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Abstract

Microbial growth on meat to unacceptable levels contributes significantly to change meat structure, color and flavor and to
cause meat spoilage. The types of microorganisms initially present in meat depend on several factors and multiple sources
of contamination can be identified. The aims of this study were to evaluate the microbial diversity in beefsteaks before and
after aerobic storage at 4°C and to investigate the sources of microbial contamination by examining the microbiota of
carcasses Wherefrom the steaks originated and of the processing environment where the beef was handled. Carcass,
environmental (processing plant) and meat samples were analyzed by culture-independent high-throughput sequencing of
16S rRNA gene amplicons. The microbiota of carcass swabs was very complex, including more than 600 operational
taxonomic units (OTUs) belonging to 15 different phyla. A significant association was found between beef microbiota and
specific beef cuts (P<<0.01) indicating that different cuts of the same carcass can influence the microbial contamination of
beef. Despite the initially high complexity of the carcass microbiota, the steaks after aerobic storage at 4°C showed a
dramatic decrease in microbial complexity. Pseudomonas sp. and Brochothrix thermosphacta were the main contaminants,
and Acinetobacter, Psychrobacter and Enterobacteriaceae were also found. Comparing the relative abundance of OTUs in the
different samples it was shown that abundant OTUs in beefsteaks after storage occurred in the corresponding carcass.
However, the abundance of these same OTUs clearly increased in environmental samples taken in the processing plant
suggesting that spoilage-associated microbial species originate from carcasses, they are carried to the processing
environment where the meat is handled and there they become a resident microbiota. Such microbiota is then further
spread on meat when it is handled and it represents the starting microbial association wherefrom the most efficiently
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growing microbial species take over during storage and can cause spoilage.
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Introduction

Owing to abundance of nutrients and high water activity, fresh
meat can be easily colonized by different types of microorganisms.
Microbial growth on meat to unacceptable levels contributes
significantly to change meat structure, color and flavor and to
cause meat spoilage. Such changes in meat will affect its freshness
and spoiled meat will be surely unappealing and unsuitable for
human consumption [1,2]. The initial microbial load of meat
depends on the physiological status of the animal at slaughter, the
spread of contamination in abattoirs and during processing, while
temperature and other conditions during distribution and storage
can also influence the rate of spoilage [3,4]. The microbiota
potentially causing spoilage during storage of meat in different
conditions has been recently reviewed [5]. Members of Enterobac-
teriaceae, lactic acid bacteria, Pseudomonas spp. and Brochothrix
thermosphacta are recognized as the principal players in meat decay
and their dominance during spoilage is influenced by storage
conditions such as temperature and oxygen availability [3,4,5,6].
Remarkably, not all the members of the initial microbiota
contribute to spoilage. Only a fraction of the initial populations
will grow and cause spoilage depending on the storage conditions,
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such microbes are recognized as Ephemeral/Specific Spoilage
micro- Organisms-E(S)SO [4]. Therefore, the concept of succes-
sion of spoilage-related microbial groups is very important and
studies have been performed to investigate how the microbiota
develops and changes during meat storage [2,4,7,8,9,10,11].
However, the initial contamination of meat is a key point that
can influence the spoilage dynamics during storage. Multiple
sources of contamination can be identified. Carcass contamination
takes place during slaughtering by the animal endogenous
microbiota. This strongly depends on the hygiene practices at
the farmhouse, the conditions of animal transport, the level of
automation, the decontamination technologies used and the
cleaning practices at the abattoir [12,13,14,15,16]. Carcass
contamination can be also environmental, and the microbiota
occurring on tools and surfaces can contribute to the initial
microbial load on carcasses. Environmental contaminations can
also occur during transport. In addition, subsequent handling of
meat in the operations of sectioning and portioning can determine
further contamination [17,18,19]. All the above possible routes
will potentially contribute to the initial composition of the
microbiota of meat before the storage starts. The spatial
distribution of microbial contaminants on meat has been
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hypothesized to be not necessarily homogeneous [5]. In fact, some
operations such as meat manipulation, slicing and transferring in
packages can alter the initial meat microbiota and provide
additional contamination in the handling points. In addition, it
would be of interest to study in depth whether meat contamination
originates directly from the carcass, or if a resident microbiota of
the meat processing plant can contribute to contamination. In
order to understand which microbial species can contribute to
spoilage and what their sources are, it would be important to
understand the composition of the microbiota of beef before and
after spoilage and to match the members of the microbiota with
the microbial populations that are found on carcasses or handling
tools and surfaces along the meat chain. Recent applications of
high-throughput sequencing (HT'S) in foods have proved useful for
a quantitative in depth assessment of the changes in microbial
populations during food production or storage [20,21].

In this study, we used culture-independent HTS of 16S rRNA
gene amplicons to explore the possible sources of beefsteaks
microbial contamination along the meat processing line and to
investigate the inter- and intra- steak contamination variability due
to handling procedures.

Materials and Methods

Sampling

Two separate carcass samplings in two different slaughterhouses
were performed (“Sorrentino s.rl.” for the first sampling and
“Fezza s.n.c.” for the second, both located in Pagani (SA), Italy). A
swab sampling of carcasses was performed 12 hours from
slaughtering, after washing/before chilling, according to the ISO
17604:2003 with the modifications indicated in subsequent
regulations (Regulations CE 2073/2005 and CE1174/2007).
Three sampling points were selected as being the most contam-
inated (CE 2073/2005) and corresponding to the beef cuts
“brisket” (A), “chuck” (B) and “‘thick-flank™ (C) (Figure 1). At each
sampling site, a moistened (0.1% buffered peptone water+0.85%
sodium chloride solution) sponge (carcass sampling kit, VWR
International PBI, Milano Italy) was rubbed vertically, horizon-
tally, and diagonally across the sampling site (100 cm?) delincated
by a template. The sampled half carcass was followed during the
production line and the 3 beef cuts were also sampled at the
butchery after portioning (“Macelleria delle rose”, Angri (SA),
Italy). The number of samples collected is summarized in Figure 1.
In the first sampling (experiment 1), 6 steaks were sampled for
each of the 3 beef cuts (n=18). In addition, swab sampling was
performed in the meat processing environment: on the hands of
the operator, on the knife used for slicing, on the bench surface
where the beef was sectioned (chopping board) and on the cold
store wall (n=4). After collection, all the samples were cooled at
4°C and analyzed within 3 hours. Once transferred to the
laboratory, half of the beefsteaks from each muscle were analyzed
immediately and the remaining part were singly placed in
polystyrene trays and stored aerobically at 4°C for 1 week to
achieve spoilage. Prior to microbial analysis and DNA extraction
the beefsteaks were divided in 3 portions (x, y and z) that were
treated as separate samples (total beef samples n =27 at time zero
and n=27 after 1 week of storage). The second sampling
(experiment 2) was performed in another day in a different
slaughterhouse as above described with exception that 5 steaks for
each of the 3 muscles were analyzed at time zero (n=15) and 5
after 1 week of storage at 4°C (n=15). Moreover, based on the
results of the first sampling, the whole steak was analyzed without
sub-sectioning.
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All the samples were collected and used with the permission of
the slaughterhouse and of the butcher.

DNA Extraction, Amplicon Library Preparation and
Sequencing

Total DNA extraction from the meat samples was carried out
using the Biostic™ Bacteremia DNA isolation kit (MO BIO
Laboratories, Inc. Carlsbad, CA). Steaks were washed in a 5-fold
volume of quarter’s strength Ringer solution (Oxoid, Milano, Italy)
and a 10 ml aliquot was used for DNA extraction. Ten ml of the 5-
fold dilution of beef samples or 20 ml of sponge buffers were
centrifuged (12,000 g) and extraction was performed from the
pellet resuspended in 1 ml of quarter strength Ringer’s solution.

The microbial diversity was studied by pyrosequencing of the
amplified V1-V3 region of the 16S rRNA gene by using primers
Gray28F 5'-TTTGATCNTGGCTCAG and Gray519r 5'-
GTNTTACNGCGGCKGCTG  amplifying a fragment of
520 bp [22]. 454-adaptors were included in the forward primer
followed by a 10 bp sample-specific Multiplex Identifier (MID).
Each PCR mixture (final volume, 50 pl) contained 50 ng of
template DNA, 0.4 uM of each primer, 0.50 mmol 1~' of each
deoxynucleoside triphosphate, 2.5 mmol 17! MgCly, 5 pl of 10
PCR buffer and 2.5 U of native Tag polymerase (Invitrogen,
Milano, Italy). The following PCR conditions were used: 94°C: for
2 min, 35 cycles of 95°C for 20 s, 56°C for 45 s and 72°C for
5 min, and a final extension at 72°C for 7 min. After agarose gel
electrophoresis, PCR products were purified twice by Agencourt
AMPure kit (Beckman Coulter, Milano, Italy), quantified using the
QuantiFluor ™ (Promega, Milano, Italy) and an equimolar pool
was obtained prior to further processing. The amplicon pool was
used for pyrosequencing on a GS Junior platform (454 Life
Sciences, Roche Diagnostics, Italy) according to the manufactur-
er’s instructions by using a Titanium chemistry.

Bioinformatics and Data Analysis

Raw reads were first filtered according to the 454 processing
pipeline. Sequences were then analyzed and further filtered by
using QIIME 1.6.0 software [23]. In order to guarantee a higher
level of accuracy in terms of Operational Taxonomic Units
(OTUs) detection, after the split library script performed by
QIIME, the reads were excluded from the analysis if they had an
average quality score lower than 25, if they were shorter than
300 bp and if there were ambiguous base calls. Sequences that
passed the quality filter were denoised [24] and singletons were
excluded. OTUs defined by a 97% of similarity were picked using
the uclust method [25] and the representative sequences were
submitted to the RDPII classifier [26] to obtain the taxonomy
assignment and the relative abundance of each OTU using the
Greengenes 16S rRINA gene database [27].

Alpha diversity was evaluated through QIIME to generate
rarefaction curves, Good’s coverage, Chaol richness [28] and
Shannon diversity indices [29]. Beta diversity was evaluated with
UniFrac [30]. Weighted UniFrac distance matrices and OTU
tables were used to perform Adonis and Anosim statistical tests
through the compare_category.py script of QIIME, in order to
verify the influence of the time of storage and the different beef cut
on the microbial population. ANOVA was performed by StatPlus
(5.8.0) from the OTU tables in order to investigate the differences
between the sub-portions of beefsteaks analyzed in experiment 1.
The OTU taxonomy table and the weighted UniFrac distance
matrix generated by QIIME were used to produce heatmaps by
using the software TMeV v 4.8 [31].

An OTU network was generated by QIIME and a bipartite
graph was constructed in which each node represented either a
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Figure 1. Carcass sampling points used in this study; beef cuts: A, brisket; B, chuck; C, thick-flank. A general scheme of the beefsteaks at
time zero (t0) and after one week of aerobic storage at 4°C (t6) analyzed in Experiment 1 and 2 is provided. For Experiment 1, beef steaks were

divided in three sub-portions (x, y, z) and analyzed separately.
doi:10.1371/journal.pone.0070222.g001

meat sample or a bacterial OTU. Connections were drawn
between samples and OTUs, with edge weights defined as the
number of sequences from each OTU that occurred in each
sample. Networks were visualized using Cytoscape 2.5.2 [32].

Nucleotide Sequence Accession Number

All the sequencing data were deposited at the Sequence Read
Archive of the National Center for Biotechnology Information
(SRP021108).

Results

In this study, high-throughput sequencing was used to
investigate the microbiota of beef from carcasses to beefsteaks
after spoilage. Partial 16S rRNA gene sequencing was obtained
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from DNA directly extracted from environmental swabs as well as
beef samples and 16S amplicon pyrosequencing was performed on
with a 454 technology. The alpha diversity analysis was performed
to investigate the diversity within the samples while the beta
diversity analysis was used to assess the diversity between the
samples.

Sequencing and Data Analysis

A total of 562,277 raw sequences were obtained and analyzed;
409,165 reads passed the filters applied through the QIIME
split_library.py script, with an average value of 4051 reads/sample
and an average length of 457 bp. The number of OTUs, the
Good’s estimated sample coverage (ESC), the Chaol and
Shannon indices obtained for all the samples in the two
experiments are reported in Table 1 and Table 2, respectively.
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The rarefaction analysis and the estimated sample coverage
indicated that there was satisfactory coverage for all the samples.
Carcass and butchery environmental swabs showed a more
complex microbiota, as indicated by the Chaol and Shannon
indices. Rarefaction curves showed that at least 3000 reads per
sample were necessary to obtain a good coverage for the fresh
beefsteaks and the butchery environmental swabs, while more
than 4000 reads were necessary for the carcass swabs, which had a
more complex microbiota. On the contrary, spoiled beef samples
were already covered with about 1000 reads/sample (Figure S1).

Microbiota Composition of Beefsteaks, Carcass and
Environmental Swabs

The carcass swabs showed a very high degree of microbial
diversity; in fact, an average of above 600 OTUs were found in
swabs A, B and C, respectively. Fifteen different phyla were
present in the carcass swabs, while about 12 were found in the
beefsteaks at time zero. However, only 5 were found after one
week of storage when the steaks were spoiled. Bacteroidetes,
Firmicutes, Proteobacteria and Actinobacteria were the most abundant

Table 1. Number of sequences analyzed, observed diversity
and estimated sample coverage (Good’s coverage) for 16S
rRNA amplicons analyzed in the first experiment.

Sample Reads OTUs Chao1l Shannon ESC
A 6586 801.00 1464.25 7.55 94%
B 4909 514.00  900.88 6.36 95%
C 5280 375.00 566.34 541 97%
CHOPPING BOARD 4000 381.00 594.89 5.64 96%
COLDSTORE 3436 272.00 494.78 5.12 96%
HAND 5019 446.00 783.62 5.62 96%
KNIFE 5747 631.00 899.49 6.26 96%
A1-t0 1021 333.67 657.26 7.30 77%
A2-t0 5139 466.00 672.22 6.37 96%
A3-t0 1465 209.00  405.62 5.84 83%
B1-t0 4783 43233  617.99 6.08 97%
B2-t0 2281 372.00 629.55 6.22 91%
B3-t0 3077 45233  830.23 6.09 91%
C1-t0 4683 338.00 459.80 4.33 97%
C2-t0 5315 344.67 476.52 4.27 98%
C3-t0 2233 24333 37446 4.91 94%
A1-t6 2175 7733 115.70 1.96 98%
A2-t6 2421 72,67 107.97 1.46 99%
A3-t6 2273 94.67 131.19 1.97 98%
B1-t6 2672 168.00  266.68 4.16 97%
B2-t6 3029 145.00  190.75 3.10 98%
B3-t6 3804 204.67  281.44 4.04 98%
C1-t6 3275 140.67 195.52 2.51 98%
C2-t6 4469 22333  287.66 4.19 98%
C3-t6 4321 135.33 184.07 2.25 99%
Abbreviations: OTU, operational taxonomic unit; ESC, estimated sample
coverage. Chao1, Shannon and ESC were calculated with Qiime at the 3%
distance level. Beefsteaks samples at time zero (t0) and after one week of
aerobic storage at 4°C (t6) were labeled according to the beef cut of origin: A,
brisket; B, chuck; C, thick-flank. The results from the 3 sub-portions of each
beefsteak were averaged.

doi:10.1371/journal.pone.0070222.t001
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Table 2. Number of sequences analyzed, observed diversity
and estimated sample coverage (Good’s coverage) for 16S
rRNA amplicons analysed in the second experiment.
Sample Reads OTUs Chao1l Shannon ESC
A 5854 930 1567.00 7.53 92%
B 7309 883 1481.72 7.49 95%
C 6036 747 1270.50 6.57 94%
CHOPPING BOARD 3150 204 383.56 361 96%
COLDSTORE 3329 245 386.27 3.65 97%
HAND 6179 220 345.07 3.15 98%
KNIFE 6861 252 424.86 3.64 98%
A1-t0 1719 377 629.58 6.55 88%
A2-t0 2555 236 422.33 3.22 95%
A3-t0 2056 291 466.45 4.79 93%
A4-t0 5005 712 1184.46 6.66 93%
A5-t0 7436 762 1112.86 5.51 96%
B1-t0 4516 268 394.29 4.30 97%
B2-t0 3669 200 266.98 3.99 98%
B3-t0 4331 448 679.60 5.48 96%
B4-t0 6902 614 835.35 6.07 97%
C1-t0 3980 317 473.88 4.50 97%
C2-t0 3634 245 336.12 5.28 98%
C3-t0 4828 292 35434 530 99%
C4-t0 7955 398 722.01 242 97%
A1-t6 4384 92 131.67 1.97 99%
A2-t6 5447 129 186.40 2.74 99%
A3-t6 5682 105 134.53 2.40 99%
A4-t6 5069 108 161.81 2.05 99%
A5-t6 4232 97 139.50 226 99%
B1-t6 4171 160 211.00 3.1 99%
B2-t6 4781 120 158.33 2.10 99%
B3-t6 5193 100 128.96 212 99%
B4-t6 4100 125 163.33 278 99%
B5-t6 4893 79 137.58 1.78 99%
C1-t6 4778 120 161.00 2.68 99%
C2-t6 2336 101 162.88 2.58 98%
C3-t6 5071 150 232.50 3.74 99%
C4-t6 4315 102 128.25 240 99%
C5-t6 6054 139 167.28 2.82 99%
Abbreviations: OTU, operational taxonomic unit; ESC, estimated sample
coverage. Chao1, Shannon and ESC were calculated with Qiime at the 3%
distance level. Beefsteaks samples at time zero (t0) and after one week of
aerobic storage at 4°C (t6) were labeled according to the beef cut of origin: A,
brisket; B, chuck; C, thick-flank.

doi:10.1371/journal.pone.0070222.t002

OTUs in the fresh beefsteaks and in the carcass swabs, but only
Firmicutes and  Proteobacteria were found in spoiled beef. The
complexity of the microbiota of carcass swabs and beefsteaks at
time zero is clearly shown in Figure 2. Moraxellaceae, Aerococcaceae,
Staphylococcaceae, Flavobacteriaceae, Rhodobacteriaceae and Corynebacteri-
aceae were the most abundant bacterial families occurring in
carcass swabs. These OTUs in different proportions were found in
the butchery environmental swabs and in the beefsteaks at time
zero along with additional populations. In the case of both
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slaughterhouses the beefsteaks at time zero from beef cuts A and B
were similar between them and had also a microbiota composition
similar to the corresponding carcass swabs (Figure 2, panel a and
b). However, in both cases the steaks from beef cut C (thick-flank)
and the corresponding carcass swab had a different microbial
composition. In fact, a predominance of Pseudomonaceae was found
in all the freshly cut steaks from beef cut C in both sampling
experiments (Figure 2, panel a and b). After one week of aerobic
storage at 4°C the initial microbiota of beefsteaks changed,
showing a significant decrease in microbial diversity (P<<0.01). The
spoiled steaks after storage were dominated by Pseudomonaceae,
Listeriaceae, Moraxellaceae and Enterobacteriaceae in both experiments;
in particular, Pseudomonaceae and Listeriaceae were the dominant
groups in experiment 1 and 2, respectively (Figure 2, panel a and
b).

The microbial populations in the 3 pieces of the same beefsteak
that were analyzed separately (x, y, z) in the experiment 1 were
shown to be not significantly different (P>0.05) by ANOVA
(Figure 2, panel a). By contrast, in both experiments, the time of
storage and the type of beef cut influenced the composition of the
bacterial community as measured using Adonis (P<<0.01) and
Anosim (P<<0.005) methods run by QIIME.

Analyzing the microbial diversity to deeper taxonomic assign-
ment, the succession of genera and species can be observed in the
heatmap depicted in Figure 3. In experiment 1, carcass, butchery
environmental swabs and beefsteaks at time zero showed a highly
complex microbial diversity, while only few species i.e. Pseudomonas
sp. (always above 50%), Psychrobacter sp. and B. thermosphacta
dominated after 1 week of aerobic storage at 4°C. Additional
OTUs in spoiled beefsteaks were Acinetobacter johnsonii, Acinetobacter
sp. and Carnobacterium sp. (Figure 3, panel a). Butchery environ-
mental swabs included all the species found in spoiled beef; in
addition, lactic acid bacteria, Aligyclobacillus sp. and Staphylococcus
sp. were also abundant (Figure 3, panel a).

In experiment 2 the carcass swabs also had a complex
microbiota. However, abundant OTUs such as Corynebacterium
efficiens, Corynebacterium sp., Chryseobacterium sp. and Facklamia sp.,
were not found as dominant bacteria in the corresponding
beefsteaks while Acinetobacter sp., Psychrobacter sp. and Pseudomonas
sp. were found in both beefsteaks at time zero and after aerobic
spoilage. In the butchery environmental swabs, B. thermosphacta,
Pseudomonas sp., Staph. equorum, P. acnes, Psychromonas arctica and
Psychrobacter sp. were the dominant OT'Us. All these species were
also the main contaminants of beefsteaks at time zero, while after
spoilage the main OTUs found on steaks were Pseudomonas sp.,
Psychrobacter sp. and B. thermosphacta (Figure 3, panel b). Enterobac-
leriaceae were abundant after storage only in steaks from beef cut A.
Remarkably, P. acnes found in butchery swabs heavily contam-
mated the beef at time zero while it was not found after storage. In
addition, Staph. equorum, which was a main contaminant of
butchery environment, was found also in beef at time zero, but
it was above 5% abundance only in beefsteaks from beef cut C
(Figure 3, panel b). Acinetobacter sp. occurred in all the carcass swabs
and its abundance ranged between 2 and 12% in spoiled
beefsteaks.

Beta Diversity to Investigate the Contamination Routes
Weighted UniFrac analysis showed that in both experiments
fresh and spoiled beefsteaks clustered separately. The carcass
swabs clustered with the beefsteaks at time zero in both
experiments (Figure 4, panel a and b). However, the butchery
environmental swabs clustered with the steaks at time zero in the
experiment 1 (Figure 4, panel a) and with the beefsteaks after
storage in experiment 2 (Figure 4, panel b). In both cases
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beefsteaks coming from the same beef cut (labeled with the same
symbol) were close in the plot indicating a similar microbial
composition (Figure 4). We employed network-based analyses to
map meat microbial community composition and structure onto
time of storage and sample type (beef cut of origin) thereby
complementing the PCoA analyses. Network analyses indicated a
clear separation of the OTUs depending on the time of storage
and with swabs samples more closely related to microbiota of
beefsteaks at time zero; in addition, swabs from the butchery
environment had the highest number of shared OTUs highlighting
a co-occurring microbial community (Figure S2).

Discussion

In this study, the microbiota of beefsteaks before and after
aerobic storage was analyzed along with carcass swabs of the beef
cuts from which the beefsteaks were obtained and swabs of the
butchery environment where the beef was handled. Culture-
independent HT'S was used in order to investigate the changes in
composition of bacterial species from carcass to beefsteaks through
the production chain and to possibly highlight the sources of
contamination of the bacteria grown on beef during storage. For
this purpose, two independent experiments were performed in two
different slaughterhouses following the samples from carcass to
beefsteaks.

Despite the high complexity of the microbiota of the carcass and
environmental swabs and of fresh beefsteaks, after aerobic storage
at 4°C the bacterial populations showed a dramatic decrease in
microbial complexity with only a few dominant species. Therefore,
many different microbial species occur in raw meat after animal
slaughtering but only very few of them can grow during storage
potentially contributing to meat spoilage. This is basically due to
competition for the substrate and adaptation to the meat
environment, which is better suited for only certain types of
bacteria [5,6,33]. Pseudomonas sp. and B. thermosphacta were the
main contaminants, representing together more than 80% (75—
95%) of the OTUs in the steaks after storage in both experiments.
They are both recognized as important acrobic meat spoilers [3].
Different species of Pseudomonas have been shown to contribute to
meat spoilage especially in aerobic conditions [34]. P. fragt has
been recognized as the main Pseudomonas species associated with
beef spoilage [5,6,35] and different biotypes of Ps. fragi proved
capable of determining sensory spoilage of beef by producing
spoilage-associated volatile organic compounds during growth in
meat at chill temperature [36]. B. thermosphacta is facultative
anaerobic and it has been shown to be unable to compete against
lactic acid bacteria in chill-stored meat under anaerobic conditions
[37,38]; however, it efficiently grows in presence of oxygen and
can therefore dominate the meat system along with Pseudomonas sp.
during aerobic chill storage.

Environmental contamination by skin-associated bacteria such
as P. acnes, Staph. equorum and Staphylococcus sp. have been often
found in the beefsteaks at time zero; however, they were likely
outcompeted by the dominant spoilage microbiota during storage
as they were never abundant in beefsteaks after one week
(Figure 3). Acinetobacter sp. was always found in beefsteaks after
storage, and it was also detected in carcass as well as
environmental swabs (Figure 3). This is in agreement with other
studies reporting the occurrence of Acinetobacter in meat after
aerobic storage [39,40]. However, such occurrence in the meat
environment probably needs more attention as it was recently
demonstrated that biofilms by Acinelobacter sp. in the meat
processing plants could enhance the development of foodborne
pathogens such as Escherichia coli O157:H7 [41].
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Figure 2. Abundance of bacterial families in carcass swabs, environmental swabs, beefsteaks at time zero (t0) and after one week of
aerobic storage at 4°C (t6) in experiment 1 (panel a) and experiment 2 (panel b). Beefsteaks samples are labeled according to the beef cut
of origin: A, brisket; B, chuck; C, thick-flank. Color key legend shows only bacterial families with >8% abundance.
doi:10.1371/journal.pone.0070222.g002
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Figure 3. Distribution of bacterial genera and species in carcass swabs, environmental swabs, beefsteaks at time zero (t0) and after
one week of aerobic storage at 4°C (t6) in experiment 1 (panel a) and experiment 2 (panel b). Beefsteaks samples are labeled according
to the beef cut of origin: A, brisket; B, chuck; C, thick-flank. Only OTUs occurring at>4% abundance in at least 2 samples were included. Abundance of
OTUs in the 3 sub-portions of beefsteaks from experiment 1 was averaged. Color scale indicates the relative abundance of each OTU within the

samples.
doi:10.1371/journal.pone.0070222.g003

The spoilage-associated microbiota found in this study in
beefsteaks after storage is typical of aerobic chill storage [4,5].
Indeed, starting from the same contaminating microbes in carcass
and environment, different growth dynamics would take place in
other storage conditions such as modified atmosphere or vacuum
packaging where other microrganisms such as lactic acid bacteria

PLOS ONE | www.plosone.org

and facultative anaerobes would dominate the beef system as
previously shown [8,9,10].

The type of beef cut influenced the composition of the
microbiota of beefsteaks. In both experiments the steaks from
beef cut C (thick-flank) had a different microbial composition
compared to those coming from other beef cuts. In fact, a
predominance of Pseudomonas sp. was found in all the steaks from
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Figure 4. Principal Coordinates Analysis of weighted UniFrac distances for 16S rRNA gene sequence data. Panel a, samples from
experiment 1; Panel b, samples from experiment 2. Beef cuts: A, brisket; B, chuck; C, thick-flank. For Experiment 1, beef steaks were divided in three

sub-portions (x, y, z) and analyzed separately.
doi:10.1371/journal.pone.0070222.9g004

beef cut C in both sampling experiments (Figure 2). On the
contrary, steaks from beef cut A (brisket) and B (chuck) cluster
together in both the experiments, owing to their similar and more
complex microbiota (Figure 4). Both cuts are from the front part of
the half-carcass. This is recognized as the most contaminated part.
In fact, the half-carcass after skinning is hung up by the hind legs
and beef exudates, along with water used to wash the carcass, flow
from the back to the anterior part, moving the contamination in
this direction [14,42,43]. Lindbald and Berking [44] have recently
shown that all the three beef cuts analyzed in this study are
characterized by a high level of contamination in cattle carcasses;
however, the data provided are only based on total viable and
Enterobacteriaceae counts and the level of complexity of the microbial
diversity of the samples is not taken into account.

With the sampling performed during experiment 1, we also
showed that there are no significant differences in the microbiota
between different parts of the same steak, suggesting that the same
spoilage dynamics can be expected on the same steak and that
point specific contamination is not likely.

All the microbial species developing on beefsteaks during
storage were present, although with low abundances, on the
surface of carcasses. Therefore, the potential spoilers originally
come {rom the carcass. However, on the basis of the evolution of
OTUs abundance noticed in this study, it can be speculated that
the spoilage bacteria are transferred from abattoir to the butchery
environment and there they start to proliferate in microenviron-
ments where meat residues and exudates can act as substrates. The
microbes establish in cold rooms and on the surface of tools such
as knives or chopping boards and they constitute a resident
microbiota. This resident microbiota can be the final source of
contamination of beefsteaks once they are prepared and the
storage starts. This is clear from the distribution of OTUs in the
butchery environmental swabs, where the abundance of OTUs
responsible of meat spoilage increases compared to the carcass
swabs (e.g. the case of B. thermosphacta, Pseudomonas sp. and
Psychrobacter sp. shown in Fig. 3). As further evidence, the
environmental swabs are in some cases close to the beefsteaks
after storage as shown by Unikrac and OTUs network analyses

(Fig. 4B and Fig. S2).
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