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Beef chops were stored at 4°C under different conditions: in air (A), modified-atmosphere packaging (MAP),
vacuum packaging (V), or bacteriocin-activated antimicrobial packaging (AV). After 0 to 45 days of storage,
analyses were performed to determine loads of spoilage microorganisms, microbial metabolites (by solid-phase
microextraction [SPME]-gas chromatography [GC]-mass spectrometry [MS] and proton nuclear magnetic
resonance ['H NMR]), and microbial diversity (by PCR—denaturing gradient gel electrophoresis [DGGE] and
pyrosequencing). The microbiological shelf life of meat increased with increasing selectivity of storage condi-
tions. Culture-independent analysis by pyrosequencing of DNA extracted directly from meat showed that
Brochothrix thermosphacta dominated during the early stages of storage in A and MAP, while Pseudomonas spp.
took over during further storage in A. Many different bacteria, several of which are usually associated with soil
rather than meat, were identified in V and AV; however, lactic acid bacteria (LAB) dominated during the late
phases of storage, and Carnobacterium divergens was the most frequent microorganism in AV. Among the
volatile metabolites, butanoic acid was associated with the growth of LAB under V and AV storage conditions,
while acetoin was related to the other spoilage microbial groups and storage conditions. "H NMR analysis
showed that storage in air was associated with decreases in lactate, glycogen, IMP, and ADP levels and with
selective increases in levels of 3-methylindole, betaine, creatine, and other amino acids. The meat microbiota
is significantly affected by storage conditions, and its changes during storage determine complex shifts in the
metabolites produced, with a potential impact on meat quality.

The association between microbial development and chem-
ical changes occurring during the storage of meat is recognized
as a potential means of revealing indicators of meat quality or
freshness (9, 46). However, the use of chill temperatures, pack-
aging, and antimicrobials could influence the succession and
metabolic activities of the “ephemeral spoilage microorgan-
isms (ESO)” that are members of spoilage-associated micro-
bial populations (46). The organisms most commonly involved
in meat spoilage are Pseudomonas spp., Enterobacteriaceae,
Brochothrix thermosphacta, and lactic acid bacteria (LAB);
their actual contributions to spoilage depend largely on the
storage conditions (3, 34, 36, 56). The water content of meat
and the abundance of nutrients available on the surface make
it one of the most perishable foods. Spoilage occurs when the
formation of off-flavors, off-odors, discoloration, slime, or any
other changes in physical appearance or chemical characteris-
tics make the food unacceptable to the consumer (28, 30).
Most spoilage symptoms are attributable to the undesired growth
of microorganisms to unacceptable levels. Although many of the
spoilage bacteria are proteolytic, they grow initially by utilizing
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the most readily available carbohydrates and nonprotein nitro-
gen (17, 45). Glucose, lactic acid, and certain amino acids,
followed by water-soluble proteins, are the precursors of me-
tabolites that are responsible for meat spoilage; moreover,
concentrations of the precursors can influence the rate and
extent of spoilage (44, 46). Endogenous enzymatic activity in
muscle tissue can contribute to initial changes during storage
(1, 30). However, the endogenous contribution to spoilage is
negligible compared to that of microbial action (43). In fact, it
is the accumulation of microbial metabolites, such as alde-
hydes, ketones, esters, alcohols, organic acids, amines, and
sulfur compounds, that determines the spoilage of meat (22,
42, 51).

Packaging and storage conditions, such as the use of chill tem-
peratures coupled with modified-atmosphere packaging (MAP),
vacuum packaging, and/or active vacuum packaging can be
used to inhibit or retard the growth of ESO in order to avoid
the accumulation of the compounds listed above in meat dur-
ing storage (19, 20, 23, 46, 47). The metabolic activities of
microorganisms in meat can be group, species, and sometimes
even strain specific (13, 24). Therefore, the ultimate effects of
different storage conditions depend largely on the shifts in
microbial diversity that they can induce in the meat ecosystem
during storage. Although some data are available on the
changes in microbial populations (19, 23, 51) and in the pro-
duction of microbial metabolites (17, 51) in meat during stor-
age under certain single conditions, no comprehensive study
on the changes in the microbial metabolome in meat as a
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consequence of microbial diversity shifts during meat storage
under very different packaging conditions is available yet.

Advanced techniques, such as pyrosequencing, are available
for the culture-independent identification of microorganisms
(29, 52) and are expected to improve the sensitivity and effi-
ciency of the evaluation of microbial diversity over those of
more-traditional PCR-based approaches. In addition, proton
nuclear magnetic resonance (‘H NMR) spectroscopy is a very
powerful technique whose potential to investigate the meta-
bolic changes of complex microbial populations is still unex-
plored. Such advanced approaches can be of great value in
studies on the microbial ecology of food. The aim of this study
was to employ an efficient toolbox to evaluate the effects of
very different packaging conditions (i.e., air, MAP, vacuum
packaging, and active antimicrobial packaging) on microbial
diversity, growth dynamics, and metabolite production during
chill storage of meat.

MATERIALS AND METHODS

Meat storage and sampling. Beef chops weighing about 20 g each were ob-
tained from a single muscle (boneless tender beef) 24 h after slaughtering. Four
chops were included in each trial and were packed by 4 different methods: air
(A), modified-atmosphere packaging (MAP), vacuum packaging (V), and active
vacuum packaging (AV); the storage temperature was 4°C in all cases. For
storage in air or MAP, meat was placed in polystyrene trays whose interiors were
covered with a multilayer barrier film (volume, 750 ml; CoopBox, Bologna,
Italy); an oriented-polypropylene (OPP)-low-density polyethylene (LDPE) film
(pO,, <2,500 cm® m~2; pH,0, 7 g m~ 2 in 24 h at 23°C, 0% rH) was used as a
sealing top for air storage, while a polyethylene barrier film (pO,, 1.3 cm® m™2
in 24 h at 1 atm, 23°C, 0% rH) was used as a sealing top for MAP. The meat was
modified atmosphere packaged using an appropriate packaging machine (TSM
105; MiniPack-Torre, Cava dei Tirreni, Salerno, Italy) using 60% O,-40% CO,;
the ratio between the volume of gas and the weight of meat (G/P ratio) was 3:1.
The vacuum-packed meat was prepared using plastic bags as described below
after thermal sealing. Four chops for each bag were packed under AV and V
conditions. Samples from each condition were taken after 0, 7, 14, 21, 30, 35, and
45 days of storage for microbial, molecular, volatile organic compound (VOC),
and NMR analyses.

Active-package preparation. A nisin-based antimicrobial solution was pre-
pared as follows. Nisin (0.012 ¢ ml™'; 2.5% nisin; Sigma, Milan, Italy) was
dissolved in a solution containing 1% (wt vol™ ') ascorbic acid, 1% (wt vol *)
citric acid, and 1% (wt vol ') CaCl,. The mixture was centrifuged at 6,500 X g
for 10 min. The pellet was dissolved in the same volume of the same solution,
centrifuged at 6,500 X g for 10 min, and resuspended in the same volume of the
same solution containing 0.071 g ml~! of EDTA. The antagonistic activity of the
antimicrobial solution was determined by an agar diffusion assay; bags (200 by
300 mm) of plastic barrier film were used for the development of the antimicro-
bial packaging as described previously (23). The antimicrobial activity of pieces
of plastic film was checked in agar assays as reported previously (20).

Microbial enumeration. Meat samples (25 g) from an individual package at
each time of sampling and under each storage condition were taken and homog-
enized in 225 ml of quarter-strength Ringer’s solution (Oxoid, Milan, Italy) for
2 min in a stomacher (LAB Blender 400) by use of Sto-Circul-Bag stomacher
bags (both from PBI, Milan, Italy) at room temperature. Decimal dilutions in
quarter-strength Ringer’s solution (Oxoid) were prepared, and 0.1-ml aliquots of
the appropriate dilutions were spread in triplicate to obtain total viable counts
(TVC) of Enterobacteriaceae, LAB, Brochothrix thermosphacta, Pseudomonas
spp., and Carnobacterium spp. as described previously (23).

DNA extraction and PCR-DGGE analysis. DNA was extracted directly from
meat samples as well as from bulk cells collected from medium plates after viable
counts. For DNA extraction from beef and bulk cells, the protocol described by
the manufacturer of the Wizard DNA purification kit (Promega, Madison, WI)
was applied as reported previously (23). To extract DNA directly from meat, 1 ml
of the first decimal dilution prepared from a standard plate count was used. DNA
was quantified by using the NanoDrop 1000 spectrophotometer (Thermo Scien-
tific, Milan, Italy) and was standardized at 50 ng pl™'. Primers U968 and 11401
were used (62) to amplify the variable V6-V8 region of the 16S rRNA gene
(containing V6 to V8), giving PCR products of about 450 bp. Parallel denaturing
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gradient gel electrophoresis (DGGE) experiments were performed as described
previously at 60°C by using gels containing a 25-t0-55% urea-formamide dena-
turing gradient (23). The PCR products of purified DGGE bands were purified
with a QIAquick PCR purification kit (Qiagen, Milan, Italy) and were sequenced
as described previously (19). To determine the closest known matches of the
partial 16S rRNA gene sequences obtained, searches were performed in public
data libraries (GenBank) with the BLAST (blastn) search program (http:
//www.ncbi.nlm.nih.gov/blast/).

bTEFAP. Microbial diversity was also studied via bacterial 16S tag-encoded
FLX Titanium amplicon pyrosequencing (b TEFAP) of all the DNA samples
directly extracted from meat at different times and under different storage
conditions. bTEFAP was performed as described previously using primers
Gray28F (5'-TTTGATCNTGGCTCAG) and Gray519r (5'-GTNTTACNGC
GGCKGCTG) to amplify a 520-bp fragment of the V1-V3 region of the 16S
rRNA gene (2). Tag-encoded FLX amplicon pyrosequencing analyses utilized a
Roche 454 FLX instrument with Titanium reagents, and Titanium procedures
were performed at the Research and Testing Laboratory (RTL, Lubbock, TX)
on the basis of RTL protocols. Following sequencing, all failed sequence reads,
low-quality sequence ends, tags, and primers were removed, and sequence col-
lections were depleted of any nonbacterial ribosome sequences and chimeras
using B2C2 (27) as described previously (5). To determine the identities of
bacteria in the remaining sequences, sequences were denoised, assembled into
clusters, and used to query a database of high-quality 16S bacterial sequences
derived from NCBI with a distributed BLASTn algorithm (15). Database se-
quences were characterized as high quality on the basis of similar criteria utilized
by RDP, version 9. By using a .NET and C# analysis pipeline, the resulting
BLASTn outputs were compiled, validated using taxonomic distance methods,
and subjected to data reduction analysis as described previously by Andreotti et
al. (2). Sequences with identity scores greater than 97% (<3% divergence) for
known or well-characterized 16S rRNA gene sequences were resolved at the
species level. The identities of all hits were greater than 98%. These parameters
have been evaluated previously to enable reliable identification at least at the
genus level (14). However, identification at the species level will be considered
only putative for the purposes of this study.

The percentage of each bacterial species was analyzed individually for each
sample, providing relative abundance information within and among the indi-
vidual samples based on the relative numbers of reads within each (2).

Species-specific identification of Pseudomonas spp. and Brochothrix ther-
mosphacta. DNAs extracted directly from meat and from bulk cells collected
from Pseudomonas agar were used as templates in a multiplex PCR assay for the
identification of Pseudomonas fragi, Pseudomonas lundensis, and Pseudomonas
putida by targeting the carA gene (21). B. thermosphacta was detected in DNAs
extracted directly from meat and bulk cells from streptomycin thallous acetate
actidione (STAA) plates by a specific real-time PCR (RTi-PCR) assay based on
amplification of the 16S rRNA gene (48).

Determination of VOCs produced in beef. Samples (30 g) from each bag or
tray were placed in sterile glass bottles (250 ml) and were analyzed in duplicate
by following a procedure described recently (24). For the identification of volatile
components, the National Institute of Standards and Technology (NIST) 05
Mass Spectral library and comparison with the spectra and retention times of
standards were used.

Monitoring of metabolites by "H NMR spectroscopy. To study the water-
soluble fractions of the samples under investigation by means of 'H NMR
spectroscopy, 2 g of meat was first frozen in liquid nitrogen and then ground in
a mortar, and 400 pl of cold D,O at pH 7.4 = 0.02, containing 1 mM sodium
3-(trimethylsilyl)propionate-2,2,3,3-d4 (TSP) as an internal standard, was added.
The mixtures were centrifuged at 14,000 rpm for 5 min, and the supernatant was
collected. To ensure the complete recovery of the water-soluble species and
highly reproducible spectra, this extraction procedure was repeated twice more;
the supernatants were combined; and their pH was finally adjusted to 7.4 = 0.02
(31). NMR spectra were then registered at 300 K on a Mercury-Plus NMR
spectrometer from Varian, operating at a proton frequency of 400 MHz. To
minimize signal overlap in crowded regions, all free induction decays (FID) were
multiplied by an exponential function equivalent to a —0.5 line-broadening
factor and by a Gaussian function with a factor of 1. After manual adjustments
of the phase and baseline, and exclusion of the residual water signal region (4.5
to 5.3 ppm), the spectra were scaled to the same total area in order to compare
results from samples with different weights and water contents. The spectra were
referenced to the TSP peak and were then digitized over the range of 0.5 to 10
ppm. The peaks were assigned preliminarily by comparison with the literature,
and this assignment was then confirmed by the addition of pure standard com-
pounds. To compensate for chemical-shift perturbations, the remaining original
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TABLE 1. Predicted M values for the growth of spoilage-associated microorganisms under different storage conditions,
and predicted shelf lives

Predicted M value (log CFU/g) for the growth of:

Storage condition Shelf liﬁe Tve Pseud. Carnobacteri
(days) (log CFU/g) B. thermosphacta LAB Enterobacteriaceae set sg;ﬂonas arnosg; erum
Air (A) 7 9.31 8.01 5.05 6.74 9.03 2.03
MAP 13 8.02 791 5.80 3.81 7.12 7.00
Vacuum packaging (V) 34 7.40 6.10 6.80 2.24 3.84 6.20
Active vacuum packaging (AV) 44 7.10 5.24 7.04 1.00 3.00 2.50

“ Time necessary to attain a mesophilic TVC of 7 log CFU/g.

data points were reduced by integrating the spectra over “bins,” spectral areas
with a uniform size of 0.038 ppm.

Statistical analysis. Microbiological data obtained by plate counting and
quantitative data obtained by gas chromatography-mass spectrometry (GC-MS)-
solid-phase microextraction (SPME) and 'H NMR analyses were used to calcu-
late the parameters of the Gompertz equation as modified by Zwietering et al.
(63). The M (maximum concentration level) coefficient was used to calculate the
Pearson correlation coefficients between metabolites and microorganisms (Sta-
tistica, version 6.0; StatSoft, Vigonza, Italy). The results were considered signif-
icant when P was <0.05.

In order to determine the metabolites that significantly characterize each
atmosphere, the M values of metabolites were used to build up a matrix that was
subjected to two-way hierarchical clustering analysis (HCA), and the results
obtained were visualized by means of a heat map in which values were repre-
sented by cells colored according to Z scores (Z = [observed value — mean]/
standard deviation).

The correlation between key metabolites determined by SPME-GC-MS and
microbial viable counts was determined by computing a partial least squares
(PLS) model based on M values. GC-MS data were organized in a matrix (Y),
which was then regressed separately against a matrix (X) containing data related
to microbial counts.

RESULTS

Microbial analysis. The viable count data on specific media
during storage under different packaging conditions were
modeled according to the Gompertz equation. In Table 1,
the maximum concentration (M) and the shelf life, calculated
as the time necessary to attain a mesophilic TVC of 7 log CFU
g~ !, are reported. The maximum loads of the various microbial
groups were selectively affected by the composition of the
atmosphere and by packaging characteristics. In addition, all
the microbial populations taken into consideration showed
an extended lag phase under V and AV conditions (data not
shown). LAB could attain M values of 6.8 and 7 log CFU g~!
only in V and AV, respectively; carnobacteria appeared to be
significantly inhibited under AV conditions (Table 1). B. ther-

mosphacta had M values above 7 log CFU g~ ' in meat stored
under A and MAP conditions (Table 1) but was not countable
in AV samples for more than 35 days of storage (data not
shown). Enterobacteriaceae were not counted in AV samples,
while in V packs they started to grow after 3 weeks, reaching an
M value of only 2.24 log CFU g~ ' after 35 days. The loads of
Pseudomonas spp. matched the TVC in A samples, while the
counts were 2 log cycles lower in MAP. The same population
was not countable for 1 and 2 weeks in V and AV, respectively,
with M values lower in AV than in V. The shelf life (time
necessary for the level of mesophilic bacteria to reach 7 log
CFU g~ ') was much influenced by storage conditions, ranging
from 7 days in A to 44 days in AV (Table 1). The initial pH of
meat was 5.43 = 0.11; the pH values of beef during storage
under the different conditions are reported in Table S1 in the
supplemental material.

Microbial diversity monitored by PCR-DGGE and species-
specific PCR. The results of band sequencing from PCR-
DGGE fingerprints obtained from DNA directly extracted
from meat are shown in Table 2. PCR-DGGE analysis of meat
stored under aerobic conditions showed that the samples were
dominated by Carnobacterium divergens and Pseudomonas spp.
(Table 2). The samples stored in A also showed the presence
of B. thermosphacta at the beginning of storage and of Staph-
ylococcus xylosus between 14 and 30 days. Carnobacterium spp.
and C. divergens were found in MAP at all sampling times, and
C. divergens was the dominant species in V- and AV-stored
samples (Table 2). The results of band sequencing from PCR-
DGGE fingerprints obtained from bulk cells collected from
violet red bile glucose agar (VRBGA) are shown in Table 3.
The analysis showed two bands in beef stored under aerobic
conditions after 7 days, identified as Pantoea spp. and Pseu-
domonas spp. (Table 3). The highest diversity was found in

TABLE 2. Microbial species identification after sequencing of the variable V6-V8 region of the 16S rRNA gene purified from
PCR-DGGE profiles of meat samples

Storage condition(s) Sampling time(s) (day)

Closest match

Species Identity (%) GenBank accession no.
A 21, 30, 35 Pseudomonas spp. 100 DQ405236
A 0, 7, 14, 21, 30, 35, 45 Pseudomonas spp. 98 DQ405236
A, MAP 0,7, 14, 21, 30, 35, 45 C. divergens 100 HQ259724
A 7 B. thermosphacta 98 AY543029
MAP 7, 14, 21, 30 Carnobacterium spp. 98 DQ405248
A, MAP 21, 30 Staphylococcus xylosus 98 EU266748
V, AV 7, 14, 21, 30, 35, 45 C. divergens 100 HQ259724
AV 14 Uncultured proteobacterium 97 GQ502602
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TABLE 3. Microbial species identification after sequencing of the
variable V6-V8 region of the 16S rRNA gene purified from
PCR-DGGE profiles of bulk cells from VRBGA plates
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TABLE 4. Microbial species identification after sequencing of the
variable V6-V8 region of the 16S rRNA gene purified from
PCR-DGGE profiles of bulk cells from MRS agar plates

Closest match

Closest match

Storage Sampling ] GenBank Storage Sgﬁgtiqr;g . GenBank

condition(s)  time(s) (day) Species Idcf U accession condition(s) (day) Species Idcj‘ U accession
(%) (%)

A 7, 14 Pantoea spp. 100 DQ405239 A, MAP, V, 7,14,21,30, Leuconostoc 99 GU130195
AV 14, 21 Pseudomonas spp. 100 DQ405241 AV 35, 45 pseudomesenteroides
A, MAP 7, 14, 35, 45 Pseudomonas spp. 99 DQ405241 A,V 14, 21 Leuconostoc spp. 98 DQ405254
A, MAP, V 14,21, 30, 35, 45 Serratia grimesii 98 DQY91163 A 7 Carnobacterium 99 HQ259724
A, MAP 14, 21, 30, 35, 45  Serratia liquefaciens 100 FJ811866 divergens
A 14 Hafnia alvei 99 AB519975 MAP 14, 21, 30 Weissella spp. 99 DQ405251
A 21 Uncultured Klebsiella 99 GQ418159
A,V 14, 21, 30, 35, 45 Serratia grimesii 99 DQ481667
A 14, 21, 30, 35, 45  Serratia liquefaciens 99 FJ811866

samples stored in air after 14 days of storage, when Hafnia
alvei, Serratia grimesii, and Serratia liquefaciens were found.
The latter 2 species were dominant in all the A samples until
the end of the storage time (Table 3). The samples stored in V
were analyzed only from the 21st day of storage; they showed
contamination by Pantoea spp., Pseudomonas spp., and S. lig-
uefaciens, and later also by S. grimesii (Table 3).

A few LAB were identified from the MRS agar plates (Table
4). C. divergens was the only species identified in A after 7 days
of storage. Under both MAP and A conditions, Leuconostoc
pseudomesenteroides was detected in all the samples during the
entire storage time, and Weissella spp. were found only in MAP
between days 14 and 30 of storage. Leuconostoc spp. and L.
pseudomesenteroides were the only bacteria detected in V and
AV at the beginning and the end of storage, respectively (data
not shown).

Multiplex PCR amplification of the car4 gene for the iden-
tification of Pseudomonas, performed on DNA extracted di-
rectly from meat and from bulk cells from Pseudomonas agar,
showed P. fragi contamination of most of the samples in A and
MAP, while this species was found in V and AV only after 35
days of storage. The results of the RTi-PCR assay allowed the
identification of B. thermosphacta in all the samples analyzed
except for meat stored in AV (data not shown).

Observed diversity monitored by direct PTEFAP. The appli-
cation of bTEFAP allowed the determination of the microbial
diversity in meat stored under different packaging conditions at
each sampling time during storage at 4°C. Pyrosequencing also
provided the relative abundances of the taxonomic levels of
bacteria detected (Fig. 1; see also Table S2 in the supplemental
material). Tracebacks entered as “sp.” indicate that the char-
acterization required for identification at the species level ex-
isted but that consensus on the particular nomenclature was
lacking at the time the groupings were done (2). A total of 403
taxonomic units were obtained; however, sequences with no
incidence above 1% in at least 1 of the 25 meat samples
analyzed (6 samples for each packaging condition plus meat at
time zero) were discarded. Therefore, a final number of 38
operational taxonomic unit (OTU) tracebacks was considered;
the complete list, with the relative percentages of abundance,
is reported in Table S2 in the supplemental material. The
evolution of the observed diversity during storage under dif-
ferent packaging conditions is reported in Fig. 1, where only
results for species with an incidence above 9% in at least 1

sample are shown. The initial meat samples before packaging
were found to be contaminated by at least 21 different taxo-
nomic units, and this diversity changed dramatically depending
on the storage conditions. A Ralstonia sp. and a Limnobacter
sp. were the most abundant in the meat at time zero (Fig. 1A;
see also Table S2). In the first week of storage in A, B. ther-
mosphacta reached an incidence of 76%; however, after 2
weeks and until the end of storage, the system was dominated
by a Pseudomonas sp., with an incidence between 80 and 95%
(Fig. 1A). B. thermosphacta had an incidence above 95% dur-
ing the first week of storage in MAP, while a Pseudomonas sp.
also occurred in the later stages of storage, and C. divergens
had an incidence of about 35% after 45 days in MAP (Fig. 1B).
More bacteria were observed during storage in vacuum pack-
aging (Fig. 1C); after the initial presence of B. thermosphacta
and a Pseudomonas sp., other taxa, such as a Streptococcus sp.,
a Lactobacillus sp., a Lactococcus sp., C. divergens, and a Car-
nobacterium sp. developed during storage. The Lactobacillus
sp., likely belonging to the Lactobacillus curvatus/Lactobacillus
sakei group, represented almost half of the population in V
after 21 days. The greatest variety of species was observed in
meat stored in AV (Fig. 1D; see also Table S2 in the supple-
mental material). However, while at the early stages, microor-
ganisms such as a Ralstonia sp., a Limnobacter sp., Limnobacter
thiooxidans, a Bradyrhizobium sp., Rudaea cellulosilytica, and a
Rhodococcus sp. were found, after 3 weeks of storage in active
vacuum packaging, the abundances of these bacteria de-
creased dramatically, and a high incidence of C. diver-
gens—up to 95%—characterized the AV samples at the final
stages of storage (Fig. 1D).

Volatile metabolites. The quantitative SPME-GC-MS data
of selected molecules were modeled by the Gompertz equa-
tion, and the resulting maximum concentration levels attained
are reported in Table 5. The molecules that could be detected
early were dimethyl sulfide in A and MAP, the ethyl octanoate
in MAP, and the 2-ethyl-1-hexanol in A. The highest maximum
concentration levels were found for acetoin in A and MAP,
2-methyl-butanoic acid in A, and butanoic acid in V and AV
(Table 5). Figure 2 reports the PLS regression obtained by
analyzing together the predicted maximum concentration (M)
values for both microbial groups and metabolites detected by
SPME-GC-MS in relation to the storage conditions. The A
and MAP storage conditions were separated in two different
areas of the plot, the upper right and the bottom center, re-
spectively, while AV and V were very close to each in the upper
left area (Fig. 2). The M values of 2-ethyl-1-hexanol, 2-methyl-
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FIG. 1. Incidence of OTU tracebacks based on bTEFAP analysis of all the DNA samples directly extracted from meat at different times and
under different storage conditions. Only taxa with an incidence above 9% in at least 1 sample are shown, and only percentages above 1% are
displayed in the histograms. Shown are results for storage in air (A), MAP (B), vacuum packaging (C), and active vacuum packaging (D).

butanoic acid, ethyl hexanoate, and phenylethyl alcohol were
correlated with air storage, while 2,3-butanediol, ethyl octano-
ate, acetoin, and hexanoic acid characterized the MAP-stored
samples and were also associated with the M values of B.
thermosphacta. The M values of Carnobacterium spp. and 1-oc-
ten-3-ol were associated with MAP-stored samples, while LAB
and butanoic acid were significantly correlated with meat sam-
ples stored under V and AV conditions (Fig. 2). The accumu-
lation of metabolites determined a close relationship between
V and AV storage conditions, and the highly significant met-
abolic marker is butanoic acid; this is clearly shown in the heat
map presented in Fig. 3. The calculated M value of 2-methyl-
butanoic acid is related to air storage, while acetoin is the late
metabolite significantly correlated with both air and MAP,

although the two storage conditions were not found to be
closely related (Fig. 3).

Metabolites detected by 'H NMR. NMR analysis of the
samples over time allowed the identification of several water-
soluble molecules, including ADP, uracil, glycogen, alanine,
arginine, tyrosine, lysine, tryptophan, histidine, leucine, valine,
methionine, creatine, betaine, phenylalanine, IMP, and ino-
sine. However, the levels of some of these molecules failed to
show significant changes over time. The trends in the concen-
trations of some representative molecules that increased or
decreased during storage under different conditions are shown
in Fig. 4. The early changes detectable by '"H NMR were
decreases in glycogen, ADP, IMP, and lactate concentrations
under all the conditions, although with different rates. In par-

TABLE 5. Predicted M values for the principal volatile organic compounds® detected under different storage conditions

Predicted M value (ppm) for:

Storage condition 2-Methyl

Phenylethyl . . : Butanoic Hexanoic Ethyl Ethyl Dimethyl 2-Ethyl-1-

alcohol  Acetoin 2,3-Butanediol bu:lgldmc 1-Octen-3-0l ™ 44 acid hexanoate octanoate  sulfide  hexanol
Air (A) 5.65 215.00 5.02 120.00 1.30 250  32.00 35.0 40.00 2.96 0.50
MAP 1.52 100.00 4.02 ND? 30.00 14.00  20.00 ND 35.00 10.0 ND
Vacuum packaging (V) 0.03 6.00 1.40 ND 0.02 85.00 9.08 ND ND 3.00 0.06
Active vacuum ND 9.03 0.18 ND 0.01 120.00 12.00 ND 0.10 1.80 0.02

packaging (AV)

“ The compounds were identified by comparison with the mass spectra and retention times of a known standard (Sigma-Aldrich, St. Louis, MO).

2 ND, under the detection limit.
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FIG. 2. PLS regression based on maximum concentration levels (M) showing the correlations between metabolites detected by SPME-GC-MS
under different packaging conditions (circled) and spoilage microorganisms.

ticular, glycogen tended to disappear more rapidly during air

Colorikey storage, while IMP and ADP showed early decreases under A

and MAP conditions (Fig. 4). On the other hand, lactate con-

centrations decreased only in A and remained constant under

the other conditions, while methionine concentrations de-

creased over time regardless of the packaging conditions (Fig.

A 4). Air storage was also associated with rapid selective in-

creases in betaine, creatine, and 3-methylindole concentrations

(Fig. 4). Alanine, leucine, lysine, valine, arginine, uracil, and

histamine concentrations showed the same increases, which

v were accompanied in A by butyrate and propionate accumu-

lation (data not shown). The evolution of histidine, phenylal-

anine, and inosine did not show significant differences under
the various conditions (data not shown).

0 1 2

AV
DISCUSSION

In this study, the changes in microbial loads, microbial di-

MAP versity, and metabolite release in meat during storage in air,
MAP, vacuum packaging, and active vacuum packaging were

evaluated. The MAP used in this work is considered high-

oxygen MAP and was previously demonstrated to have signif-

icant preservative power while maintaining an acceptable meat

color (19). While the microbial ecology of fresh meat stored in
high-oxygen MAP tends to be similar to that of air-packaged

meats, fresh meats stored in vacuum packaging and in low-

oxygen MAP show similar microbial associations, dominated

by LAB (51). The efficacy of MAP for meat storage is basically

FIG. 3. Heat map showing M values of volatile metabolites de- related to the inhibition of aerobic Gram-negative bacteria,
tected by SPME-GC-MS under different packaging conditions. while Gram-positive bacteria, such as LAB and B. thermosphacta,
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3-methylindole.

can grow in this system (6, 19, 50). Accordingly, in our study,
Enterobacteriaceae were inhibited by using MAP at least for the
first 3 weeks of storage, and the loads of Pseudomonas spp.
were always lower in MAP than in air storage. The combina-
tion of active antimicrobial packaging and vacuum storage
allowed inhibition of the growth of B. thermosphacta, Pseu-
domonas spp., and Enterobacteriaceae, in agreement with pre-
vious studies (23). The absence of oxygen can limit the devel-
opment of some Gram-negative populations. In addition, the
antimicrobial activities of nisin and EDTA in the antimicrobial
solution used for the plastic film coating enhanced the inhibi-
tory effect of vacuum storage, allowing AV to reduce the de-
velopment of all the spoilage microbial populations except
LAB, which are recognized as the predominant microorgan-
isms in vacuum-packed meat (3, 23, 61). By coupling nisin and
EDTA, an improved antimicrobial effect can be obtained (8,
25, 26), as well as, in some cases, an enhancement of the
efficacy of nisin against Gram-negative bacteria (11, 57). Over-
all, it was interesting to observe how the shelf life of meat
increased with increasing selectivity of storage conditions

against the different spoilage-associated microbial groups (Ta-
ble 1).

Although it targeted a different region of the 16S rRNA
gene (the V1-V3 region, instead of the V6-V8 region targeted
by PCR-DGGE), culture-independent analysis by pyrose-
quencing of DNA extracted directly from meat resulted in
much higher diversity than DGGE. In addition, the number of
readings for each sample analyzed allowed an estimation of the
incidences of the different taxa during storage. Figure 1 clearly
shows the trends of the incidences of bacterial species over
time for each storage condition and indicates that B. ther-
mosphacta dominated during the early stages of storage in air
and MAP and that a Pseudomonas sp. took over, with inci-
dences above 80%, during the late weeks of storage in air. A
Pseudomonas sp. also occurred during the later stages of stor-
age in MAP, along with B. thermosphacta and C. divergens. The
occurrence of a Pseudomonas sp. could be due to a decrease in
the CO, concentration from 40 to 30% during MAP storage.
Surprisingly, many different taxonomic units were identified in
samples stored in V and AV. However, LAB dominated during
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the late phases of storage, and C. divergens was the most abun-
dant species under AV conditions, although carnobacteria did
not appear to be the dominant group according to the viable
counts, probably due to the selectivity of the medium (58). The
presence of microorganisms other than LAB, such as a Pseu-
domonas sp., during storage could be due to some degree of
variation of the meat cuts used for the analysis, while the
absence of lactobacilli under AV conditions can be attributed
to the fact that they are more sensitive to nisin than carnobac-
teria. It is noteworthy that many of the species identified by
pyrosequencing at time zero and during storage under V and
AV conditions have never been associated with food ecosys-
tems or spoilage processes. These species are never targeted by
culture media used for food analysis; they can be detected only
by a culture-independent approach and were not found by
PCR-DGGE of DNA directly extracted from meat, because of
the higher sensitivity of pyrosequencing than PCR-DGGE.
Bradyrhizobium spp., Ralstonia spp., Rudaea cellulosilytica, and
Paenibacillus spp. are generally found in soil (12, 39, 41, 59),
while Limnobacter thiooxidans was first isolated from a fresh-
water lake sediment (55). The initial contamination of meat
with these species can be of soil or environmental origin. The
selective conditions associated with AV storage may have al-
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lowed the detection of these microorganisms because of the
lower concentrations of other microbial groups. However, due
to their low incidence as estimated by bTEFAP, these bacteria
are unlikely to contribute to meat spoilage. Bacteria belonging
to the family Enterobacteriaceae are considered important con-
tributors to the spoilage of meat (13, 36). Surprisingly, Entero-
bacteriaceae were identified in this study only after culturing on
VRBGA, and they were never detected by culture-indepen-
dent analysis despite the use of very sensitive techniques, such
as pyrosequencing. This could be due to selective DNA extrac-
tion or PCR amplification (18, 49) when enterobacteria are
mixed with other microbial entities in a given ecosystem, which
does not constitute a problem when the enterobacteria are
detected from bulk cells collected from selective media such as
VRBGA. P. fragi was identified by species-specific PCR in
most of the samples during storage. Meat is recognized as an
ecological niche for this bacterium (36), and it was recently
found that many different strains of P. fragi can have an impact
on the air spoilage of meat by releasing odor impact molecules
during growth (24).

Although the role of bacteria in the development of spoil-
age-related molecules during meat storage is recognized, data
on the metabolic profiles of meat during storage and on the
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possible link to the bacteria that have developed are still lack-
ing. The specific evolution of the microbiota during storage
under different conditions clearly influenced the metabolite
profiles detected by both SPME-GC-MS and NMR analyses.
Among the volatile metabolites, butanoic acid was specifically
associated with the development of LAB, especially C. diver-
gens, and allowed a clear differentiation of V and AV from all
the other conditions; on the other hand, the production of
acetoin characterized A and MAP storage (Fig. 2 and 3). The
similarity between MAP and A storage can be due to the use
of a high-oxygen MAP (51). Butanoic acid can derive from
microbial consumption of free amino acids via the Stickland
reaction (40); it has a rancid cheese-like odor (7) and is com-
monly associated with meat spoilage (33). It has been reported
that some Carnobacterium species hydrolyze tributyrin, a tri-
glyceride with butyrate as a fatty acid (38). Acetoin is consid-
ered an important flavor component, related to a creamy dairy
odor (54), and Dainty et al. (10) have reported that the accu-
mulation of acetoin was not unpleasant and caused the meat to
be regarded not as spoiled, but rather as “not fresh.” 1-Octen-
3-ol was associated with MAP storage (Fig. 2); it is a common
oxidized product that has been found in meat contaminated
with several microorganisms, such as P. fragi (24) and Serratia
proteamaculans (22), and it is related to an unpleasant sensory
impact (4).

This is the first study reporting the integrated use of “H-
NMR, SPME-GC-MS, and multivariate statistics for the anal-
ysis of microbial metabolism in meat. While SPME-GC-MS
detects mainly the end products of metabolism, the use of
NMR also allows the study of the evolution of intermediate
compounds. Air storage was the condition that mainly affected
amino acid accumulation dynamics, as shown by NMR analy-
sis. Free amino acids are good indicators for the monitoring
and prediction of microbial development in foods. However,
their accumulation depends on the selectivity of the environ-
ment. Aspartic acid, histidine, glycine, threonine, proline, and
leucine have been proposed as spoilage markers. However, the
prototrophy or auxotrophy of the different species, as well as
their proteolytic activities, can have opposite effects on amino
acid accumulation under different conditions. IMP, degraded
early in A and MAP, is among the molecules that play an
important role in the sensorial properties of meat. This com-
pound derives from ATP degradation and possesses the fifth
basic taste, umami (16). Umami compounds have flavor-en-
hancing properties and are reported to enhance meaty, brothy,
and tasty qualities and to suppress sulfurous notes (53).
3-Methylindole, or skatole, which comes from the anoxic me-
tabolism of tryptophan, contributes to an unpleasant taste and
odor in cooked meat (60). Its accumulation, particularly in A,
could be attributed to the development of B. thermosphacta or
Pseudomonas spp.; however, the presence of skatole in the
animal gut has been attributed to the metabolism of clostridia
and lactobacilli (32). The sulfur amino acid methionine, whose
content decreased over time under all the conditions, is known
to play an important role in meat organoleptic properties. The
flavor of meat develops largely through cooking. However,
methionine and cysteine are essential flavor precursors of the
basic taste of cooked meat. Methionine degradation generally
contributes to the formation of the bitter compound hypoxan-
thine and of inosine. However, the content of the latter dimin-
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ished in all the samples, without significant differences. Other
molecules associated with A storage were creatine and betaine.
Creatine levels increased during storage; it is an essential com-
ponent of the white surface blooms that appear during long-
term meat storage (35). Only a few bacterial species are able to
achieve the complete catabolism of choline to betaine. The
latter accumulates generally under water and salt stress (37). It
can be suggested that dehydration of the meat surface during
refrigerated storage stimulates the production of betaine by
the microorganisms specifically colonizing the meat in A stor-
age. Overall, by combination of the data from viable counts,
GC-MS, and '"H NMR, the meat stored in AV appeared the
least affected by microbial development, with few metabolites
released during storage. Although the AV-stored meat was
characterized by a high number of different taxa, the results for
the metabolites released showed that the contribution to spoil-
age of such microbiota could be considered negligible com-
pared to that of microorganisms developing under the other
storage conditions.

In conclusion, the meat microbiota is significantly affected by
storage conditions. In this study, the changes in microbial
diversity during storage determined complex shifts in the
metabolites produced, with a potential impact on meat qual-
ity. Novel packaging concepts, such as antimicrobial pack-
aging, have good potential to increase the shelf life of meat,
and the combination of up-to-date molecular approaches is of
great value in describing microorganisms and their activities so
as to work out their roles in changes in the quality of fresh
foods.
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