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ABSTRACT Microbial spoilage of raw meat causes huge economic losses every year.
An understanding of the microbial ecology associated with the spoilage and its dy-
namics during the refrigerated storage of meat can help in preventing and delaying
the spoilage-related activities. The raw meat microbiota is usually complex, but only
a few members will develop during storage and cause spoilage upon the pressure
from several external factors, such as temperature and oxygen availability. We char-
acterized the metagenome of beef packed aerobically or under vacuum during re-
frigerated storage to explore how different packaging conditions may influence the
microbial composition and potential spoilage-associated activities. Different popula-
tion dynamics and spoilage-associated genomic repertoires occurred in beef stored
aerobically or in vacuum packaging. Moreover, the pangenomes of Pseudomonas
fragi strains were extracted from metagenomes. We demonstrated the presence of
specific, storage-driven strain-level profiles of Pseudomonas fragi, characterized by
different gene repertoires and thus potentially able to act differently during meat
spoilage. The results provide new knowledge on strain-level microbial ecology asso-
ciated with meat spoilage and may be of value for future strategies of spoilage pre-
vention and food waste reduction.

IMPORTANCE This work provides insights on the mechanisms involved in raw beef
spoilage during refrigerated storage and on the selective pressure exerted by the
packaging conditions. We highlighted the presence of different microbial metag-
enomes during the spoilage of beef packaged aerobically or under vacuum. The
packaging condition was able to select specific Pseudomonas fragi strains with dis-
tinctive genomic repertoires. This study may help in deciphering the behavior of dif-
ferent biomes directly in situ in food and in understanding the specific contribution
of different strains to food spoilage.
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Meat spoilage involves bacterial growth to unacceptable levels, which causes
changes to the meat structure and appearance, as well as the production of

off-flavors. The initial level of microbial load mainly depends on the contamination at
the slaughtering, but subsequent microbial transfer may occur during transport, ma-
nipulation, and retail. Indeed, the meat processing environment harbors a resident
microbiota that may be considered a primary source of microbial spoilers and patho-
gens (1–4). The main microbial players that are recognized as meat spoilers are several
genera of the Enterobacteriaceae, Pseudomonas spp., Brochothrix thermosphacta, and
lactic acid bacteria (LAB) (2, 5–7). However, the spoiling microbiota is selected by both
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intrinsic factors (i.e., meat composition) and extrinsic factors applied during storage,
such as temperature, composition of the gaseous atmosphere, and oxygen availability
(6, 8). Therefore, only a fraction of the initial microbial population can develop during
storage and become responsible for spoilage (so-called specific spoilage organisms
[SSO] [9]).

The packaging of meat under vacuum (VP) or a CO2-modified atmosphere (MAP)
results in the extension of the shelf life compared to that with aerobic storage, creating
hurdles to the development of aerobic bacteria while enabling the growth of faculta-
tive and strict anaerobes. This change in packaging conditions determines a shift from
aerobic bacteria, such as Pseudomonas spp., to facultative anaerobic species, such as
Brochothrix thermosphacta and LAB, or sometimes strict anaerobes (Clostridia), that
dominate during vacuum or MAP refrigerated storage (5, 6, 10–12). Psychrotrophic
Pseudomonas species, namely Pseudomonas fragi, Pseudomonas lundensis, and Pseu-
domonas putida, are commonly isolated in meat, with Pseudomonas fragi becoming
usually dominant during spoilage (6). Although members of the genus Pseudomonas
are commonly considered aerobic, they were often found also in meat stored VP and
in a MAP (5, 10, 13–15).

The apparently contrasting results might be explained by the activity of different
strains of this species under diverse packaging conditions. Therefore, the occurrence
and role of Pseudomonas fragi as meat spoilers deserve further investigation.

The SSO metabolize meat substrates, with subsequent changes in its texture and the
production of volatile organic compounds (VOCs) responsible for off-flavors (16). VOCs
produced during beef spoilage have been thoroughly studied to find key odor-active
molecules to be used as molecular markers of spoilage (16). High variability regarding
the storage temperature and time, the type of packaging, and the meat microbiota is
reported (16). In addition, different strains of the same species might coexist or succeed
during storage and show specific behaviors as meat spoilers. Indeed, different strains
may show distinctive patterns of VOC production, differently affecting the flavor profile
(16–19).

Here, we used a shotgun metagenomics approach for in situ monitoring of microbial
genes and metabolic pathways involved in the spoilage of beef stored aerobically or
under vacuum. In addition, using a pangenomic analysis of Pseudomonas fragi ge-
nomes retrieved from beef metagenomes, we characterized the strain-level diversity of
this important beef spoiler, investigating whether different packaging conditions select
Pseudomonas fragi strains with potentially different behaviors.

RESULTS

In this study, we analyzed the metagenomes of beef stored either aerobically or
under vacuum to highlight the effect of storage conditions on the meat microbiome
and its potential spoilage-related activities. The study design is reported in Fig. 1.
Unfortunately, we failed to construct the libraries for samples with low microbial counts
(all samples at time zero and samples At03.vac, F03.air, and F03.vac). Thus, we only
sequenced 17 of the 24 processed samples.

Beef microbiome and spoilage-related potential activities are affected by
storage conditions. The metagenomes of beef samples stored aerobically and VP
showed different microbiota profiles (Fig. 2). Aerobically stored samples were charac-
terized by the dominance of Pseudomonas fragi and unclassified Pseudomonas spp.,
while most of the VP samples clustered together with a high abundance of LAB and
Photobacterium. Nevertheless, few of them grouped closer to those stored aerobically,
due to the higher levels of Pseudomonas spp. Indeed, Pseudomonas spp. were found in
all the samples, regardless of the type of packaging, although their levels were higher
in aerobically stored beef. Finally, some Brochothrix thermosphacta phages were iden-
tified, although the chromosome sequence belonging to this microorganism was not
found.

Differences in the taxonomic compositions of the beef microbiomes reflected its
potential activities, which were clearly distinct according to the type of packaging. The
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metagenome of VP samples was dominated by genes involved in the KEGG metabolism
of carbohydrates, at higher levels than in those stored aerobically (Fig. 3). On the
contrary, the microbiome of samples stored aerobically showed a higher potential for
the metabolism of amino acids and xenobiotics (Fig. 3). (R,R)-Butanediol dehydrogenase
(EC 1.1.1.4 and 1.1.1.303), (S,S)-butanediol dehydrogenase (EC 1.1.1.76 and 1.1.1.304),
acetolactate decarboxylase (EC 4.1.1.5), and acetolactate synthase (EC 2.2.1.6), involved
in the production of acetoin and diacetyl from pyruvate, were all enriched in VP beef
at 10 and 20 days (Fig. 4A), while the metagenomes of aerobically stored beef showed
higher levels of several protease/peptidase genes (see Fig. S1 in the supplemental
material), which are related to branched-chain amino acid degradation and biogenic
amine production (Fig. 4B and C).

Accordingly, microbial species with higher abundances in aerobically stored meat
positively correlated with KEGG pathways involved in amino acid and xenobiotic
metabolism, while LAB showed positive correlations with carbohydrate metabolism
pathways (Fig. 5).

FIG 1 Study design and summary of the main findings.
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Pseudomonas spp. in beef stored aerobically and under vacuum. The loads of
Pseudomonas spp. on fresh beef were around 103 CFU/g in all the samples, regardless
of the type of retail (labeled A, C, D, and F), and increased during storage (Fig. 6).
Multiplex PCR of the carA gene was carried out on colonies collected in bulk from
countable plates. Pseudomonas fragi was found in all the beef samples. However,
Pseudomonas lundensis was identified in the samples from 2 butcheries at time zero and
detected until 20 days of storage only in VP samples (data not shown).

Storage conditions select potentially different Pseudomonas fragi strains. Five
potentially different strains of Pseudomonas fragi were identified by StrainEst, with
different abundance patterns according to the type of storage (Fig. 7). Pseudomonas
fragi strain 1 was the most abundant in all the samples. However, strains 2 and 3
reached more than 50% of the total Pseudomonas fragi abundance in samples stored
aerobically for 10 days but started developing in VP samples only at 20 days. Finally,
strain 5 was detected only in aerobically stored beef, while higher levels of strain 4 were
found in VP samples.

The pangenome of Pseudomonas fragi was computed by using PanPhlAn. With
some exceptions, the pangenomes of VP samples showed higher numbers of genes
(see Fig. S2). The genes differentially present according to the storage type are shown

FIG 2 Different taxonomic compositions in the microbiomes of beef stored aerobically and VP. Ward-linkage clustering based on the Spearman’s correlation
coefficients of the proportion of the top 13 taxa identified in the beef samples. The color scale represents the scaled abundance of each variable, denoted as
Z-score, with red indicating high abundance and blue indicating low abundance. Columns are colored according to the type of packaging: aerobic (orange)
or under vacuum (green). In the sample labels, A, C, D, and F indicate meat chops from the four different retails; air, meat stored aerobically; vac, meat stored
under vacuum.
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in Table 1 (Fisher’s test, P � 0.05). Indeed, the Pseudomonas fragi pangenome of
samples stored aerobically showed a higher prevalence of several genes involved in
respiratory metabolism coding for subunits of the NADH-quinone oxidoreductase
(electron transport chain), as well as genes related to oxidative stress response (oxyR,
hydrogen peroxide-inducible genes activator; MsrPQ system). In addition, Pseudomonas
fragi strains of aerobically stored beef contained higher counts of several lipases and
the gene coding for the biofilm dispersion protein, bldA. On the contrary, the Pseu-
domonas fragi pangenome of VP beef was enriched in genes related with amino acid
and protein degradation and transport, antibiotic resistance (tolC and mdtB), iron
transport, and flagellar and lipopolysaccharide biosynthesis (Table 1).

DISCUSSION

We characterized the metagenomes of beef during spoilage under different pack-
aging conditions. The initial microbial community was strongly affected by the type of
packaging. As previously reported, facultative anaerobic LAB dominate during refrig-
erated storage under vacuum (7), while Pseudomonas spp. belong to the dominant
microbiota under aerobic conditions (6). However, Pseudomonas spp. were also found
in beef stored under vacuum, although at a lower extent (5, 10, 13–15). In our study, the

FIG 3 Different genomic repertoires are associated with beef spoilage under aerobic conditions or under vacuum. Ward-linkage clustering based on the
Spearman’s correlation coefficients of the proportion of the KEGG pathways identified in the beef samples. The color scale represents the scaled abundance
of each variable, denoted as Z-score, with red indicating high abundance and blue indicating low abundance. Columns are colored according to the type of
packaging: aerobic (orange) or under vacuum (green). Rows are colored according to the higher KEGG classification. In the sample labels, A, C, D, and F indicate
meat chops from the four different retails; air, meat stored aerobically; vac, meat stored under vacuum.
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results from metagenomics were supported by microbial counts and a carA gene assay
of cultivable communities, showing that Pseudomonas spp. were viable and metabol-
ically active under both packaging conditions.

We did not find Brochothrix thermosphacta, usually reported as dominant in meat-
spoiling microbiota (1, 5, 10), while we highlighted the presence of three different
Brochothrix thermosphacta phages. The possible activity of lytic bacteriophages for this
species might explain the absence of Brochothrix thermosphacta observed here.

We highlighted the presence of several microbial pathways and genes possibly
involved in meat spoilage. The metagenome of VP beef, where LAB represented the
dominant microbiome, was enriched in genes related to carbohydrate fermentation.

FIG 4 Spoilage-related pathways in VP- and aerobically stored beef. Abundance of KEGG genes involved in pyruvate catabolism pathways (A) and
branched-chain amino acid (B) and biogenic amine (C) biosynthesis. CPM, copies per million reads. Different lowercase letters indicate significantly different
values (P � 0.05).
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Several psychrotrophic LAB species ferment sugars under low oxygen conditions,
leading to the production of CO2 and off-flavors, such as acetoin and diacetyl (7, 19, 20),
thus conferring buttery and other undesirable smells (16). In our study, Leuconostoc
carnosum, Leuconostoc gasicomitatum, and Leuconostoc gelidum were the LAB species
most likely to be involved in carbohydrate fermentation. Accordingly, we found higher
levels of genes related to the production of acetoin and diacetyl in VP metag-
enomes. Besides their production by LAB, these compounds have also been re-
ported as associated with other microbial spoilers, such as Brochothrix ther-
mosphacta (18) and Pseudomonas spp. (21). Moreover, acetoin may be further
reduced to butane-2,3-diol by the fermentation activity of some Enterobacteriaceae
and Leuconostoc gasicomitatum (22, 23).

FIG 5 Correlations between microbial taxa and KEGG pathways. Asterisks indicate significant correlations after correction for multiple comparisons (FDR � 0.05).
Rows and columns are clustered by Euclidean distance and Ward-linkage hierarchical clustering. The intensity of the colors represents the degree of association
as measured by Spearman’s correlations. Rows are colored according to the higher KEGG classification.
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Branched-chain fatty acids were previously found only in aerobically spoiled meat
and derive from leucine, isoleucine, and valine degradation (16). 2-Methylbutanoic acid
has pungent, acid, and Roquefort cheese odors, while 3-methylbutanoic acid has sour,
stinky, foot, sweaty, and cheese odors (16). Their presence was often associated with
Brochothrix thermosphacta (18). This species was not detected in the present study,
suggesting that other microbes may potentially harbor the genomic repertoire needed
to produce these off-flavors. In addition, the metagenome of aerobically stored beef
was enriched in genes involved in the production of the biogenic amines (BAs)

FIG 6 Growth of Pseudomonas spp. under aerobic conditions and under vacuum. Average microbial
loads (log CFU/g) of Pseudomonas spp. in beef stored aerobically or under vacuum. Values reported are
the averages from three replicates. A, C, D, and F indicate meat chops from the four different retails.

FIG. 7 Different P. fragi strains are selected by packaging conditions. Stacked-bar chart showing the
average abundances of different P. fragi strains (as defined by StrainEst) in aerobically stored and
vacuum-packed beef samples.
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cadaverine and putrescine. These BAs are not responsible of off-flavors but, in addition
to the safety implications, may be considered a marker of freshness (24), and their
presence in spoiled meat was previously linked to Enterobacteriaceae and Pseudomonas
spp. (24, 25). The results obtained here highlight that these metabolites and the
microbial genes involved in their production may be present, thus pointing out the
poor quality and freshness of the meat considered in this study and supporting their
usefulness as markers of meat quality and freshness.

Pseudomonas fragi is considered the main spoiler of refrigerated meat stored
aerobically (10). Due to its fast growth ability and the production of impactful spoilage-
related off-odors, it quickly leads to the unacceptability of the meat (16). Moreover, it
was often reported also in VP meat (5, 10, 13–15), suggesting the presence of different
strains with likely specific genomic repertoires. We dissected beef metagenomes to
highlight the differences in the pangenomes of Pseudomonas fragi strains possibly
driven by the packaging conditions. Differences in the pangenomes were found in beef
stored aerobically or VP, suggesting the presence of strains with distinctive genomic
potential. Indeed, previous works emphasized that a strain-level phenotypical diversity
in the main beef spoilers exists and that different strains may have distinctive roles in
meat spoilage (17–19, 26). Although Pseudomonas spp. are usually considered aerobic,
we demonstrated that potentially different strains of Pseudomonas fragi may be
selected by the packaging conditions and may act differently during beef spoilage.
Indeed, strains developing in VP beef showed a lower prevalence of genes involved in
the electron transport chain and in oxidative stress response. This might explain why
they are outcompeted by other strains during aerobic storage, although competition
experiments would be necessary to validate this hypothesis. Aerobic storage selected
Pseudomonas fragi strains with higher lipolytic potential, while strains present under
vacuum showed a higher prevalence of genes involved in proteolysis and amino acid
degradation, suggesting a different potential for spoilage-related activities. We previ-
ously showed that only few Pseudomonas fragi isolates displayed proteolytic activity,
but this difference might be explained by the origin of the strains, all isolated from
aerobically stored meat (17). On the contrary, lipolytic activity may lead to the biosyn-
thesis of ethyl and methyl esters, considered the main VOCs produced by Pseudomonas
fragi and responsible for fruity and sweet off-flavors (16, 17, 26). Finally, the Pseudomo-
nas fragi pangenome of VP beef was characterized by a higher prevalence of genes
coding for proteins involved in xenobiotic efflux (tolC and mdtB) and therefore possibly
linked with drug and antibiotic resistance (27, 28).

Although the study is limited by the low number of samples involved, we provided
an in-depth description of the genomic repertoire associated with beef spoilage and
demonstrated that different packaging conditions may lead to different potential
spoilage patterns. In addition, we highlighted the presence of specific storage-driven
strain-level profiles of Pseudomonas fragi, one of the most important bacteria involved
in meat spoilage. The genetic repertoire of Pseudomonas fragi that has been shown in
this study may be responsible for distinctive features with possibly different metabolic
activities that influence meat quality during storage. The results shown here are easily
extensible to other food-associated microbes, either alterative or pathogens, that may
be selected by storage conditions. Pangenomics based on the reconstruction of
genomes retrieved from metagenomic reads will help to understand the behavior of
different strains directly in situ in the food environment and to decipher their contri-
bution in food fermentation or spoilage (2). Such new knowledge on the microbial
ecology of fresh meat may be useful in understanding the mechanisms leading to
spoilage and how to counteract it. This may help in the development of future
strategies for the prevention of spoilage to reduce food waste and loss.

MATERIALS AND METHODS
Beef storage. Beef cuts (brisket) were bought from four different local shops (Campania Region,

Southern Italy; indicated as A, C, D, and F), portioned in 40-g chops and transported refrigerated to the
laboratory. Beef chops to be stored aerobically were placed in polystyrene trays sealed with an oriented
polypropylene (OPP) low-density polyethylene (LDPE) film (pO2, 2,500 cm3 · m�2 · h�1). Beef chops from
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TABLE 1 P. fragi pangenes with significantly different occurrence in aerobically and
vacuum-packed beef samplesa

Gene annotation

Prevalence
(% of samples)

Aerobic
Under
vacuum

Amino acid ABC transporter_g001843 28.57 87.50
Amino acid ABC transporter permease_g000271 42.86 100.00
Arginine N-succinyl transferase, subunit beta_g006675 14.29 87.50
Aromatic amino acid transport protein AroP_g006499 14.29 87.50
Branched-chain amino acid ABC transporter permease_g001018 42.86 100.00
Channel protein TolC_g001045 42.86 100.00
Colicin I receptor_g007007 42.86 100.00
Electron transfer flavoprotein-ubiquinone oxidoreductase_g005516 42.86 0.00
Electron transfer flavoprotein, subunit alpha_g005518 28.57 25.00
Electron transfer flavoprotein, subunit beta_g005517 57.14 0.00
Esterase/lipase/thioesterase_g000542 100.0 12.50
Esterase/lipase/thioesterase_g000542 100.0 12.50
Flagellar biosynthesis protein FlhA_g006471 14.29 100.00
Flagellar biosynthetic protein FliP_g006475 57.14 100.00
Flagellar biosynthetic protein FliR_g006473 14.29 87.50
Hemin transport system permease protein HmuU_g004720 71.43 12.50
Hemin transport system permease protein HmuU_g007012 14.29 100.00
Hydrogen peroxide-inducible genes activator_g004882 42.86 0.00
Hydrogen peroxide-inducible genes activator_g006647 100.0 25.00
Hydroperoxy fatty acid reductase gpx2_g006838 71.43 0.00
Inner membrane amino-acid ABC transporter permease protein

YhdY_g006813
42.86 100.00

Iron(3�)-hydroxamate-binding protein FhuD_g006324 14.29 75.00
Iron(3�)-hydroxamate import system permease protein FhuB_g006325 14.29 75.00
Iron transporter_g001368 28.57 87.50
L-Threonine dehydratase biosynthetic IlvA_g004942 42.86 100.00
Leucine, isoleucine, valine, threonine, and alanine-binding

protein_g005368
28.57 100.00

Lipopolysaccharide export system protein LptC_g006847 42.86 100.00
Long-chain-fatty-acid–CoA ligase_g006700 85.71 12.50
Long-chain-fatty-acid–CoA ligase_g006701 85.71 25.00
Methionine amino peptidase_g006769 28.57 100.00
Multidrug resistance protein MdtB_g005252 42.86 100.00
Murein DD-endopeptidase MepH_g004974 42.86 100.00
NADH-quinone oxidoreductase, subunit F_g005645 71.43 37.50
NADH-quinone oxidoreductase, subunit F_g005646 85.71 0.00
NADH-quinone oxidoreductase, subunit G_g005643 71.43 37.50
NADH-quinone oxidoreductase, subunit L_g005641 100.00 12.50
NADH-quinone oxidoreductase, subunit M_g005639 57.14 0.00
NADH-quinone oxidoreductase, subunit N_g005638 42.86 0.00
Nicotinate phosphoribosyltransferase 2_g007029 42.86 100.00
Oligopeptide-binding protein AppA_g006420 28.57 87.50
Peptidase_g000364 42.86 100.00
Proline-specific permease ProY_g007110 42.86 100.00
Protease HtpX_g001735 42.86 100.00
Protein-methionine-sulfoxide reductase catalytic subunit MsrP_g006893 100.00 0.00
Protein-methionine-sulfoxide reductase catalytic subunit MsrP_g006893 100.00 0.00
Sensor protein QseC_g006731 42.86 87.50
Stress response protein SCP2_g006950 42.86 100.00
Succinate-semialdehyde dehydrogenase [NADP(�)]_g007028 42.86 100.00
Tail-specific protease_g005617 57.14 100.00
Thiol:disulfide inter-change protein_g001662 28.57 12.50
TolC family protein_g000069 0.00 100.00
Urease accessory protein UreF_g001013 42.86 100.00
Uvr ABC system protein B_g006309 57.14 100.00
Biofilm dispersion protein BdlA_g006694 100.00 12.50
aSignificant at a P value of �0.05.
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the same cut were vacuum packed using bags (200 mm by 300 mm) of plastic barrier film (low-density
polyethylene, Cryovac BB3050, oxygen transmission rate of 0.83 cm3 · m�2 · h�1 at 23°C; Cryovac Sealed
Air S.r.l., Milan, Italy). Two chops were placed in each tray or bag and used for DNA extraction and
microbiological analysis, respectively. The samples were stored at 4°C, and analyses were carried out at
0, 3, and 10 or 0, 3, 10, and 20 days for beef stored aerobically or under vacuum, respectively.

Pseudomonas sp. enumeration and carA gene multiplex PCR essay. For each sampling point,
viable Pseudomonas spp. were counted on Pseudomonas agar base containing cetrimide-fucidin-
cephaloridine (CFC) selective supplement (both from Oxoid, Milan). Twenty-five grams of beef was
homogenized in 225 ml of quarter-strength Ringer’s solution (Oxoid) for 2 min in a stomacher (LAB
Blender 400; PBI, Milan, Italy). Decimal dilutions were prepared, and 0.1-ml aliquots of the appropriate
dilutions were spread in triplicates. Plates were incubated at 20°C for 48 h, and typical Pseudomonas
colonies were confirmed by the oxidase test (Sigma-Aldrich Co., St. Louis. MO, USA). After plate counts,
all the colonies present on the surfaces of countable plates were collected in bulk. DNA was extracted
as previously described (29) and used as the templates in a multiplex PCR assay for the identification of
Pseudomonas fragi, Pseudomonas lundensis, and Pseudomonas putida by targeting the carA gene (29).

DNA extraction and sequencing. For each sampling point, microbial cells on the surfaces of the
beef chops (2 beef chops for each shop and sampling point) were collected with sterile cotton-tipped
swabs moistened with phosphate-buffered saline (PBS). Swabs from the replicates of the same sample
were pooled, placed in 5 ml of PBS, and vortexed thoroughly. The buffer was centrifuged (12,000 � g for
2 min), and DNA extraction was carried out on the pellet by using the Biostic Bacteremia DNA isolation
kit (MO BIO Laboratories Inc., Carlsbad, CA). DNA was quantified using the Qubit dsDNA HS assay kit
(Invitrogen). The Nextera XT library preparation kit (Illumina) was used for library preparation and sample
multiplexing. Sequencing was carried out on an Illumina HiSeq sequencer (Illumina, San Diego, CA),
yielding 2 � 150-bp paired-end reads. We failed to prepare the libraries for 7 samples that were excluded
from the analysis (see Results).

Metagenomics data analysis. (i) Read filtering. Host contamination was removed by mapping raw
reads against the Bos taurus genome (UMD 3.1.1) using bmtagger (ftp://ftp.ncbi.nlm.nih.gov/pub/
agarwala/bmtagger/). Raw reads were quality trimmed (Phred score � 25), and reads shorter than 60 bp
were discarded with the SolexaQA�� software (30). The numbers of reads per sample resulting after
filtering are reported in Table S1 in the supplemental material.

(ii) Taxonomic and functional profiling. Taxonomic profiling was carried out by using MetaPhlAn2
(version 2.6; 34), while HUMAnN2 (31) was used for functional annotation.

(iii) Pseudomonas fragi pangenomics. Strain-level analysis of Pseudomonas fragi was performed
through a gene-content-based profiling using PanPhlAn (32) with parameters –min_coverage 1, –left_
max 1.70, and –right_min 0.30. To avoid biases due to different sequencing depths, the reads were
subsampled at the lowest number of reads per sample. A Pseudomonas fragi pangenome database was
created according to the developer’s instructions, using P. fragi genomes available on the NCBI website
(see Table S2). Pangenome representative sequences were extracted from the PanPhlAn database and
aligned to the NCBI nonredundant (NR) database using BLASTx (E value cutoff of 1e�5, requiring a hit to
display �90% of identity over at least 30% of the query length) for gene annotation. The same procedure
was used to explore species belonging to the most abundant genera and normally involved in meat
spoilage: Pseudomonas putida, Pseudomonas lundensis, Lactobacillus curvatus, Lactobacillus sakei, Leu-
conostoc carnosum, Leuconostoc citreum, Leuconostoc gelidum, Leuconostoc mesenteroides, and Leucono-
stoc pseudomesenteroides.

The differential occurrence of pangenes between samples stored aerobically or under vacuum was
determined by Fisher’s exact test, carried out in the R environment (fisher.test).

Moreover, StrainEst (33) was used to explore Pseudomonas fragi strain patterns. StrainEst is a
reference-based method that uses the single-nucleotide variant (SNV) profiles of the available genomes
of the species of interest to determine the number and identity of coexisting strains and their relative
abundances in mixed metagenomic samples.

Accession number(s). Raw sequence reads were deposited in the Sequence Read Archive (SRA)
of the NCBI under accession number SRP144630 (https://trace.ddbj.nig.ac.jp/DRASearch/study?acc�
SRP144630).

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/AEM
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