DNA in the RNA samples, with an incubation of 3 h at 37 °C. RNA was quantified 134	

using the Nanodrop and standardized at 300 ng/µL. Reverse transcription (RT) reactions were 135	

performed using M-MLV reverse transcriptase (Promega, Milan, Italy). Three hundred ng of RNA 136	

was mixed with 1 µ l of 10 µM by using the universal primer 518R and DNase- and RNase-free 137	

sterile water (Sigma) to a final volume of 10 µl and then incubated at 75 °C for 10 min. The mix 138	

was placed on ice and a mixture containing 50 mM Tris-HCl (pH 8.3), 75 mM KCl, 3 mM MgCl2, 139	

10 mM DTT, 2 mM of each dNTP, 1 µl of 200 Uµ l-1 M-MLV and 0.96 U of RNasin ribonuclease 140	

inhibitor (Promega) was transferred to the reaction tube. Reverse transcription was carried out at 141	

42°C for 1 h. 142	

DGGE analysis. One µl of DNA, or cDNA, from two biological replicates of each batch was used  143	

as a template in the PCR reaction. The V3 region of the 16S rRNA gene was amplified with the 144	

primers 338f-GC/518r, as previously described (21). PCR products were analyzed by denaturing 145	

gradient gel electrophoresis (DGGE) at 30-60% by using a Bio-Rad Dcode as suggested elsewhere 146	

(19). 147	
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RNA analysis by pyrosequencing. cDNA was used to study the microbial diversity of the viable 148	

populations by pyrosequencing of the amplified V1–V3 region of the 16S rRNA gene by using 149	

primers and PCR condition previously reported (22). PCR products were purified by Agencourt 150	

AMPure kit (Beckman Coulter, Milano, Italy), quantified using the QuantiFluor™ (Promega, 151	

Milano, Italy) and an equimolar pool of the PCR templates was obtained prior to further processing. 152	

The amplicon pool was processed by using Titanium chemistry on a GS Junior platform (454 Life 153	

Sciences, Roche, Monza, Italy) according to the manufacturer's instructions. 154	

Statistical analysis. Data from microbiological counts were analyzed by one-way analysis of 155	

variance (ANOVA) for each individual packaging condition, with time or batch as the main factor, 156	

using SPSS 22.0 statistical software package (SPSS Inc., Cary, NC, USA). When ANOVA revealed 157	

significant differences (P < 0.05), Duncan HSD test was applied. t test was used to assess the 158	

differences in microbial loads between C and T samples at the same time of sampling and between 159	

C samples of the two batches. A database of fingerprints was created by using the software 160	

Bionumerics version 4.6 (Applied Maths, Sint Marten Latem, Belgium). A combined data matrix 161	

including DNA and RNA fingerprints was obtained and dendrograms of similarity were retrieved 162	

by using the Dice coefficient and Unweighted Pair Group Method using Arithmetic average 163	

(UPGMA) clustering algorithm (23). The similarity distance matrix generated via Bionumerics was 164	

used to build Partial Least Squares Discriminant Analysis (PLS-DA) by using R package 165	

“mixOmics” (www.r-project.org).  166	

Bioinformatics and Metagenome prediction. Raw reads were first filtered according to the 454 167	

processing pipeline. Sequences were then analyzed and further filtered by QIIME 1.9.0 software 168	

(24) using split_library.py and denoiser.py scripts (25). 99 % OTUs were picked against the 169	

Greengenes database 16S rRNA gene (26). Abundance of OTUs from two biological replicates of 170	

each sampling time was averaged. Alpha and beta diversity were evaluated through QIIME (4). 171	

Weighted UniFrac distance matrices (27) and OTU tables were used to perform Adonis, Anosim, 172	

g_test, ANOVA and distance comparison statistical tests through compare_category.py, 173	
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make_distance_comparison_plots.py and group_significance.py scripts of QIIME, in order to verify 174	

the difference between the samples as function of batches (A-B) and packaging (C-T). The 175	

Shannon-Wiener diversity index H’ was further analyzed using ANOVA, with time being the main 176	

factor. When ANOVA revealed significant differences (P < 0.05), Duncan HSD test was applied. 177	

Filtered OTUs table at 0.5 % abundance in at least two samples was used to make a heatmap by R 178	

package “heatmap3”. Filtered OTUs table at 5 % abundance was used to produce nodes and edge 179	

tables obtained through make_otu_network.py scripts of QIIME. The tables were then imported in 180	

Gephi software (28) and an OTU network was built. PICRUSt (29) was used to predict abundances 181	

of gene families based on 16S rRNA sequences data. OTUs were re-determined by using 182	

pick_closed_reference_otus.py script of QIIME 1.9.0 with default parameters at 97 % similarity 183	

against the Greengenes database. KEGG orthologs were then collapsed at level 3 of hierarchy, and 184	

the table was import in “gage” Bioconductor package (30), to identify biological pathways over or 185	

under represented between T and C samples. KO genes table, filtered for KO gene presence ≥ 1 in 186	

at least 5 samples were then used to build a PCA as a function of the batch by using “made4” 187	

package of R. Spearman’s correlations between OTUs occurring at 5 % in at least two samples and 188	

predicted metabolic pathways related to amino acid, lipid, energy and carbohydrate metabolism 189	

were only taken into account and used to produce a heatplot.  190	

Nucleotide sequence accession number. All the sequencing data were deposited at the Sequence 191	

Read Archive of the National Center for Biotechnology Information (accession number 192	

SRP052241).  193	

 194	

RESULTS 195	

Microbiological analysis. The antimicrobial activity of the plastic films tested in agar plates 196	

proved that the antimicrobial solution was homogeneously distributed on the surface of the plastic 197	

film (data not shown). The results of microbial counts of beef burgers in T and C packaging for 198	

batch A and B are reported in Tables 1 and 2, respectively. For batch A, few differences between C 199	
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and T samples were observed. The total viable counts, as well as LAB counts, were not affected by 200	

the use of the antimicrobial packaging and they increased in all the samples throughout the storage, 201	

reaching a final load of about 6 Log CFU/g (Tab. 1). Few differences were observed in the count of 202	

yeasts, while no differences were detected for Staphylococcaceae, Enterobacteriaceae and moulds. 203	

For batch B, LAB increased from 4.4 to 6 Log CFU/g in C samples during storage, while in the 204	

active packaging the load was kept to about 4.4 CFU/g during the whole storage period, with a 205	

slight increase at day 3. The effect of the antimicrobial packaging was shown, with a significant 206	

reduction (P < 0.05) of the total viable counts of about 1 Log at the end of the storage (Tab. 2). No 207	

differences were observed for Staphylococcaceae, Enterobacteriaceae, mould and yeast counts. A 208	

significant decrease of pH was observed for both batches (P < 0.05) (Tab. 1). By comparing batches 209	

A and B, viable counts at time 0 in all the media appeared to be significantly higher in batch B (P < 210	

0.05).  211	

DGGE analysis. Partial Least Squares Discriminate Analysis (PLS-DA), as a function of nucleic 212	

acids, showed a certain gradient of separation between DNA and RNA samples (Fig. 2A), while 213	

those as a function of the batches (Fig. 2B) presented a clear separation. The distinction was 214	

particularly important for samples of batch A, which appear to group together, and separated from 215	

samples B. On the other hand it was possible to observe a certain degree of separation among C and 216	

T samples of batch B (Fig. 2C).  217	

Pyrosequencing results. A total of 371,314 raw reads were obtained after 454 processing. 290,245 218	

reads passed the filters applied through QIIME, with an average value of 5,023 reads/sample and an 219	

average length of 462 bp. The rarefaction analysis and the estimated sample coverage (Table S1) 220	

indicated that there was satisfactory coverage for all the samples (ESC > 98%). The richness of the 221	

samples varied from a minimum of 44 to a maximum of 194 OTUs. The results, based on storage 222	

days, revealed that only from C samples of batch B at 3 and 5 days there was a significant reduction 223	

on biological diversity compared to the other samples. The OTU network, presented in Figure 3, 224	

showed that Photobacterium phosphoreum, Lactococcus piscium, Lactobacillus sakei and 225	
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Leuconostoc carnosum were the major OTUs shared between C and T in both batches. From the 226	

size of the edges, it was possible to see how the relative abundance of the above OTUs increased, as 227	

affected by the VP time compared to the samples at day 0. In particular, regarding the most 228	

abundant OTUs, P. phosphoreum increased from about 15 to 50% of the relative abundance in both 229	

batches (Fig. 4), while Lb. sakei increased from 10 to 30%. In general, Leuc. carnosum were found 230	

in all the samples never lower than 3%. L. piscium was most abundant at the beginning of the 231	

storage reaching 74% of the relative abundance around 5 days of storage (for C of batch A) and 232	

reaching 70% in C samples of batch B (day 1). At the end L. piscium was present (about 10%) in all 233	

the samples. Analyzing the microbial diversity, the development of genera and species in both 234	

batches could be observed in the heatmap depicted in Figure 5. It was possible to define a sub-235	

cluster between treated samples at day 7 from batch A (T_7_A) with control samples at day 0 from 236	

both batch A and B (C_0_A and C_0_B). Three subclusters of samples were found grouping most 237	

of treated and control samples at days 1, 3 and 5. After 14 days the majority of samples clustered 238	

together and no differences were found between C and T samples in both batches. Further, the 239	

OTUs less represented at the beginning disappeared with time. These results were confirmed 240	

(Bonferroni corrected P-value < 0.001), through make_distance_comparison_plots.py script of 241	

QIIME (data not shown). Through principal-coordinate analysis (PCoA) with a weighted UniFrac 242	

distance matrix it was possible to show that samples from batch A grouped together and they were 243	

well separated from batch B on the basis of their microbiota (Fig. 6). The Adonis and Anosim 244	

statistical tests run through compare_categories.py script of QIIME confirmed this difference (P < 245	

0.001). Comparing T samples from batch A to B, no differences in terms of composition were 246	

found, whilst C samples from batch A to B differed significantly (P < 0.001). However, according 247	

to statistical tests, only from batch B it was possible to find a significant difference between C and 248	

T during the storage (P < 0.001). ANOVA and g_test run through group_significance.py script of 249	

QIIME showed that Kocuria rhizophila, L. piscium, Staphylococcus xylosus, Leuc. carnosum and 250	
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Carnobacterium divergens were significantly more abundant in C of batch B compared to C of 251	

batch A.  252	

Regarding the predicted metagenomes, NSTI index for the samples was 0.053 ± 0.010. This index 253	

is the average branch length that separates each OTU from a reference bacterial genome, weighted 254	

by the abundance of that OTU in the sample. Thus a NSTI score of 0.053 indicates a satisfactory 255	

accuracy for all the samples (95%). The pathway enrichment analysis performed by “gage” of the 256	

predicted metagenomes showed an enrichment of propanoate metabolism (ko00640), butanoate 257	

metabolism (ko00650) biosynthesis of unsaturated fatty acids (ko01040) and sulfur metabolism 258	

(ko00920) in C samples compared to T from batch B, only (data not shown). In contrast, from batch 259	

A, only pathways involved in cellular processes, biosynthesis of secondary metabolites and 260	

metabolism of amino acids were found to be more abundant in C compared to T samples. 261	

Differences between the two batches were further demonstrated by PCA analysis comprising all the 262	

predicted pathways (Fig. S1). The PCA clearly showed that samples from A were different from B 263	

samples. Plotting the correlation between OTUs and predicted pathways (Fig. 7) of batch B it 264	

appeared that Leuc. carnosum and Lb. sakei were positively correlated with the metabolism of 265	

volatile fatty acids such as propanoate and butanoate. L. piscium was mainly correlated with the 266	

biosynthesis of unsaturated fatty acids while Leuc. carnosum was found linked to sulfur metabolism 267	

(Fig. 7). On the other hand, despite the strong Spearman's correlation, the relationship between 268	

OTUs and predicted pathways was not statistically significant (P > 0.05). 269	

 270	

DISCUSSION 271	

The present study aimed at providing a more integrated view on the live viable microbiota 272	

development during storage of beef burgers in nisin-based antimicrobial vacuum packaging. For 273	

this purpose, an extensive sampling procedure of two different batches with six biological samples 274	

replicated each time was used. This may be helpful to limit the inter-sample variability. The 275	

concentration of the antimicrobial agents was chosen because of its effectiveness to retard the 276	
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growth of spoilage bacteria in beef stored in vacuum condition (11, 17). Differences in microbial 277	

composition during storage were investigated by using classical plate counts, RNA-based DGGE 278	

and rRNA-based pyrosequencing.  279	

Comparing C samples from the two batches, it was observed that the initial counts of the main 280	

microbial groups were higher in batch B, compared to A. The microbial load of meat depends on 281	

several factors such as the initial physiological status of the animal, the contamination at 282	

slaughterhouses and in the equipment used for the meat manipulation, as well as temperature and 283	

storage conditions (3). An effect of the antimicrobial packaging on the reduction of the total viable 284	

counts as well as LAB counts was observed only in batch B. However, for both batches the 285	

microbiological counts at the end of storage (21 days) showed how the beef burgers stored in active 286	

packaging were acceptable in terms of final counts of the main microbial group monitored, as 287	

previously reported (31), because the total viable count was lower than 7 Log CFU/g.  288	

The OTU network clearly showed that the core of OTUs was dominated by the presence of P. 289	

phosphoreum, L. piscium, Lb. sakei, C. divergens and Leuc. carnosum. P. phosphoreum was 290	

previously reported as dominant of spoiled cod under MAP conditions (32) and recently found as 291	

core OTUs of seafood community (1). L. piscium and Lb. sakei have been recently found in a 292	

variety of meat products under MAP conditions (33). Their effect on the food matrix appeared to be 293	

related to the production of off-flavors (34). In accordance to these evidences, a positive correlation 294	

between L. piscium and the metabolic pathways of histidine metabolism and fatty acid biosynthesis 295	

was found, together with a presumptive abundance of genes related to amino acid metabolism for 296	

Lb. sakei. On the other hand, the most abundant OTU, P. phosphoreum, appeared to be positively 297	

correlated with volatile fatty-acid metabolisms, biosynthesis of unsaturated fatty acid and nitrogen 298	

metabolism. As previously demonstrated (32), this species produces ammonia-like off-odours, but it 299	

needs to reach a concentration of 107 CFU/g in order to have an organoleptic impact on the food 300	

product. Unfortunately in our study a specific medium for the detection of P. phosphoreum was not 301	

included. The presence of Enterobacteriaceae under VP conditions is reported to be particularly 302	
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important, both for its high deteriorating potential and for food safety (34). In this study, based on 303	

the viable microbiota, the relative abundance of the members of Enterobacteriaceae was very low, 304	

indicating that only few taxa could play a role during the spoilage of meat under VP condition used 305	

here. 306	

By PLS-DA analysis based on DNA and RNA DGGE profiles, a certain degree of separation of the 307	

samples based on the nucleic acid analyzed was observed. To evaluate the metabolically active 308	

populations only the RNA data were taken into account. Beta diversity calculation, PLS-DA and 309	

rRNA-based pyrosequencing results, confirmed the impact of the antimicrobial packaging only for 310	

batch B. By using rRNA-based pyrosequencing it was possible to find a significant change in the 311	

relative abundance of the most abundant OTUs in response to the treatment only for batch B. 312	

However, this was not related to the initial load, but only to the species diversity. Interestingly, C 313	

samples from batch B showed a significantly higher abundance of some taxa such as Kocuria 314	

rhizophila, Staphylococcus xylosus, Leuc. carnosum and C. divergens compared to C samples from 315	

batch A. These OTUs are those sensitive to the nisin treatment (11, 35–37), explaining the 316	

differences between the two batches.  317	

The evidences presented in this study showed that the nisin-based antimicrobial packaging 318	

was effective only as a function of the microbiota. The treatment impact was observed when 319	

microbiota sensitive to nisin were present in the samples at the beginning, and independently of the 320	

initial load in the food matrix. In conclusion, our study based on viable microbiota showed that only 321	

a few taxa can really play a role during the storage of beef burgers. Further, the use of nisin-based 322	

antimicrobial packaging can determine a reduction of the abundance of specific metabolic pathways 323	

related to the spoilage, with a potential impact on the prolongation of the shelf life. Further studies 324	

are needed for verifying this possible prolongation by evaluating the sensory properties of the 325	

samples and by metabolomics and metatranscriptomic studies. 326	

 327	

 328	



	 14	

ACKNOWLEDGMENTS 329	

This study was founded by the Piedmont Region, Italy, under grant agreement no. 0186000155 330	

(SafeNutriFood Project). The authors would like to thank the research group at Chimete s.r.l. for the 331	

technical support on films and bags preparation used in this study. 332	

 333	

REFERENCES 334	

 335	
1.  Chaillou S, Chaulot-Talmon A, Caekebeke H, Cardinal M, Christieans S, Denis C, 336	

Hélène Desmonts M, Dousset X, Feurer C, Hamon E, Joffraud J-J, La Carbona S, 337	
Leroi F, Leroy S, Lorre S, Macé S, Pilet M-F, Prévost H, Rivollier M, Roux D, Talon R, 338	
Zagorec M, Champomier-Vergès M-C. 2015. Origin and ecological selection of core and 339	
food-specific bacterial communities associated with meat and seafood spoilage. ISME J 340	
9:1105–1118. 341	

 342	
2.  Doulgeraki AI, Ercolini D, Villani F, Nychas G-JE. 2012. Spoilage microbiota associated 343	

to the storage of raw meat in different conditions. Int J Food Microbiol 157:130–41. 344	
 345	
3.  Nychas G-JE, Skandamis PN, Tassou CC, Koutsoumanis KP. 2008. Meat spoilage during 346	

distribution. Meat Sci 78:77–89. 347	
 348	
4.  De Filippis F, La Storia A, Villani F, Ercolini D. 2013. Exploring the sources of bacterial 349	

spoilers in beefsteaks by culture-independent high-throughput sequencing. PLoS One 350	
8:e70222. 351	

 352	
5.  Labadie J. 1999. Consequences of packaging on bacterial growth. Meat is an ecological 353	

niche. Meat Sci 52:299–305. 354	
 355	
6.  Borch E, Kant-Muermans M-L, Blixt Y. 1996. Bacterial spoilage of meat and cured meat 356	

products. Int J Food Microbiol 33:103–120. 357	
 358	
7.  Casaburi A, Piombino P, Nychas G-J, Villani F, Ercolini D. 2015. Bacterial populations 359	

and the volatilome associated to meat spoilage. Food Microbiol 45:83–102. 360	
 361	
8.  La Storia A, Ferrocino I, Torrieri E, Di Monaco R, Mauriello G, Villani F, Ercolini D. 362	

2012. A combination of modified atmosphere and antimicrobial packaging to extend the 363	
shelf-life of beefsteaks stored at chill temperature. Int J Food Microbiol 158:186–194. 364	

 365	
9.  Economou T, Pournis N, Ntzimani A, Savvaidis IN. 2009. Nisin–EDTA treatments and 366	

modified atmosphere packaging to increase fresh chicken meat shelf-life. Food Chem 367	



	 15	

114:1470–1476. 368	
 369	
10.  López-Mendoza MC, Ruiz P, Mata CM. 2007. Combined effects of nisin, lactic acid and 370	

modified atmosphere packaging on the survival of Listeria monocytogenes in raw ground 371	
pork. Int J Food Sci Technol 42:562–566. 372	

 373	
11.  Ferrocino I, La Storia A, Torrieri E, Musso SS, Mauriello G, Villani F, Ercolini D. 374	

2013. Antimicrobial packaging to retard the growth of spoilage bacteria and to reduce the 375	
release of volatile metabolites in meat stored under vacuum at 1°C. J Food Prot 76:52–8. 376	

 377	
12.  Cocolin L, Ercolini D. 2015. Zooming into food-associated microbial consortia: A 378	

“cultural” evolution. Curr Opin Food Sci 2:43–50. 379	
 380	
13.  Ercolini D. 2013. High-throughput sequencing and metagenomics: moving forward in the 381	

culture-independent analysis of food microbial ecology. Appl Environ Microbiol 79:3148–382	
55. 383	

 384	
14.  Ceuppens S, Li D, Uyttendaele M, Renault P, Ross P, Ranst M Van, Cocolin L, 385	

Donaghy J. 2014. Molecular Methods in Food Safety Microbiology: Interpretation and 386	
Implications of Nucleic Acid Detection. Compr Rev Food Sci Food Saf 13:551–577. 387	

 388	
15.  Dolci P, Zenato S, Pramotton R, Barmaz A, Alessandria V, Rantsiou K, Cocolin L. 389	

2013. Cheese surface microbiota complexity: RT-PCR-DGGE, a tool for a detailed picture? 390	
Int J Food Microbiol 162:8–12. 391	

 392	
16.  Sun XD, Holley RA. 2012. Antimicrobial and Antioxidative Strategies to Reduce Pathogens 393	

and Extend the Shelf Life of Fresh Red Meats. Compr Rev Food Sci Food Saf 11:340–354. 394	
 395	
17.  Ercolini D, Ferrocino I, La Storia A, Mauriello G, Gigli S, Masi P, Villani F. 2010. 396	

Development of spoilage microbiota in beef stored in nisin activated packaging. Food 397	
Microbiol 27:137–143. 398	

 399	
18.  Mauriello G, Ercolini D, La Storia A, Casaburi A, Villani F. 2004. Development of 400	

polythene films for food packaging activated with an antilisterial bacteriocin from 401	
Lactobacillus curvatus 32Y. J Appl Microbiol 97:314–22. 402	

 403	
19.  Greppi A, Ferrocino I, La Storia A, Rantsiou K, Ercolini D, Cocolin L. 2015. Monitoring 404	

of the microbiota of fermented sausages by culture independent rRNA-based approaches. Int 405	
J Food Microbiol 212:67–75. 406	

 407	
20.  Alessandria V, Dolci P, Rantsiou K, Pattono D, Dalmasso A, Civera T, Cocolin L. 2010. 408	

Microbiota of the Planalto de Bolona: an artisanal cheese produced in uncommon 409	
environmental conditions in the Cape Verde Islands. World J Microbiol Biotechnol 26:2211–410	



	 16	

2221. 411	
 412	
21.  Muyzer G, De Waal EC, Uitterlinden AG. 1993. Profiling of complex microbial 413	

populations by denaturing gradient gel electrophoresis analysis of polymerase chain reaction-414	
amplified genes coding for 16S rRNA. Appl Envir Microbiol 59:695–700. 415	

 416	
22.  Ercolini D, De Filippis F, La Storia A, Iacono M. 2012. “Remake” by high-throughput 417	

sequencing of the microbiota involved in the production of water buffalo mozzarella cheese. 418	
Appl Environ Microbiol 78:8142–5. 419	

 420	
23.  Vauterin L, Vauterin P. 1992. Computer-aided objective comparison of electrophoresis 421	

patterns for grouping and identification of microorganisms. Eur J ClinMicrobiol 1:37–41. 422	
 423	
24.  Caporaso JG, Lauber CL, Walters WA, Berg-lyons D, Lozupone CA, Turnbaugh PJ, 424	

Fierer N, Knight R. 2010. Global patterns of 16S rRNA diversity at a depth of millions of 425	
sequences per sample. PNAS 108:4516–4522. 426	

 427	
25.  Reeder J, Knight R. 2010. Rapidly denoising pyrosequencing amplicon reads by exploiting 428	

rank-abundance distributions. Nat Methods 7:668–9. 429	
 430	
26.  McDonald D, Price MN, Goodrich J, Nawrocki EP, DeSantis TZ, Probst A, Andersen 431	

GL, Knight R, Hugenholtz P. 2012. An improved Greengenes taxonomy with explicit ranks 432	
for ecological and evolutionary analyses of bacteria and archaea. ISME J 6:610–8. 433	

 434	
27.  Lozupone C, Knight R. 2005. UniFrac: a new phylogenetic method for comparing 435	

microbial communities. Appl Environ Microbiol 71:8228–35. 436	
 437	
28.  Bastian M, Heymann S, Jacomy M. 2009. Gephi: An open source software for exploring 438	

and manipulating networks. BT  - International AAAI Conference on Weblogs and Social 439	
361–362. 440	

 441	
29.  Langille MGI, Zaneveld J, Caporaso JG, McDonald D, Knights D, Reyes J a, Clemente 442	

JC, Burkepile DE, Vega Thurber RL, Knight R, Beiko RG, Huttenhower C. 2013. 443	
Predictive functional profiling of microbial communities using 16S rRNA marker gene 444	
sequences. Nat Biotechnol 31:814–21. 445	

 446	
30.  Luo W, Friedman MS, Shedden K, Hankenson KD, Woolf PJ. 2009. GAGE: generally 447	

applicable gene set enrichment for pathway analysis. BMC Bioinformatics 10:161. 448	
 449	
31.  Ercolini D, Ferrocino I, Nasi A, Ndagijimana M, Vernocchi P, La Storia A, Laghi L, 450	

Mauriello G, Guerzoni ME, Villani F. 2011. Monitoring of microbial metabolites and 451	
bacterial diversity in beef stored under different packaging londitions. Appl Environ 452	
Microbiol 77:7372–7381. 453	



	 17	

 454	
32.  Dalgaard P, Mejlholm O, Christiansen TJ, Huss HH. 1997. Importance of 455	

Photobacterium phosphoreum in relation to spoilage of modified atmosphere-packed fish 456	
products. Lett Appl Microbiol 24:373–378. 457	

 458	
33.  Rahkila R, Nieminen T, Johansson P, Säde E, Björkroth J. 2012. Characterization and 459	

evaluation of the spoilage potential of Lactococcus piscium isolates from modified 460	
atmosphere packaged meat. Int J Food Microbiol 156:50–9. 461	

 462	
34.  Hernández-Macedo ML, Contreras-Castillo CJ, Tsai SM, Da Cruz SH, Sarantopoulos 463	

CIGL, Padula M, Dias CTS. 2012. Gases and volatile compounds associated with micro-464	
organisms in blown pack spoilage of Brazilian vacuum-packed beef. Lett Appl Microbiol 465	
55:467–475. 466	

 467	
35.  Sebti I, Chollet E, Degraeve P, Noel C, Peyrol E. 2007. Water sensitivity, antimicrobial, 468	

and physicochemical analyses of edible films based on HPMC and/or chitosan. J Agric Food 469	
Chem 55:693–9. 470	

 471	
36.  Aymerich M., Garriga M, Costa S, Monfort J., Hugas M. 2002. Prevention of ropiness in 472	

cooked pork by bacteriocinogenic cultures. Int Dairy J 12:239–246. 473	
 474	
37.  Lauková  a., Štyriak I, Mareková M. 2001. In vitro antagonistic effect of nisin on faecal 475	

enterococci and staphylococci. Vet Med (Praha) 46:237–240. 476	
 477	
 478	

Legends to figures 479	

FIG 1 Layout of the experimental plan. A total of 324 burgers were prepared in twelve bags, six 480	

bags for each batch. (a.) Twenty-seven beef burgers were disposed on three layers one on the top of 481	

each other, nine burgers on each layer in a three by three square. Three activated strips were 482	

disposed on top of the first and second layers of burgers. (b.) Beef-burgers were then vacuum 483	

packed in the activated bag in order to let both faces of each burger be in contact with a strip or with 484	

the inner face of the activated bag. (c.) At each sampling point the bags were opened and (d.) six 485	

burgers were collected by taking and pooled together two burgers samples from each layer at 486	

random positions. For microbiological analysis three pools were than used, while for microbial 487	

population assessment two pools were used to perform DGGE and rRNA-based pyrosequencing. 488	
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An equal series of 324 burgers in twelve bags were packed as described above using non-activated 489	

bags and strips, and used as a control. 490	

FIG 2 PLS-DA models built on the similarity distance matrix on RNA-DGGE similarity matrix. 491	

Plot A is color coded as a function of the nucleic acids: DNA (cyan) and RNA (yellow); Plot B is as 492	

a function of the batch: A (red) and B (green), while Plot C is as a function of the packaging 493	

condition in batch B: active packaging (blue) non-active packaging (red).  494	

FIG 3 OTU network summarizing the relationships between taxa and samples. Only OTUs 495	

occurring at 5% in at least 2 samples are shown. Abundance of OTUs in the 2 biological replicates 496	

for each sampling time was averaged. Sizes of the OTUs are made proportional to weighted degree 497	

(i.e. for OTUs this measures the total occurrence of an OTU in the whole dataset) using a power 498	

spline. OTUs and samples are connected with a line (“edge”) to sample node and its thickness is 499	

made proportional to the abundance of an OTU in the connected sample. Samples are color coded 500	

as a function of the batch: A (red) and B (green). 501	

FIG 4 Incidence of the major taxonomic groups detected by pyrosequencing. Only OTUs with an 502	

incidence above 5% in at least two samples are shown. Abundance of OTUs in the 2 biological 503	

replicates for each sampling time was averaged. Samples are labelled according to time (0, 1, 3, 5, 504	

7, 14 and 21 days), batch (A and B) and treatment: active (T) and non-active (C) vacuum 505	

packaging. 506	

FIG 5 Distribution of OTUs in samples stored in active (T) and non-active (C) vacuum packaging. 507	

The dendrogram of samples (top) was divided into two parts based on the correlation between 508	

samples. The categorical annotations (top) were separated into columns, and the samples were 509	

labelled by black squares as a function of batches or packaging conditions. The numeric annotation 510	

(day of storage) was demonstrated by a scatter plot, and the values were labelled at the right axis. 511	

Abundance of OTUs in the 2 biological replicates for each sampling time was averaged.  512	

FIG 6 Principal Co-ordinate Analysis (PCoA) based on weighted Unifrac distance matrix. Samples 513	

are color-coded according of the batch: A (red) and B (green). 514	
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FIG 7 Heatplot showing Spearman’s correlations between OTUs occurring at 5% in at least 2 515	

samples and predicted metabolic pathways, filtered for KO gene samples presence ≥ 1 in at least 5 516	

samples, related to amino acid (red squares), lipid (green squares), energy (brown squares) and 517	

carbohydrate metabolism (blue squares). Rows and columns are clustered by Ward linkage 518	

hierarchical clustering. The intensity of the colors represents the degree of correlation between the 519	

OTUs and KO as measured by the Spearman’s correlations. 520	

  521	
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TABLE 1 Viable counts of different meat spoilage microbial groups in hamburgers vacuum-packed in non active (C) and active (T) 
packaging from batch A during storage at 4°C for 21 days  

Packaging Storage 
time (days) 

  †Log CFU g-1 ± SD 

 LAB Staphylococcaceae Enterobacteriaceae Moulds  Yeast  Total counts 

pH (MRS agar)  (MSA) (VRBA)  (AMT) (AMT) (GPA) 

Non-active 
(C) 

0 6.03 ± 0.02Da 4.09 ± 0.05A 3.57 ± 0.06A 2.59 ± 0.10A 1.59 ± 0.15A 2.55 ± 0.22A 5.02 ± 0.34A 
1 6.03 ± 0.04Da 4.61 ± 0,13Ba 3.85 ± 0.06Ba 2.85 ± 0.02DEa 1.70 ± 0.15ABa 3.07 ± 0.15Ba 5.04 ± 0.02Aa 
3 5.68 ± 0.01Ca 4.89 ± 0.11Ca 4.02 ± 0.08BCa 3.16 ± 0.15Ca 1.85 ± 0.00ABCa 3.12 ± 0.07Ba 5.49 ± 0.04Ba 
5 5.65 ± 0.01BCa 5.19 ± 0.08Da 4.07 ± 0.11BCa 3.29 ± 0.22CDa 1.85 ± 0.59ABCa 3.39 ± 0.06Ca 5.74 ± 0.07BCa 
7 5.63 ± 0.01Ba 4.57 ± 0.36Ba 4.20 ± 0.21Ca 3.36 ± 0.18CDEa 2.09 ± 0.3BCa 3.52 ± 0.12Ca 5.93 ± 0.18BCDa 

14 5.33 ± 0.01Aa 4.68 ± 0.28BCa 4.49 ± 0.45Da 3.52 ± 0.11DEa 2.18 ± 0.20Ca 3.54 ± 0.20Ca 6.18 ± 0.53CDAa 
21 5.31 ± 0.00Aa 6.00 ± 0.76Ea 5.76 ± 0.53Ea 3.60 ± 0.42Ea 3.33 ± 0.09Da 3.60 ± 0.20Ca 6.28 ± 0.90Da 

	 	  	 	 	 	 	 	

Active  
(T) 

0 6.03 ± 0.02Da 4.09 ± 0.05A 3.57 ± 0.06A 2.59 ± 0.10A 1.59 ± 0.15A 2.55 ± 0.22A 5.02 ± 0.34A 

1 6.03 ± 0.01Da 4.50 ± 0.13Ba 3.72 ± 0.06ABa 3.16 ± 0.27Ba 1.70 ± 0.00Aa 2.25 ± 0.05ABb  4.61 ± 0.05Bb 

3 5.58 ± 0.01Bb 4.75 ± 0.24Ca 4.00 ± 0.02BCa 3.27 ± 0.06BCa 1.60 ± 0.00Aa 2.59 ± 0.05ABCb  4.77 ± 0.20Bb 

5 5.59 ± 0.01BCb 4.86 ± 0.07Cb 4.09 ± 0.16Ca 3.29 ± 0.09BCa 2.20 ± 0.20Bb 2.85 ± 0.27CDb 5.48 ± 0.13Cb 

7 5.61 ± 0.01BCb 4.94 ± 0.15Ca 4.12 ± 0.15Da 3.31 ± 0.15BCa 2.85 ± 0.15Cb 2.97 ± 0.15DEb 5.95 ± 0.07Db 

14 5.61 ± 0.01Cb 5.47 ± 0.07Db 4.55 ± 0.02ABa 3.33 ± 0.07BCa 1.70 ± 0.00Aa 3.52 ± 0.59EFa 5.97 ± 0.30Da 

21 5.53 ± 0.03Ab 6.58 ± 0.15Ea 5.76 ± 0.43BCa       3.47 ± 0.11Ca 3.33 ± 0.00Da 4.05 ± 0.65Fb 6.18 ± 0.19Da 
†Comparing control and activated packaging data, values with different superscripts in the same column (lowercase letters) and corresponding to the same time of storage, differ significantl(P<0.05). 

Different letters in the same row  (uppercase letters) indicate significant differences for each media among times (P< 0.05) 	 	
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TABLE 2 Viable counts of different meat spoilage microbial groups in hamburgers vacuum-packed in non active (C) and active (T) 
packaging from batch B during storage at 4°C for 21 days  

Packaging Storage time 
(days) 

  †Log CFU g-1 ± SD 

 LAB Staphylococcaceae Enterobacteriaceae Moulds  Yeast  Total counts 

pH (MRS agar)  (MSA) (VRBA)  (AMT) (AMT) (GPA) 

Non-active 
(C) 

0 5.67 ± 0.04Ea 4.46 ± 0.19A 4.27 ± 0.17C 2.79 ± 0.09C 2.59 ± 0.29C 2.56 ± 0.56A 5.44 ± 0.26A 
1 5.67 ± 0.01Ea 5.07 ± 0.09Ba 3.89 ± 0.11Ba 3.47 ± 0.07Da 1.70 ± 0.00Aa 2.85 ± 0.15Aa 6.11 ± 0.09Ba 
3 5.64 ± 0.00Da 5.57 ± 0.09Ca 3.85 ± 0.15Ba 2.72 ± 0.06Ca 1.70 ± 0.00Aa 4.20 ± 0.05BCa 5.27 ± 0.03Aa 
5 5.50 ± 0.00Ca 5.44 ± 0.04Ca 3.36 ± 0.18Aa 2.54 ± 0.06Ba 1.70 ± 0.00Aa 3.86 ± 0.32Ba 5.28 ± 0.02Aa 
7 5.37 ± 0.01Ba 5.89 ± 0.02Da 3.41 ± 0.11Aa 2.87 ± 0.17Ca 1.85 ± 0.15ABa 4.31 ± 0.08BCa 6.13 ± 0.35Ba 
14 5.38 ± 0.01Ba 6.02 ± 0.02Da 3.89 ± 0.19Ba 3.33 ± 0.03Da 2.20 ± 0.50BCa 4.40 ± 0.14Ca 6.39 ± 0.29Ba 
21 5.34 ± 0.00Aa 5.98 ± 0.00Da 3.98 ± 0.20Ba 2.27 ± 0.13Aa 1.70 ± 0.00Aa 4.16 ± 0.23BCa 7.19 ± 0.01Ca 

	 	  	 	 	 	 	 	

Active  
 (T) 

0 5.67 ± 0.04B 4.46 ± 0.19A 4.27 ± 0.17B 2.79 ± 0.09CD 2.59 ± 0.29B 2.56 ± 0.56A 5.44 ± 0.26B 
1 5.68 ± 0.00Ba 4.64 ± 0.04ABb 3.35 ± 0.05Ab 3.33 ± 0.07Ea 2.70 ± 0.00Ba 2.94 ± 0.06ABa 4.96 ± 0.11ABb 

3 5.63 ± 0.01Ba 5.45 ± 0.07Ca 3.21 ± 0.03Ab 2.62 ± 0.01ABCa 1.70 ± 0.00Aa 3.90 ± 0.00BCb 5.44 ± 0.14Ba 

5 4.92 ± 0.49Aa 4.60 ± 0.05ABb 3.42 ± 0.02Aa 2.41 ± 0.11Aa 1.70 ± 0.00Aa 4.09 ± 0.09Ca 5.35 ± 0.05ABa 

7 5.35 ± 0.00Bb 4.81 ± 0.12ABb 3.29 ± 0.11Aa 3.01 ± 0.17Da 1.70 ± 0.00Aa 4.30 ± 0.10Ca 5.35 ± 0.05ABb 

14 5.34 ± 0.00Bb 5.08 ± 0.54BCb 4.07 ± 0.20Ba 2.71 ± 0.07BCb 2.10 ± 0.45Aa 3.77 ± 1.05BCa 5.00 ± 0.39ABb 

21 5.33 ± 0.00Ba 4.74 ± 0.49ABb 4.12 ± 0.14Ba 2.52 ± 0.25ABa 2.00 ± 0.51Aa 3.52 ± 0.89ABCa 4.88 ± 0.49Ab 
†Comparing control and activated packaging data, values with different superscripts in the same column (lowercase letters) and corresponding to the same time of storage, differ significantly 
(P<0.05). 
Different letters in the same row  (uppercase letters) indicate significant differences for each media among times (P< 0.05) 	 	
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Supplementary information: 

FIG S1 Principal component analysis (PCA) of the abundance of KO genes. Samples are color-

coded according to batch: A (red) and B (green). 

 

TABLE S1 Number of sequences analyzed, observed diversity and estimated sample coverage 

(Good’s coverage) for 16S RNA (cDNA) amplicons analyzed. Samples are labelled according to 

treatment: active (T) and non-active (C) vacuum packaging; time (0, 1, 3, 5, 7, 14 and 21 days), and 

batch (A and B). 

 


