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Abstract:With the rise in the human population, the increasing amount of food waste, and the short shelf-life of raw meat
products, it is evident that the animal protein sector must meet these challenges by improving the shelf-life of these meat
products. Because of consumer preference for the bright red appearance of meat products, traditional overwrap and modi-
fied atmospheric packaging (MAP) technologies have remained dominant in retail display cases. However, the shelf life of
overwrap tray and MAP-packaged products has not outcompeted the shelf-life provided by vacuum packaging technol-
ogies. Although traditional vacuum packaging negatively impacts color, emerging packaging technologies, such as roll
stock packaging and vacuum skin packaging coupled with MAP, can maintain product color while controlling microbial
growth. However, understanding the microbial ecology of meat spoilage and the ecology of the organisms prevalent in the
meat products being stored in different packaging systems is critical to improving the predictability of shelf life endpoints.
Therefore, the review discusses the historical and current packaging technologies that extend microbial shelf life and the
corresponding microbial responses. This review will also present an overview of applications of microbiome characteri-
zation of meats transitioning from initial raw meat products to storage by different packaging approaches.
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Introduction
In general, the shelf life of foods is defined as the time
a particular food product retains its intended safety,
quality, and nutritional characteristics during set stor-
age times (Tarlak, 2023).More specifically, microbial
shelf life pertains to the time frame by which the food
product microbial levels remain at acceptable popula-
tion levels and presumably do not contain organisms
considered harmful to consumers (Tarlak, 2023).
Because of the high nutrient concentrations and high
water activity, meat is considered one of the most

perishable foods (Odeyemi et al., 2020). The shelf life
of meat and food products is particularly critical as up
to one-third of human foods, approximately 1.3 bil-
lion tons, are wasted each year worldwide (FAO,
2010; Odeyemi et al., 2020; Jones et al., 2021).
Causes of waste can be due to damage to the food
product during any stage of processing, transport,
storage, or packaging (Karanth et al., 2023).

Microbial contamination and subsequent growth
can occur at any stage of food production and may
result in cross-contamination as the food product
moves through the production chain to retail
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(Karanth et al., 2023). Fresh meat is exposed to numer-
ous microbial contaminants during processing that can
lead to the selection of subsets of organisms respon-
sible for spoilage under specific environmental condi-
tions, such as refrigeration and external atmosphere
(Odeyemi et al., 2020). External and environmental
factors are essential in determining the microbial com-
position and metabolic activities of the microbial con-
taminants on a particular meat product. For example, an
oxygen atmosphere can influence the diversity of
organisms in a meat product, and changing that atmos-
phere through some packaging barrier can, in turn, alter
microbial composition (Odeyemi et al., 2020).
Consequently, the basic reasoning behind the packag-
ing of meats is to protect them from contamination, pre-
serve color, and delay spoilage (Mondry, 1996; Brody,
1997). This review will discuss the microbial and phys-
iochemical responses of fresh meats before and after
packaging, as well as specific current packaging prac-
tices used in the meat industry to protect the meat
product.

Microbiology and Spoilage of Fresh
Meat Products

Factors associated with microbial spoilage

Spoilage renders meat unsuitable for human con-
sumption due to deterioration of its odor, flavor, color,
texture, or nutritive value, which subsequently leads to
consumer rejection and potential safety concerns
(Ercolini et al., 2006; Nychas et al., 2008; Casaburi
et al., 2015). Microbial growth, lipid oxidation, and
enzymatic autolysis are the 3 basic mechanisms
responsible for meat spoilage (Iulietto et al., 2015).
Both intrinsic and extrinsic factors contribute to the
growth of spoilage microorganisms in foods
(Karanth et al., 2023). Intrinsic factors include physical
and chemical characteristics of the food or meat matrix,
such as water activity, pH, and available nutrients
(Karanth et al., 2023). For example, meat has a high
water and protein content, making it a nutritious sub-
strate with a water activity (0.99) suitable for the
growth of most microorganisms (Dainty et al.,
1975). Extrinsic factors involve environmental condi-
tions the microbial population is exposed to during
all production phases, including storage conditions,
temperature, oxygen availability, and humidity
(Karanth et al., 2023). For meat production, the rela-
tionship between intrinsic and extrinsic factors can
be complex as the microbial populations on meat

carcasses depend on the health of the animal at slaugh-
ter, any contamination spread during the slaughtering
and processing of the carcass, and, of course, on the
storage temperature and other conditions associated
with storage (Nychas et al., 2008).

For red meats, the initial surface conditions of the
carcass can be a critical determinant of spoilage devel-
opment (Wickramasinghe et al., 2019; Karanth et al.,
2023). Contamination of cattle carcasses can occur
due to intestinal content, cross-contamination from
hides, processing plant environment, and human and
carcass-to-carcass contact (Alnajrani et al., 2018).
After the initial chilling phase, a mixture of mesophiles
and psychrotrophs is the primary set of organisms on
the red meat carcass. In addition to temperature, other
factors such as substrate availability, pH, muscle type,
and storage time will dictate which bacterial species
ultimately become predominant (Sofos et al., 2013).
The psychrotrophs include Pseudomonas fragi,
P. lundensis, P. fluorescens, other pseudomonads,
Acinetobacter, and Psychrobacter immobilis (Dainty
and Mackey, 1992; Kumar et al., 2019). Poultry skin
of chilled chicken carcasses typically harbors a variety
of pseudomonads, which become predominant when
spoilage occurs (Arnaut-Rollier et al., 1999). Air chill-
ing of poultry carcasses has been shown to delay the
proliferation of Pseudomonas, but they can still
become an environmental cross-contaminant from air-
flow (Chen et al., 2020; Belk et al., 2021). This can
result in their dominance on carcasses during storage
(Chen et al., 2020; Belk et al., 2021). The fat surfaces
of sheep and pork may have Brochothrix thermos-
phacta and psychrotrophic Enterobacteriaceae as pre-
dominant organisms (Dainty and Mackey, 1992).
Once some of these meat products are converted to
ground meat, factors such as nutrient and oxygen avail-
ability can dictate the progression of spoilage microbial
populations and the timing of the occurrence of spoil-
age (Karanth et al., 2023).

Once fresh meat products reach retail distribu-
tors, other conditions can specifically contribute to
shifts in the microbial compositional profiles of the
fresh meat displayed for sale. Pseudomonads are
the fastest-growing bacteria in retail cuts in film trays
with low moisture and high oxygen permeability
(Dainty and Mackay, 1992). Other microbiota
include Acinetobacter and Psychrobacter, and occa-
sionally Broch. Thermosphacta, if there is a build-up
of carbon dioxide, which inhibits pseudomonads
(Dainty and Mackey, 1992). For vacuum packaging,
cuts are placed in bags made of film of low gas per-
meability, and the bags are evacuated, sealed, and
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stored at −1°C to 0°C (Roberts et al., 2005). Tissue
respiration continues inside the package and uses
up any oxygen present and produces carbon dioxide,
which inhibits the growth of Pseudomonas,

Acinetobacter, and Psychrobacter and allows species
of Lactobacillus, Carnobacterium, and Leuconostoc
to become dominant (Dainty et al., 1989;
Kalchayanand et al., 1989, 1993; Broda et al.,
1996a, 1996b,1998a, 1998b, 1999). The main effects
of spoilage bacteria are the production of off-odors
and off-flavors, but discoloration, gas production,
and slime production also occur (Borch et al.,
1996). Some defects are caused by specific spoilage
bacteria and are listed in Table 1.

Methods for determining microorganisms
associated with spoilage

The traditional methods for determining which
bacteria are responsible for meat spoilage are cultural
methods using nonselective media for determining
total bacterial populations or selective enrichment
methods followed by biochemical confirmation to
identify specific organisms (Ferone et al., 2020).
Nonselective media contain general nutrients required
to grow a wide range of microorganisms, including
water, a carbon source, a nitrogen source, and some
mineral salts (Bonnet et al., 2020). A significant prob-
lemwith nonselective media is that it allows the growth
of many different bacterial species, which makes it
challenging to identify specific organisms and their iso-
lated effects (Bonnet et al., 2020). To isolate particular
bacteria, selective media were developed to select for
the growth of a desired organism, preventing the devel-
opment and/or killing of nondesired organisms (Ferone
et al., 2020). For example, a microorganism resistant to
a particular antibiotic, such as ampicillin or tetracy-
cline, has potential for the development of selective
media for this microorganism. In that case, these anti-
biotics can be added to the medium to prevent the

Table 1. Microorganisms associated with meat
spoilage

Microorganism Product Effect Reference

Pseudomonas spp.,
Ps fragi

Ethyl esters Sweet and fruity
odor

Dainty and
Mackey,
1992

Enterobacteriaceae Hydrogen
sulfide

Putrid, sulfurous
odor

Dainty and
Mackey,
1992

Pseudomonas spp. Dimethyl
sulfide

Putrid, sulfurous
odor

Borch and
Molin,
1989

Enterobacteriaceae,
B. thermosphacta,
homofermentative
Lactobacillus spp.

Acetoin/
diacetyl 3-

methylbutanol

Cheesy Borch and
Molin,
1989

B. thermosphacta and
lactic acid bacteria

Acetoin Acetic
acid

Buttery Pungent,
vinegary

Borch and
Molin,
1989

Lactobacillus sake,
Shewanella
putrifaciens

Hydrogen
sulfide

Greening of meat Egan et al.,
1989

Clostridium spp. H2 and CO2 Blown pack
(vacuum

packaged meat)

Dainty
et al., 1989

Serratia marcesens Prodigiosin Red spots Haddix and
Shanks,
2018

Pseudomonas
cyanacea

Blue color Borch et al.,
1996

Pseudomonas
fluorescens

Fluorescence Kumar
et al., 2019

Leconostoc
mesenteroides

Dextran Ropy slime Cenci-Goga
et al., 2020

Chromobacterium
lividum

Violacein Greenish blue to
purple color

Seitz et al.,
1961

Table 2. Summary of commonmeat packaging technologies with respect to oxygen exposure, color stability, shelf
life extension, and associated microbial concerns

Packaging Type Oxygen Exposure Color Stability Shelf Life Extension
Key Microbial

Concerns Notes

Overwrap (PVC film) High Bright red Short (2–5 d) Rapid spoilage by
aerobes

Preferred for appearance;
poor microbial control

High-oxygen MAP Moderate-High Very bright red Medium (10–14 d) Lipid oxidation,
premature browning

Enhances oxymyoglobin; can
accelerate spoilage

CO-MAP Low Bright red Medium-Long (14–21 days) Misleading spoilage
appearance

Banned in some countries;
controversial but effective

Vacuum packaging Very low Purple color Long (21–60þ d) Anaerobes
(Clostridium spp.)

Good for aging; unappealing
color; risk of blown packs

Vacuum skin packaging Very low Purple/red mix Long (21–30 d) Anaerobes Improved appearance and
less purge

Roll stock packaging Very low Maintains color Long (21þ d) Carnobacterium, LAB Good lipid stability; used for
aging
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growth of other cells that do not possess resistance to
these particular antibiotics (Ferone et al., 2020). In
addition to antibiotics, other chemicals, dyes, antisep-
tics, sodium salts, or phages can also be used to make
selective media (Bonnet et al., 2020). Once bacteria
have been isolated in pure culture, they must be iden-
tified, which involves biochemical tests such as cata-
lase testing, oxidase testing, and substrate utilization
(Sandle, 2016). Time for results is the primary negative
feature of cultural methods; isolation can take up to
72 h, and the actual identification of the genus can
require another one to 5 d (Ferone et al., 2020).
There have been numerous studies reporting on the
spoilage of meats and meat products based on a com-
parison of viable counts of spoilage bacterial groups
and the changes in their numbers during storage under
various conditions (Gill andBadoni, 2002; Sakala et al.,
2002; Barros-Velazquez et al., 2003; Jay et al., 2003;
Venter et al., 2006; Signorini et al., 2006).

Chaillou et al. (2015) have suggested that tradi-
tional culturing methods must be supplemented with
molecular approaches to understand the exact species
and methods of spoilage organisms. Certainly, poly-
merase chain reaction (PCR) assays for detecting and
quantifying foodborne pathogens on meat products
have been developed, optimized, and standardized
for several years and now enjoy relatively routine
applications in the meat industry. Applications of
PCR assays for specific spoilage organisms such as
pseudomonads are feasible and have been utilized over
the years (Ercolini et al., 2007; Hanning et al., 2009;
Morales et al., 2016). However, the onset of spoilage
is unlikely to be the result of single organisms but rather
the outcome of shifts and changes in microbial consor-
tia on the meat matrix that evolve depending on
changes in extrinsic and intrinsic conditions. In addi-
tion, it has been suggested that interactions among dif-
ferent members of these microbial populations may
contribute to the onset of spoilage (Hwang et al.,
2020). As a result, obtaining a composite analysis of
the microbial population on a fresh meat product
becomes crucial while differentiating individual mem-
bers of the microbial consortia as the meat product
undergoes processing and preparation for storage
and, ultimately, retail presentation.

Therefore, a more comprehensive taxonomy of
microbial populations is needed to characterize micro-
bial community responses. The 16S rRNA gene
sequencing and subsequent bioinformatics analysis
have introduced a means to characterize entire popula-
tions from a given sample. For meat production, this
has been extensively applied during the past few years

for all stages of production, including live animal,
processing, and retail meats (Ricke et al., 2017,
2022, 2025; Weinroth et al., 2022). In addition, taxo-
nomic identification based on the 16S rRNA gene
sequencing within samples (alpha diversity) and
among samples from different sources (beta diversity)
can be appraised using bioinformatic computer analy-
ses (Ricke et al., 2017; 2025). Initially, most micro-
biome sequencing was based on short read
sequencing (250 to 300 base pairs), which has limita-
tions for uncovering more in-depth taxonomic identifi-
cation beyond bacterial genera (Lyte et al., 2025; Olson
et al., 2025). Consequently, for meat microbiology, this
will only provide a certain level of taxonomic informa-
tion. However, some of this has been overcome with
the development of long-read sequencing technologies
(complete 16S rRNA gene, 1,500 base pairs) and
potential applications for animal production (Lyte et al.,
2025; Olson et al., 2025). The specific technologies
and opportunities for these more advanced sequencing
methods for meat microbiology have been recently
reviewed in detail by Olson et al. (2025) and will not
be discussed in the current review.

Studies incorporating these types of analyses to
identify microbial populations during processing and
subsequent storage have revealed several considera-
tions for understanding the sources of spoilage organ-
isms in fresh meats and potential contributing factors.
Using pyrosequencing, Chaillou et al. (2015) demon-
strated that fresh meat products harbored microbial
populations from the skin and gastrointestinal tract
of the animals; however, the core psychrotrophic
microbiome originated from the environment, particu-
larly water reservoirs. Processing plant environment
may be a critical factor, and there is evidence to suggest
that carcass poultry microbiota diversity does vary
based on plant location and the different sizes of birds
processed at each respective plant (Wages et al., 2019).
The temperature in the different functional rooms at a
meat processing plant may also be a factor in determin-
ing the processing plant’s environmental microbiome,
as colder room temperatures supported amore psychro-
trophic microbiome while rooms held at warmer tem-
peratures exhibited a more diverse microbiome (Belk
et al., 2022). Other environmental factors may play a
role. For example, Hwang et al. (2020) noted that while
psychrotrophic spoilage genera could be identified in
all fresh beef samples, prevalence increased during cer-
tain months of the year. Intuitively, the various steps in
processing and placement of antimicrobial treatments
will influence the microbiota diversity of the carcass.
Kim et al (2017) concluded that predominant
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microbiome phyla abundances shift as poultry car-
casses progress through the processing line and
undergo antimicrobial treatments. Individual process-
ing steps may be a factor as well. In a follow-up study,
Handley et al. (2018) observed that the evisceration
step highly impacted the microbial diversity of poultry
carcasses. This would imply that the gastrointestinal
tract’s microbial composition could contribute to the
carcass microbial ecology. How animals are managed
before entering the processing plant may also be a fac-
tor. Along those lines, Costello et al. (2025) demon-
strated that lairage time in cattle had a negative
impact on the microbiome compositional profiles of
the different gastrointestinal compartments of the ani-
mal when it was slaughtered, and they suggested that
this could lead to potential food safety and spoilage
consequences.

In summary, there is now the capability of monitor-
ing entire microbial populations on fresh meat during
processing and upon the resulting product entering stor-
age and eventual retail markets. Based on these studies,
many sources can contribute to the resulting microbial
composition of raw meat products. This, in turn, can
determine the timing of when spoilage initiates and
how rapidly a meat product reaches a spoiled state
and becomes food waste. Consequently, it is vital to
delay the onset of spoilage as much as possible and pro-
tect the meat product from further cross-contamination
and/or potential exposure to additional environmental
contamination. The introduction of protective packaging
of meat products for storage and retail purposes offers a
protective barrier for fresh meats from chemical, micro-
bial, and physical elements. It provides an extended shelf
life before sale (Karanth et al., 2023). Technological
packaging modifications over the years have continued
to improve the management of the shelf life of meats.
However, the type of packaging can also influence the
microbial composition of meat products and, therefore,
has to be considered when determining the extent of
shelf life. In addition to being susceptible to damage
and providing a route formicrobial contamination, pack-
aging materials can also be contaminated before being
used on the meat product (Karanth et al., 2023).

Origins and historical development of meat
packaging

Packaging of meats for retail has a long history. The
origin of meat packaging began with butchers cutting
and wrapping meat in paper or waxed paper upon
request by customers (McMillin, 2008, 2017). While
some meat is still sliced in the retail store and stored

in refrigerated self-service display cases, most meat is
packaged in the processing plant before being displayed
in retail refrigerated cases (McMillin, 2008). The lighted
refrigerated meat cases, allowing consumers to handle
and select their meat, required packaging that protected
the contents while allowing the consumer to see the
color of the product and the amount of fat. This packag-
ing ranged from simple overwrap packaging to barrier
packaging (McMillin, 2008). These forms of packaging
must maintain water binding (or holding) capacity,
color, microbial quality, lipid stability, nutritional value,
texture, flavor, and aroma, as well as prevent spoilage
deterioration (Yam et al., 2005).

An oxygen-permeable, moisture-barrier polyvinyl
chloride film was developed to be stretched around
polystyrene trays to display fresh meat (Brody,
2002). Customers began to associate the bright red
color of pre-packaged beef displayed in these oxy-
gen-permeable packages with freshness (Jenkins and
Harrington, 1991; McMillin, 2008). Historically, this
type of in-store packaging has gradually been replaced
by packaging in centralized operations that produce
case-ready meat (McMillin, 1994). In the United
States, the 2022 National Meat Case Study revealed
that 99% of turkey and 96% of chicken are case-ready.
Beef is the meat most often still cut in stores, although
case-ready has increased to 71% (Loria, 2022). The
subsequent development was vacuum packaging,
which uses negative pressure to remove the air sur-
rounding the meat, followed by sealing in a package
while maintaining the pressure (McMillin, 2017).
Modified atmosphere packaging (MAP) was soon
developed, which involves replacing the ambient air
with gas; MAP can prevent the oxidation of oxymyo-
globin to the brown colors, thus maintaining the red
color that consumers have come to expect (McMillin
et al., 1999; McMillin, 2017). The types of gases used
include nitrogen (to prevent pack collapse), carbon
dioxide (used for microbial inhibition), or carbon mon-
oxide (to create the red pigment, carboxymyoglobin)
(McMillin, 2008).

Traditional food packaging protects the product
and communicates information to consumers (Ahari
and Soufiani, 2021). However, traditional food packag-
ing does not meet current demands for long-shelf-life
products that can be easily transported, making alterna-
tive packaging a high priority in meat production
(Ahari and Soufiani, 2021). Packaging strategies for
meat products have been developed to accommodate
visible qualities such as redness in fresh meats with
organoleptic properties consistent with perceived
freshness in a displayable package wrapping. Equally
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important is creating microenvironmental conditions in
the package that restrict the proliferation and metabolic
activity of microorganisms capable of inducing and/or
accelerating spoilage and subsequent perishability of
the meat product. Most of the development of these
approaches has involved altering the atmosphere in
the package either through a modification of gases or
vacuum packaging.

Modified Atmosphere Packaging

Atmospheric gases: General concepts

Modified atmosphere packaging has become more
popular in recent years due to its ability to control food
quality and safety. It offers several advantages, including
improved presentation and appearance to the customer
and decreasing the need to add chemical preservatives.
Modified atmosphere packaging has been extensively
reviewed by Kandeepan and Tahseen (2022) and will
only be briefly discussed in the current review.
Packaging with MAP is considered a preservation-free
approach that essentially involves the alteration of the
gases in the atmosphere surrounding the meat product
in its respective package (Kandeepan and Tahseen,
2022). The production of MAP generally requires
removing atmospheric gases by vacuum from rigid plas-
tic trays, followed by flushing packages with the desired
gas or gases for a brief period, and finally heat sealing a
nonpermeable film on the tray surface.

While gas type and proportions may vary, 3 primary
gases are used to achieve specific functions: oxygen,
carbon dioxide, and nitrogen (Djenane and Roncales,
2018). Oxygen is employed to prevent the proliferation
of anaerobic organisms and to retain meat product color.
Carbon dioxide is added to inhibit microorganisms,
yeasts, and molds, while nitrogen is included to prevent
package deflation and is not reactive withmeat pigments
or absorbed by the meat (Djenane and Roncales, 2018;
Kandeepan and Tahseen, 2022). While oxygen retains
oxymyoglobin and the red color of meat, it can also
shorten shelf life, and low concentrations of carbon
monoxide can be used instead for maintaining color
(McMillin, 2008;Lagerstedt et al., 2011;Nieminenet al.,
2015). Carbon monoxide maintains red meat color via
the formation of carboxymyoglobin, possibly due to
the higher stability of carboxymyoglobin compared
to oxymyoglobin (O2Mb) and the stronger binding of
carbon monoxide to the myoglobin iron-porphyrin
site (Djenane and Roncales, 2018; Kandeepan and
Tahseen, 2022).

Depending on the gas mixtures, different microbial
populations can flourish (Figure 1). For example,
carbon dioxide at 20% is often included with high
(80%) oxygen in MAP systems to specifically limit
Gram-negative aerobic spoilage species belonging
to Pseudomonas (Djenane and Roncales, 2018).
However, other spoilage organisms can proliferate
as gas mixtures are altered in MAP packaging.
Nieminen et al. (2015) compared 4 combinations of
carbon dioxide, oxygen, nitrogen, and carbon monox-
ide to evaluate the lactic acid populations after storage
in the respective gas mixtures. They reported that a
high concentration of carbon dioxide was selected
for Lactobacillus sp., versus high concentrations of
oxygen that supported Leuconostoc species. In con-
trast, an 80% nitrogen−20% carbon dioxide mixture
preferentially supported Lactococcus sp. In addition
to these primary MAP gases, several inert filler gases,
such as the noble gases argon, helium, neon, and
xenon, have also been employed in MAP packaging
and are considered essentially nonreactive (Djenane
and Roncales, 2018; Kandeepan and Tahseen, 2022).
Two of the more distinctive MAP types, commonly
referred to as high-oxygen (HI-OX) and carbon mon-
oxide (CO-MAP), will be discussed in the following
sections.

HI-OX MAP packaging

High-oxygenMAP uses a gas composition of 60 to
80% oxygen with 20 to 30% carbon dioxide to reduce
myoglobin oxidation and support a consumer-desirable
bright cherry-red color (Djenane and Roncales, 2018).
Furthermore, the concentration of carbon dioxide

Figure 1. Shelf life duration and dominant microbial risks associated
with various packaging types used for meat products under refrigerated stor-
age (0–4°C). Packaging methods are compared based on their typical shelf
life under industry-relevant chilling conditions and the predominant spoil-
age microorganisms associated with each type. Created in BioRender.
Olson, E. (2025). https://BioRender.com/zuve0s6.
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provides an antimicrobial effect against the growth of
Gram-negative spoilage bacteria, thus promoting prod-
uct shelf life (Djenane and Roncales, 2018). Other
advantages have been identified. For example, packag-
ing minced beef with a HI-OX atmosphere has also
been shown to maintain low levels of the metabolite
cadaverine (Thamsborg et al., 2023). Cadaverine, a
biogenic amine produced via decarboxylation of
lysine, has been suggested as a potential chemical indi-
cator of spoilage (Thamsborg et al., 2023). However,
there are multiple concerns with the use of HI-OX
packaging. Lipid and protein oxidation can be acceler-
ated by a higher oxygen concentration, leading to the
production of volatile off-flavors and aromas as well
as decreased tenderness (Jakobsen and Bertelsen,
2000; Lindahl et al., 2010; Vierck et al., 2020).
Additionally, premature browning may occur during
cooking, causing a cooked color before reaching the
required temperature to reduce pathogenic bacteria to
safe levels (Hague et al., 1994).

In addition, HI-OX MAP packaging can alter
microbial compositional profiles during storage com-
pared to other forms of packaging. Cauchie et al.
(2020) compared food wrap film wrapped versus
30% carbon dioxide/70% oxygen MAP-packed
minced pork meat samples from different food compa-
nies using 16S rRNA gene sequencing. Following sam-
ple microbiome profiles over storage time, they
identified 12 dominant genera in theMAP samples ver-
sus 7 in the food-wrapped samples, with Pseudomonas
being more prevalent in the food-wrapped microbial
populations versus Brochothrix in MAP samples.
This led them to speculate that Brochothrix may have
replaced Pseudomonas under MAP conditions. They
also concluded that bacterial diversity should be con-
sidered as a function of food company source, batch
variation, and the storage conditions used for a particu-
lar product (Cauchie et al., 2020).

The type of microbiota in the meat product may
also influence the oxygen levels in packages using a
HI-OX atmosphere. Kolbeck et al. (2019) have sug-
gested that oxygen levels in high HI-OX MAP pack-
ages can be reduced over time due to the metabolic
activities of the meat spoilage microbiota, leading to
amino acid conversion and detectable sensory changes
indicative of spoilage. To demonstrate this, Kolbeck
et al. (2019) grew meat spoilage bacteria Brochothrix
thermosphacta and 4 lactic acid bacteria using a meat
simulation model containing an atmosphere of 70%
oxygen and 30% carbon dioxide. Based on oxygen
uptake rates for atmospheric and dissolved oxygen,
all bacterial strains could consume oxygen and produce

carbon dioxide. Based on genomic analyses, Kolback
et al. (2019) concluded that none of the test strains pos-
sessed a citric acid cycle but could still potentially form
a respiratory chain without the citric acid cycle to cou-
ple fermentation with respiration by regeneration of
NADH. The authors concluded that the oxygen con-
sumption capability possessed by the bacterial strains
may be a competitive advantage for these spoilage
bacteria.

Carbon monoxide MAP packaging

Carbon monoxide is an anaerobic alternative to
HI-OX, which typically uses a gas composition of
approximately 0.4% carbon monoxide, 40 to 60%
carbon dioxide, and a balance of nitrogen (Sørheim
et al., 1999). Carbon monoxide MAP provides a bright
red color with high stability due to the formation of car-
boxymyoglobin (De Santos et al., 2007). Although the
low carbonmonoxide concentration does not have anti-
microbial properties alone, it creates an anaerobic envi-
ronment contributing to an extended shelf life (Brooks
et al., 2008). Despite this, the use of carbon monoxide
for MAP has been debated due to its potential toxicity
and ability to mask visible spoilage, and it remains
controversial in several countries (Djenane and
Roncales, 2018). Although spoilage can also be
assessed through odor, this does not occur until after
the consumer has purchased and opened the package.
However, these issues have been addressed by studies
that found that 0.4% carbon monoxide is not likely to
be toxic (Sørheim et al., 1997; Watts et al., 1978) or
mask visible spoilage (Eilert, 2005; Van Rooyen et al.,
2017).

Although carbon monoxide cannot mask spoilage,
it still inaccurately presents freshness and shelf life
through its high color stability and redness beyond
the marked shelf life, as seen in the study by
Jayasingh et al. (2001). Carbon monoxide and HI-
OX have been used for MAP in the meat industry.
However, CO-MAP is restricted in other countries,
such as the European Union, and thus requires
researchers and processors to pursue other alternative
packaging technologies (European Commission,
Health and Consumer Protection Directorate General,
2001; Djenane and Roncales, 2018). Numerous studies
on redmeat products have been conducted to determine
the utility and potential of CO-MAP-based packaging
and to establish best practices for its application
(Djenane and Roncales, 2018). Despite some promis-
ing attributes of CO-MAP, Djenane and Roncales
(2018) concluded that research must continue to
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overcome regulatory concerns and public perceptions
for widespread international adaptation of CO-MAP
to occur. Other gases have also been explored for their
ability to stabilize quality attributes in meats—for
example, a study from Z.-C. Wang et al. (2018) found
that tilapia filets increased in quality attributes and
color stability when packaged with 0.4% nitric oxide
(NO). To date, few studies have evaluated the efficacy
of NO-MAP for red meats. However, a recent pilot
study suggests that NO-MAP may also effectively pro-
mote the redness of ground beef (Carpenter et al.,
2024).

MAP bag concept

Another recent advance in the use of MAP packag-
ing is to seal a traditional overwrapped tray packed raw
meat product within a MAP bag containing an oxygen
scavenger and filled with a Tri-Gas mixture (19.6% car-
bon dioxide, 0.4% carbon monoxide, balanced with
nitrogen) during the dark storage period (21 days) of
the raw meat products life before retail display
(Weinroth et al., 2019). Weinroth et al. (2019) reported
the microbiota of ground beef packaged using the MAP
bag concept paired with a 5-d retail display. Using
amplicon sequencing of the V4 region of the 16S
rRNA gene, Weinroth et al. (2019) reported that the
phyla Firmicutes (97.3%; Leuconostocaceae, Lacto-
bacillales, Lactobacillaceae, Streptococcaceae) and
Proteobacteria (2.2%; Enterobacteriaceae, Pseudo-
monaceae, Pasteurellaceae, Bradyhizobiaceae, Sphingo-
monadaceae) dominated the microbiota of tray packs
that had been maintained in MAP bags during 21 days
of dark storage and were eliminated during a 5-d retail
display period.

Vacuum Packaging

Vacuum packaging has existed in themeat industry
for several decades, beginning with primal cuts and
cured meats (McMillin, 2008). Vacuum packaging
has remained a viable and reliable packaging technol-
ogy due to the atmospheric transition from aerobic to
anaerobic within the packaging, limiting spoilage-
specific microorganisms such as Pseudomonas and
Carnobacterium spp., which have been highly associ-
ated with the spoilage of meat and poultry products
(Jay et al., 2003; Laursen et al., 2005; Ercolini et al.,
2007). Vacuum packaging has typically been used
within the confines of the red meat industry throughout
processing and final consumer packaging, extending

the life of beef primal to 28 wks (Small et al., 2012;
Youssef et al., 2014) and consumer cuts to as much
as 28 and 21 d compared with the 10- to 14-d shelf life
of MAP when stored under low refrigeration tempera-
tures,< 8°C (Jeremiah et al., 2001; Figure 1).

Due to the lack of oxygen, the oxymyoglobin
changes to deoxymyoglobin, changing the color of
the meat from bright red to purple (McMillin,
2008). In addition, the anaerobic atmosphere induced
by the vacuum packaging increases the release of
purge that rests in the folds of the vacuum packaging
(Li et al., 2012). Thus, consumer preference has
deterred the market from solely relying on vacuum
packaging (Salvage, 2014). However, more recently,
the market has demonstrated an increased trend in
using roll stock and vacuum skin packaging systems
in the meat market. Vacuum packaging has also been
used for wet aging, the process in which aging subpri-
mal in vacuum packaging under refrigeration
increases the tenderness, juiciness, and flavor of the
fresh beef or meat product (Eastwood et al., 2016;
Barker et al., 2023).

Roll stock packaging

Roll stock packaging, also referred to as form and
fill packaging, involves 2 layers of filmsmade of various
materials, including ethylene vinyl alcohol, polyvinyli-
dene, di-chloride, nylon, amorphous polyethylene ter-
ephthalate, and polyolefins (North American Meat
Institute, n.d.; Pauer et al., 2020; Kaiser et al., 2017;
Dixon, 2011). Roll stock packaging has become popular
for beef products such as ground beef and steaks (Reyes
et al., 2022; Smith et al., 2021; Hanlon et al., 2021).
Vacuum roll stock packaging has been demonstrated
to retain color in terms of objective and subjective light-
ness (L*) and redness (a*) of individually packaged beef
strip loins (IMPS 180) compared to those packagedwith
polyvinyl chloride overwrap (Reyes et al., 2022). Lipid
oxidation was less prevalent among vacuum roll stock
packaged steaks than those packed in overwrap
(Reyes et al., 2022). These results are in congruencewith
the findings by Smith et al. (2021). Smith et al. (2021)
determined regardless of roll stock barrier films (oxygen
transmission rate 0.4 cc/m2/24 h or 0.2 cc/m2/24 h)
used in packaging fresh ground beef trimmings, there
was no effect on the surface color redness (a*),
yellowness (b*), chroma, or hue and no impact on the
lipid oxidation throughout a 21-d simulated retail
display period. Additionally, Hanlon et al. (2021)
described the microbiota of roll stock packaged strip
loin steaks (IMPS 180) as primarily being comprised
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of Carnobacterium (51.65%), Pseudomonas (22.88%),
Lactobacillus (22.74%), and Leuconostoc (2.29%) after
retail display (23 d, Figure 2).

Vacuum skin packaging

Vacuum skin packaging, an extended vacuum
packaging technology, has become more popular in
recent years due to improved consumer perception,
longer shelf life, and reduced purge production
(Vázquez et al., 2004; Paramithiotis et al., 2009;
Łopacka et al., 2016). Vacuum skin packaging consists
of 2 film layers with a hard tray, and the product is pre-
sented between the 2 layers of film. The top layer is
vacuum sealed tightly around themeat product to avoid
film wrinkles, reducing oil and water exudates
(Lagerstedt et al., 2011; Vázquez et al., 2004).

To overcome the individual quality hurdles pre-
sented by MAP (increased lipid oxidation rate) and vac-
uum skin packaging (purple color of meat due to
anaerobic conditions), Łopacka et al. (2016) investi-
gated the combination of MAP and vacuum skin pack-
aging combined by using a two-film system, an inner
oxygen-permeable vacuum skin film and outer barrier
film where the MAP gas mixture (80% oxygen, 20%
carbon dioxide) is used (Cryovac® Darfresh® Bloom).
Łopacka et al. (2016) determined that the use of the com-
bined vacuum skin–MAP systemmaintained color (CIE
L*a*b*) and reduced lipid oxidation compared to beef
strip loin (M. longissimus lumborum) steaks, but
increased myoglobin oxidation compared to vacuum
skin-packed steaks. Drip loss and tenderness (Warner-
Bratzler shear force) were not impacted by either pack-
aging type or combination (Łopacka et al., 2016).
Ultimately, Łopacka et al. (2016) concluded that using
vacuum skin packages coupled with MAP may over-
come the negative quality attributes presented by indi-
vidual packaging technologies.

Wet aging

Wet aging of subprimals has existed in the retail and
food service landscape for over half a century (Campbell
et al., 2001; Oreskovich et al., 1988; Parrish et al., 1991;
Sitz et al., 2006). The current review will briefly discuss
the advancements in vacuum packaging for wet aging.
More recently, there has been an interest in individually
aged food service steaks versus the traditional vacuum-
packaged subprimals (Eastwood et al., 2016; Barker
et al., 2023). Eastwood et al. (2016) investigated quality
characteristics and consumer preferences of 5 different
subprimal types (beef ribeye: IMPS 112A, strip loin:
IMPS 180, top sirloin butt: IMPS 184, tenderloin:
IMPS 189, and short loin: IMPS 174) aged as subprimal
or aged as individually vacuum-packaged steaks.
Individually aged ribeye and strip loin steaks had lower
APC and LAB (aerobic plate count and lactic acid bac-
teria) bacterial populations than the corresponding aged
subprimals (approximately 2 Log10 CFU/cm2 reduc-
tion), with individual top sirloin butt steaks having lower
LAB bacterial populations than the corresponding aged
primal (∼1 Log10 CFU/cm2) (Eastwood et al., 2016).
Individually vacuum-packaged steak aging decreased
redness (a* 19.57 versus 20.96) overall, decreased
yellowness in the individually vacuum-packaged aged
tenderloin and top sirloin butt steaks compared to those
aged subprimal, less purge (score and weight) of
vacuum-packaged individual steaks, and no difference
in tenderness (Warner-Bratzler shear force evaluation).
Among the consumer panelists, there was no difference
in the overall liking, flavor, juiciness, tenderness liking,
and tenderness level perceived of the ribeye, short loin,
tenderloin, or top sirloin butt (Eastwood et al., 2016).
There was an increased overall liking, flavor, juiciness,
and tenderness liking of the individually vacuum-
packed strip loin steaks compared to the corresponding
wet-aged subprimal (Eastwood et al., 2016).

Figure 2. Dominant microbial risks associated with roll stock packaging of ground beef. Created in BioRender. Dittoe, D. (2025). https://BioRender.
com/dy7ifdt.
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More recently, Barker et al. (2023) investigated the
specific flavor development of individually rolled
stock vacuum-packed beef steaks during extended
wet aging and determined optimal times to age without
off-flavor development. Strip loins (IMPS 180), top sir-
loin butts (IMPS 184), and paired tenderloins (IMPS
189A) from USDA low-choice were wet-aged as sub-
primal for 28 d (Barker et al., 2023). On day 28, indi-
vidual steaks were fabricated, vacuum roll stock
packaged, and aged to 28, 35, 42, 49, and 56 d.
Barker (2023) determined through trained consumer
panels that over time, specifically, by day 42, the pos-
itively associated attributes, beef flavor, buttery, and
brown/roasted, decreased in score at day 49, and the
negatively associated flavors, fishy, sour, liver-like,
and oxidized) were increased at day 42. Umami flavors
and overall juiciness and tenderness did not differ over
the 56-d aging period (Barker et al., 2023). Barker
(2023) also investigated the volatile organic com-
pounds (VOCs) produced when wet again and used
discriminant functional analysis to describe the change
in flavor and VOCs as aging progressed (day 28 to 56).
Ultimately, Barker et al. (2023) suggested that as aging
increases beyond day 42, off-flavors become more
present and mask the positive flavor-associated
VOCs produced later during the wet aging. Barker et al.
(2023) concluded that the optimal individual wet aging
of steaks in roll stock packaging is 49 d, potentially
extending aging to 49 d.

Emerging spoilage microorganisms in
vacuum-packaged meat

Although vacuum packaging has increased the
shelf life of meat products by removing the oxygen
in the atmosphere, psychrophilic anaerobic specific
spoilage microorganisms (SSO) belonging to the
Enterobacteriaceae family and the Clostridium spp.
are a primary spoilage concern, resulting in blown
packages of raw meat (De Filippis et al., 2019;
Lavieri and Williams, 2014; Mansur et al., 2019;
Chaillou et al., 2015; Hultman et al., 2015; Dorn-in
et al., 2018, Figure 1). Specifically, these have
occurred in primal cuts of raw beef, venison, and
lamb, pre-cooked turkey and roast beef, and sous vide
(food cooked in an impermeable vacuum bag and
stored at refrigeration temperatures (Broda et al.,
1996a; Kalinowski and Tompkin, 1999). The first
blown packaging of vacuum-packaged raw beef was
reported in 1989 in the United States and the
United Kingdom (Kalchayanand et al., 1989;
Dainty et al., 1989). Blown packaging was also

detected in New Zealand (Broda et al., 2000) and
Ireland (Byrne et al., 2009).

Chilled vacuum-packaged meat and meat prod-
ucts’ SSOs primarily include Streptococcus spp.,
Brochothrix spp., Psychrobacter spp., and Acineto-
bacter spp. (Stellato et al., 2016; Chaillou et al.,
2015; Hultman et al., 2015). In addition, a range of
Clostridial species (Clostridium estertheticum, Cl.
Algidicarnis, Cl. Frgidicarnis, Cl. Gasigenes, Cl.
Frigoris, and Cl. bowmanni) and Enterobacteriaceae
have been identified as SSO in chilled vacuum-pack-
aged meat (André et al., 2017; Zhang et al., 2019;
Brightwell et al., 2007). Only Cl. estertheticum subsp.
estertheticum and subsp. laramiense (formally
Cl. Laramie) and Cl. gasigenes result in blown pack-
ages, with Cl. estertheticum being the main causative
agent of blown packs (Brightwell and Clemens,
2012). With impermeable vacuum packaging, Cl.
estertheticum contamination occurs most likely during
harvest from the soil and feces brought in on the ani-
mal’s hide or through equipment (Boerema et al.,
2003). Using an enrichment-based PCR, Boerema et al.
(2003) surveyed a New Zealand meat processing plant
where Cl. estertheticum and Cl. gasigenes were
detected in soil, feces, and hide samples. A combina-
tion of factors that include an increase in ambient tem-
perature (−1.5 to 1 or 4°C), an increase in muscle pH
(5.5 to 6.0), steam vacuuming and hot water washing
carcass, hot deboning, and heat treatment for shrink
vacuum packs may activate Clostridial spores (Bell
et al., 2001; Mills et al., 2014; Moschonas et al.,
2011; Reid et al., 2017). The initial contamination of
1 spore of Cl. estertheticum has been demonstrated
to be sufficient to cause blown packs with 10 spores
per cm2 capable of reducing the shelf life of
vacuum-packaged meat from 60 to 70 d to 44 d at
−1.5°C (Clemens et al, 2010; James and James,
2002). As such, 100 spores per cm2 have been deter-
mined to be the critical number for vacuum-packaged
meat (Silva et al., 2016). Clostridium estertheticum has
also demonstrated the ability to outcompete other SSOs
that use glucose, such as Leuconostoc mesenteroides,
in vacuum-packaged meat (Yang et al., 2011).

Conclusions and Future Directions

Considerable technological advances have been
accomplished over the years in packaging for meat
products. However, microbial populations in meat
and their relationship to shelf life remain elusive. In
general, microbial ecology characterizes microbial
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communities and individual relationships with each
other and their respective environment (Mony et al.,
2020). Traditional microbial methods based on cultur-
ing have primarily identified types of supposed spoil-
age bacteria. Challenge testing using monocultures of
these spoilage organisms has also been implemented to
attempt to establish a relationship between the candi-
date organism and the onset of spoilage. The introduc-
tion of 16S rRNA gene sequencing for meat production
systems has revealed that spoilage is a more complex
process involving entire consortia of organisms at dif-
ferent stages in the meat production cycle. Intuitively,
the core community of microorganisms associated with
meat would be the main source of spoilage bacteria.
However, as various extrinsic and intrinsic factors
are introduced via packaging, MAP, or vacuum atmos-
pheres, selection occurs, and certain organisms become
more predominant.

Continued research applying 16S rRNA gene
sequencing to characterize the microbiome of meat
during the various stages of spoilage should provide
a more comprehensive approach to developing a more
detailed description of microbial-driven spoilage
ecology. However, it is also possible that taxonomic
identification of members of microbial communities
alone will not be sufficient to delineate the potential
interactions occurring among the organisms within
the microbial community as the meat product begins
to enter a spoilage state. Understanding taxonomic
and functional diversity allows linking organisms
within a microbial community with their correspond-
ing responses to the environmental factors that drive
the ecosystem (Cook et al., 2025). This will require
more than just 16S rRNA gene sequencing. A combi-
nation of multi-omic approaches involving metage-
nomics, proteomics, metabolomics, and transcript-
omics to follow the progression of meat spoilage from
fresh meat to the endpoint of shelf life will not only
identify the key organisms but differentiate their con-
tribution(s) to the complex characteristics associated
with a “spoiled” meat product (Chatman et al, 2024;
Ricke et al., 2025). Developing a better understand-
ing of the meat microbial compositional profiles
would, in turn, help to optimize packaging materials
to maximize shelf life and potentially lead to
the design of sensors targeting key spoilage micro-
organisms as early indicators of meat product
deterioration.
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Łopacka, J., A. Półtorak, and A. Wierzbicka. 2016. Effect of MAP,
vacuum skin-pack and combined packaging methods on
physicochemical properties of beef steaks stored up to 12
days. Meat Sci. 119:147–153. https://doi.org/10.1016/j.
meatsci.2016.04.034

Loria K. 2022. Study shows case-ready meats are now the norm.
https://www.meatpoultry.com/articles/27522-cryovac-releases-
2022-national-meat-case-study. (Accessed 26 April 2023.)

Meat and Muscle Biology 2025, 9(1): 20111, 1–17 Dittoe et al. Microbial and Physiochemical Considerations

American Meat Science Association. 14 www.meatandmusclebiology.com

https://doi.org/10.22175/mmb.11711
https://doi.org/10.22175/mmb.11711
https://doi.org/10.1128/AEM.02228-15
https://doi.org/10.1128/AEM.02228-15
https://doi.org/10.3389/fmicb.2020.01657
https://doi.org/10.4081/ijas.2015.4011
https://doi.org/10.1016/S0168-1605(02)00189-7
10.3389/fsufs.2021.781537
https://doi.org/10.3390/recycling3010001
https://doi.org/10.4315/0362-028X-56.1.13
https://doi.org/10.4315/0362-028X-62.7.766
https://doi.org/10.4315/0362-028X-62.7.766
https://doi.org/10.1007/s41783-022-00139-2
https://doi.org/10.1007/s41783-022-00139-2
https://doi.org/10.3389/fmicb.2023.1198124
https://doi.org/10.3389/fmicb.2023.1198124
https://doi.org/10.1038/srep43354
https://doi.org/10.3389/fmicb.2019.02398
https://doi.org/10.3389/fmicb.2019.02398
https://doi.org/10.1007/s13213-019-01501-7
https://doi.org/10.1016/j.meatsci.2010.08.010
https://doi.org/10.1016/j.meatsci.2010.08.010
https://doi.org/10.1016/j.syapm.2004.12.001
https://doi.org/10.1016/j.meatsci.2014.02.014
https://doi.org/10.1016/j.meatsci.2014.02.014
https://doi.org/10.1016/j.meatsci.2012.06.006
https://doi.org/10.1016/j.meatsci.2012.06.006
https://doi.org/10.1016/j.meatsci.2009.12.020
https://doi.org/10.1016/j.meatsci.2009.12.020
https://doi.org/10.1016/j.meatsci.2016.04.034
https://doi.org/10.1016/j.meatsci.2016.04.034
https://www.meatpoultry.com/articles/27522-cryovac-releases-2022-national-meat-case-study
https://www.meatpoultry.com/articles/27522-cryovac-releases-2022-national-meat-case-study
www.meatandmusclebiology.com


Lyte, J. M., M. M. Seyoum, D. Ayala, J. G. Kers, V. Caputi, T.
Johnson, L. Zhang, J. Rehberger, G. Zhang, S. Dridi, B.
Hale, J. E. De Oliveira, D. Grum, A. H. Smith, M. Kogut,
S. C. Ricke, A. Ballou, B. Potter, M. Proszkowiec-Weglarz.
2025. Do we need a standardized 16S rRNA gene amplicon
sequencing analysis protocol for poultry microbiota research?
Poultry Sci. 104:105242. https://doi.org/10.1016/j.psj.2025.
105242

Mansur, A. R., E.-J. Song, Y.-S. Cho, Y.-D. Nam, Y. S. Choi, D. O.
Kim, D. H. Seo, and T. G. Nam. 2019. Comparative evalu-
ation of spoilage-related bacterial diversity and metabolite
profiles in chilled beef stored under air and vacuum packag-
ing. Food Microbiol. 77:166–172. https://doi.org/10.1016/j.
fm.2018.09.006

McMillin, K. W. 2017. Advances in meat packaging. Meat Sci.
132:153–162. https://doi.org/10.1016/j.meatsci.2017.04.015

McMillin, K. W. 2008. Where is MAP going? A review and future
potential of modified atmosphere packaging for meat. Meat
Sci. 80:43–65. https://doi.org/10.1016/j.meatsci.2008.05.028

McMillin, K. W. 1994. Gas exchange systems for fresh meat in
modified atmosphere packaging. In A. L. Brody, editor,
Modified atmosphere food packaging. Institute of
Packaging Professionals, Herndon, VA. p. 85–108.

McMillin, K. W., Huang, N. Y., Ho, C. P., Smith, B. S. 1999.
Quality and shelf-life of meat in case-ready modified atmos-
phere packaging. In: Xiong, Y. L., Chi-Tang, H., Shahidi, F.,
editors, Quality attributes of muscle foods. Springer, Boston,
MA. https://doi.org/10.1007/978-1-4615-4731-0_6

Mills, J., A. Donnison, and G. Brightwell. 2014. Factors affecting
microbial spoilage and shelf-life of chilled vacuum-packed
lamb transported to distant markets: A review. Meat Sci.
98:71–80. https://doi.org/10.1016/j.meatsci.2014.05.002

Mondry, H. 1996. Packaging systems for processed meat. In: S. A.
Taylor, A. Raimundo, M. Severini, F. J. M. Smulders, editors,
Meat quality and meat packaging. ECCEAMST, Utrecht,
Holland, p. 323–333.

Mony, C., P. Vandenkoornhuyse, B. J. M. Bohannan, K. Peay, and
M. A. A. Leibold. 2020. Landscape of opportunities for
microbial ecology research. Front. Microbiol. 11:561427.
https://doi.org/10.3389/fmicb.2020.561427

Morales, P. A. J. S. Aguirre, M. R. Troncoso, and G. O. Figueroa.
2016. Phenotypic and genotypic characterization of
Pseudomonas spp. present in spoiled poultry fillets sold in
retail settings. LWT - Food Sci. Technol. 73:609–614.
http://doi.org/10.1016/j.lwt.2016.06.064.

Moschonas, G., D. J. Bolton, J. J. Sheridan, and D. A. McDowell.
2011. The effect of heat shrink treatment and storage temper-
ature on the time of onset of “blown pack” spoilage. Meat Sci.
87:115–118. https://doi.org/10.1016/j.meatsci.2010.09.007

Nieminen, T. T., M. Nummela, and J. Björkroth 2015. Packaging
gas selects lactic acid bacterial communities on raw pork. J.
Appl. Microbiol. 119:1310–1316. https://doi.org/10.1111/
jam.12890

North American Meat Institute. n.d. The United States meat indus-
try at a glance. https://www.meatinstitute.org/Industry_at_
a_Glance. (Accessed 7 December 2023.)

Nychas, G.-J. E., P. N. Skandamis, C. C. Tassou, and K. P.
Koutsoumanis,2008. Meat spoilage during distribution.

Meat Sci. 78:77–89. https://doi.org/10.1016/j.meatsci.2007.
06.020

Odeyemi, O. A., O. O. Alegbeleye, M. Strateva, and D. Stratev.
2020. Understanding spoilage microbial community and
spoilage mechanisms in foods of animal origin. Compr.
Rev. Food Sci. F. 19:311–331. https://doi.org/10.1111/
1541-4337.12526

Olson, E. G., B. M. Hale, C. C. Chatman, H. C. Mantovani,
E. L.-W. Majumder, and S. C. Ricke. 2025. Gut microbiota
and advances in microbiome sequencing-based technologies:
Opportunities for potential biologics discovery in meat
animals. Meat Muscle Biol. 9:20022, 1–21. https://doi.org/
10.22175/mmb.20022

Oreskovich, D. C., F. K. McKeith, T. R. Carr, J. Novakofski, and
P. J. Bechtel. 1988. Effects of different aging procedures on
the palatability of beef. J. Food Qual. 11:151–158.

Paramithiotis, S., P. N. Skandamis, and G. J. E. Nychas. 2009.
Insights into fresh meat spoilage. In F. Toldra, editor,
Safety of meat and processed meat. Springer, New York,
NY. p. 55–82.

Parrish, F. C., Jr., J. A. Boles, R. E. Rust, and D. G. Olson. 1991.
Dry and wet aging effects on palatability attributes of beef loin
and rib steaks from three quality grades. J. Food Sci. 56:601–
603.

Pauer, E. M. Tacker, V. Gabriel, and V. Krauter. 2020.
Sustainability of flexible multilayer packaging:
Environmental impacts and recyclability of packaging for
bacon in block. Cleaner Environmental Systems 1:100001.
https://doi.org/10.1016/j.cesys.2020.100001

Reid, R., S. Fanning, P. Whyte, J. Kerry, and D. Bolton. 2017.
Comparison of hot versus cold boning of beef carcasses on bac-
terial growth and the risk of blown pack spoilage. Meat Sci.
125:46–52. https://doi.org/10.1016/j.meatsci.2016.11.012

Reyes, T. M., M. P. Wagoner, V. E. Zorn, M. M. Coursen, B. S.
Wilborn, T. Bonner, T. D. Brandebourg, S. P. Rodning,
and J. T. Sawyer. 2022. Vacuum packaging can extend fresh
color characteristics of beef steaks during simulated display
conditions. Foods 11:520. https://doi.org/ 10.3390/
foods11040520

Ricke, S. C., E. G. Olson, L. A. Wythe, and D. K. Dittoe. 2025.
Chapter 12. Advances in microbiological assessment of shelf
life and spoilage of poultry ready-to-eat (RTE) poultry meat
products. In: S. C. Ricke, editor. Achieving sustainable pro-
duction of poultry meat- volume 1 safety, quality and sustain-
ability, 2nd ed. Burleigh Dodd Publishing, Cambridge, UK.
p. 301–323. http://doi.org/10.19103/AS.2024.0146.15.

Ricke, S. C., D. K. Dittoe, J. A. Brown, and D. R. Thompson. 2022.
Practical opportunities for microbiome analyses and bioinfor-
matics in poultry processing. Poultry Sci. 101:101787. https://
doi.org/10.1016/j.psj.2022

Ricke, S. C., J. Hacker, K. Yearkey, Z. Shi, S. H. Park, and C.
Rainwater. 2017. Chap. 19. Unravelling food production
microbiomes: Concepts and future directions. In: S. C.
Ricke, G. G. Atungulu, S. H. Park, and C. E. Rainwater, edi-
tors, Food and Feed Safety Systems and Analysis. Elsevier
Inc., San Diego, CA. p. 347–374. https://doi.org/10.1016/
B978-0-12-811835-1.00019-1

Roberts, T. A., J.-L. Cordier, L. Gram, R. B. Tompkin, J. I. Pitt, L.
G. M. Gorris, and K. M. J. Swanson. 2005. Chapter 1. Meat

Meat and Muscle Biology 2025, 9(1): 20111, 1–17 Dittoe et al. Microbial and Physiochemical Considerations

American Meat Science Association. 15 www.meatandmusclebiology.com

https://doi.org/10.1016/j.psj.2025.105242
https://doi.org/10.1016/j.psj.2025.105242
https://doi.org/10.1016/j.fm.2018.09.006
https://doi.org/10.1016/j.fm.2018.09.006
https://doi.org/10.1016/j.meatsci.2017.04.015
https://doi.org/10.1016/j.meatsci.2008.05.028
https://doi.org/10.1007/978-1-4615-4731-0_6
https://doi.org/10.1016/j.meatsci.2014.05.002
https://doi.org/10.3389/fmicb.2020.561427
http://doi.org/10.1016/j.lwt.2016.06.064
https://doi.org/10.1016/j.meatsci.2010.09.007
https://doi.org/10.1111/jam.12890
https://doi.org/10.1111/jam.12890
https://www.meatinstitute.org/Industry_at_a_Glance
https://www.meatinstitute.org/Industry_at_a_Glance
https://doi.org/10.1016/j.meatsci.2007.06.020
https://doi.org/10.1016/j.meatsci.2007.06.020
https://doi.org/10.1111/1541-4337.12526
https://doi.org/10.1111/1541-4337.12526
https://doi.org/10.22175/mmb.20022
https://doi.org/10.22175/mmb.20022
https://doi.org/10.1016/j.cesys.2020.100001
https://doi.org/10.1016/j.meatsci.2016.11.012
https://doi.org/
10.3390/foods11040520
10.3390/foods11040520
http://doi.org/10.19103/AS.2024.0146.15
https://doi.org/10.1016/j.psj.2022
https://doi.org/10.1016/j.psj.2022
https://doi.org/10.1016/B978-0-12-811835-1.00019-1
https://doi.org/10.1016/B978-0-12-811835-1.00019-1
www.meatandmusclebiology.com


and meat products. In: T. A. Roberts, J.-L. Cordier, L. Gram,
R. B. Tompkin, J. I. Pitt, L. G. M. Gorris, and K. M. J.
Swanson, editors, Micro-organisms in foods 6: Microbial
ecology of food commodities, 2nd ed. Springer, Boston,
MA. p. 1–106. https://doi.org/10.1007/0-387-28801-5_1

Sakala, R. M., H. Hayashidani, Y. Kato, T. Hirata, Y. Makino, A.
Fukushima, T. Yamada, C. Kaneuchi, and M. Ogawa. 2002.
Change in the composition of themicroflora on vacuum-pack-
aged beef during chiller storage. Int. J. Food Microbiol.
74:87–99. https://doi.org/10.1016/S0168-1605(01)00732-2.

Salvage, B. 2014. Packaging picks. Overwrap is most prevalent for
ground beef, but other options have emerged. Meat & Poultry.
60. https://www.meatpoultry.com/articles/18579-packaging-
picks.

Sandle, T. 2016. Chapter 9. Microbial identification, In: Tim
Sandle, editor, Pharmaceutical microbiology - essentials for
quality assurance and quality control. Woodhead
Publishing, Sawston, UK. p. 103–113. https://doi.org/10.
1016/b978-0-08-100022-9.00009-8

Seitz E.W., P. R. Elliker, andW. E. Sandine. 1961. A pigment-pro-
ducing spoilage bacterium responsible for violet discoloration
of refrigerated market milk and cream. Appl. Microbiol.
9:287–90. https://doi.org/10.1128/am.9.4.287-290.1961

Signorini, M. L., E. Ponce-Alquicira, and I. Guerrero-Legarreta.
2006. Effect of lactic acid and lactic acid bacteria on growth
of spoilage microorganisms in vacuum-packaged beef. J.
Muscle Foods 17:277–290. https://doi.org/10.1111/j.1745-
4573.2006.00050.x

Silva, A. R. J. Carvalho, and P. R. Massaguer. 2016. “Blown pack”
probabilistic modeling for C. algidicarnis and C. estertheti-
cum under the effects of storage temperature, vacuum level
and package shrink temperature. Proc. Food Sci. 7:59–62.
https://doi.org/10.1016/j.profoo.2016.02.086

Sitz, B. M., C. R. Calkins, D. M. Feuz, W. J. Umberger, and K. M.
Eskridge. 2006. Consumer sensory acceptance and value of
wet-aged and dry-aged beef steaks. J. Anim. Sci. 84:1221–
1226. https://doi.org/10.2527/2006.8451221x

Small, A., I. Jenson, A. Kiermeier, and J. Sumner. 2012. Vacuum-
packed beef primals with extremely long shelf life have
unusual microbiological profile. J. Food Protect 75:1524–
1527. https://doi.org/10.4315/0362-028X.JFP-12-042

Smith, H. R., B. S. Wilborn, A. G. Parnell, T. M. Reyes, M. P.
Wagoner, L. E. Yoder, E. Blythe, D. R. Mulvaney, S. P.
Rodning, M. K. Mullenix, T. Bonner, and J. T. Sawyer.
2021. Impact of packaging film and beef trimmings on ground
beef shelf life. Foods 10:1923. https://doi.org/10.3390/
foods10081923

Sofos, J. N., G. Flick, G.-J. Nychas, C. A. O’Bryan, S. C. Ricke, and
P. G. Crandall. 2013. Chapter 6. Meat, poultry, and seafood.
In: M. P. Doyle, and R. L. Buchanan, editors, Food microbi-
ology-fundamentals and frontiers, 4th ed. American Society
for Microbiology, Washington, D.C. p. 111–167. https://
doi.org/10.1128/9781555818463.ch6

Sørheim, O., H. Nissena, and T. Nesbakken. 1999. The storage life
of beef and pork packaged in an atmosphere with low carbon
monoxide and high carbon dioxide. Meat Sci. 52:157–164.

Sørheim, O., T. Aune, and T. Nesbakken. 1997. Technological,
hygienic, and toxicological aspects of carbon monoxide used

in modified atmosphere packaging of meat. Trends Food Sci.
Technol. 8:307–312.

Stellato, G. A. La Storia, F. De Filippis, G. Borriello, F. Villani, and
D. Ercolini,2016. Overlap of spoilage-associated microbiota
between meat and the meat processing environment in
small-scale and large-scale retail distributions. Appl.
Environ. Microb. 82:4045–4054. https://doi.org/10.1128/
AEM.00793-16

Tarlak, F. 2023. The use of predictive microbiology for the predic-
tion of the shelf life of food products. Foods 12:4461. https://
doi.org/10.3390/foods12244461

Thamsborg, K. K. M., B. W. Lund, D. V. Byrne, J. J. Leisner, and
N. Alexi. 2023. Cadaverine as a potential spoilage indicator in
skin-packed beef and modified-atmosphere-packed beef.
Foods 12:4489. https://doi.org/10.3390/foods12244489

Van Rooyen, L. A. P. Allen, S. M. Crawley, and D. I. O’Connor.
2017. The effect of carbon monoxide pretreatment exposure
time on the colour stability and quality attributes of vacuum
packaged beef steaks. Meat Sci. 129:74–80. http://.doi.org/
10.1016/j.meatsci.2017.02.017

Vázquez, B. I., L. Carriera, C. Franco, C. Fente, A. Cepeda, and J.
Barros-Velázquez. 2004. Shelf life extension of beef retail
cuts subjected to an advanced vacuum skin packaging system.
European Food Res. Technol. 218: 118–122. https://doi.org/
10.1007/s00217-003-0837-6

Venter, P., K. Shale, J. F. R. Lues, and E. M. Buys. 2006. Microbial
proliferation and mathematical indices of vacuum-packed
bovine meat. J. Food Process. Pres. 30:433–448. https://doi.
org/10.1111/j.1745-4549.2006.00077.x

Vierck, K. R., J. F. Legako, J. Kim, B. J. Johnson, and J. C. Brooks.
2020. Determination of package andmuscle-type influence on
proteolysis, beef-flavor-contributing free amino acids, final
beef flavor, and tenderness. Meat Muscle Biol. 4:26, 1–14.
https://doi.org/10.22175/mmb.10933.

Wages, J. A., F. M. Feye, S. H. Park, S. A. Kim, and S. C. Ricke.
2019. Comparison of 16S rDNA next sequencing of micro-
biome communities from post-scalder and post-picker stages
in three different commercial poultry plants processing three
classes of broilers. Front. Microbiol. 10:972. https://doi.org/
10.3389/fmicb.2019.00972

Wang, Z.-C., Y. Yan, Z. Fang, T. Nisard, L. Sun, Y. Guo, N. Xia, H.
Wang, and D.-W. Chen Application of nitric oxide in modi-
fied atmosphere packaging of tilapia (Oreschromis niloticus)
fillets. Food Control 98:209–215. https://doi.org/10.1016/j.
foodcont.2018.11.043

Watts, D. A., S. K. Wolfe, andW. D. Brown. 1978. Fate of 14C car-
bon monoxide in cooked or stored ground beef samples. J.
Agr. Food Chem. 26:210–211.

Weinroth,M. D., A. D. Belk, C. Dean, N. Noyes, D. K. Dittoe,M. J.
Rothrock, Jr., S. C. Ricke, P. R. Myer, M. T. Henniger, G. A.
Ramírez, B. B. Oakley, K. L. Summers, A. M. Miles, T. B.
Ault-Seay, Z. Yu, J. Metcalf, and J. Wells. 2022.
Considerations and best practices in animal science 16S
rRNA gene sequencing microbiome studies. J. Anim. Sci.
100:1–18. https://doi.org/10.1093/jas/skab346

Weinroth, M. D., B. C. Britton, K. R. McCullough, J. N. Martin, I.
Geornaras, R. Knight, K. E. Belk, and J. L. Metcalf. 2019.
Ground beef microbiome changes with antimicrobial

Meat and Muscle Biology 2025, 9(1): 20111, 1–17 Dittoe et al. Microbial and Physiochemical Considerations

American Meat Science Association. 16 www.meatandmusclebiology.com

https://doi.org/10.1007/0-387-28801-5_1
https://doi.org/10.1016/S0168-1605(01)00732-2
https://www.meatpoultry.com/articles/18579-packaging-picks
https://www.meatpoultry.com/articles/18579-packaging-picks
https://doi.org/10.1016/b978-0-08-100022-9.00009-8
https://doi.org/10.1016/b978-0-08-100022-9.00009-8
https://doi.org/10.1128/am.9.4.287-290.1961
https://doi.org/10.1111/j.1745-4573.2006.00050.x
https://doi.org/10.1111/j.1745-4573.2006.00050.x
https://doi.org/10.1016/j.profoo.2016.02.086
https://doi.org/10.2527/2006.8451221x
https://doi.org/10.4315/0362-028X.JFP-12-042
https://doi.org/10.3390/foods10081923
https://doi.org/10.3390/foods10081923
https://doi.org/10.1128/9781555818463.ch6
https://doi.org/10.1128/9781555818463.ch6
https://doi.org/10.1128/AEM.00793-16
https://doi.org/10.1128/AEM.00793-16
https://doi.org/10.3390/foods12244461
https://doi.org/10.3390/foods12244461
https://doi.org/10.3390/foods12244489
http://.doi.org/10.1016/j.meatsci.2017.02.017
http://.doi.org/10.1016/j.meatsci.2017.02.017
https://doi.org/10.1007/s00217-003-0837-6
https://doi.org/10.1007/s00217-003-0837-6
https://doi.org/10.1111/j.1745-4549.2006.00077.x
https://doi.org/10.1111/j.1745-4549.2006.00077.x
https://doi.org/10.22175/mmb.10933
https://doi.org/10.3389/fmicb.2019.00972
https://doi.org/10.3389/fmicb.2019.00972
https://doi.org/10.1016/j.foodcont.2018.11.043
https://doi.org/10.1016/j.foodcont.2018.11.043
https://doi.org/10.1093/jas/skab346
www.meatandmusclebiology.com


decontamination interventions and product storage. PLoSONE.
14:e0217947. https://doi.org/10.1371/journal.pone.0217947

Wickramasinghe, N.N., J. Ravensdale, R. Coorey, S. P. Chandry, and
G. A. Dykes. 2019. The predominance of psychrotrophic pseu-
domonads on aerobically stored chilled red meat. Compr. Rev.
Food Sci. F. 18:1622–1635. https://doi.org/10.1111/1541-4337.
12483

Yam, K. L., P. T. Takhistov, and J. Miltz. 2005. Intelligent pack-
aging: Concepts and applications. J. Food Sci. 70:R1–R10.
https://doi.org/10.1111/j.1365-2621.2005.tb09052.x

Yang, X., S. Balamurugan, and C. O. Gill. 2011. Effects on
the development of blown pack spoilage of the initial

numbers of Clostridium estertheticum spores and
Leuconostoc mesenteroides on vacuum packed beef.
Meat Sci. 88:361–367. https://doi.org/10.1016/j.meatsci.
2011.01.010

Youssef, M., C. Gill, and X. Yang. 2014. Storage life at 2°C or
−1.5°C of vacuum-packaged bone-less and bone-in cuts from
decontaminated beef carcass. J. Sci. Food Agr. 94:3118–
3124. https://doi.org/10.1002/jsfa.6659

Zhang, Y., J. Wei, Y. Yuan, and T. Yue. 2019. Diversity and char-
acterization of spoilage-associated psychrotrophs in food in
cold chain. Int. J. Food Microbiol. 290:86–95. https://doi.
org/10.1016/j.ijfoodmicro.2018.09.026

Meat and Muscle Biology 2025, 9(1): 20111, 1–17 Dittoe et al. Microbial and Physiochemical Considerations

American Meat Science Association. 17 www.meatandmusclebiology.com

https://doi.org/10.1371/journal.pone.0217947
https://doi.org/10.1111/1541-4337.12483
https://doi.org/10.1111/1541-4337.12483
https://doi.org/10.1111/j.1365-2621.2005.tb09052.x
https://doi.org/10.1016/j.meatsci.2011.01.010
https://doi.org/10.1016/j.meatsci.2011.01.010
https://doi.org/10.1002/jsfa.6659
https://doi.org/10.1016/j.ijfoodmicro.2018.09.026
https://doi.org/10.1016/j.ijfoodmicro.2018.09.026
www.meatandmusclebiology.com

	Packaging of Meats and Shelf Life: Microbial and Physiochemical Considerations&Dagger;
	Introduction
	Microbiology and Spoilage of Fresh Meat Products
	Factors associated with microbial spoilage
	Methods for determining microorganisms associated with spoilage
	Origins and historical development of meat packaging

	Modified Atmosphere Packaging
	Atmospheric gases: General concepts
	HI-OX MAP packaging
	Carbon monoxide MAP packaging
	MAP bag concept

	Vacuum Packaging
	Roll stock packaging
	Vacuum skin packaging
	Wet aging
	Emerging spoilage microorganisms in vacuum-packaged meat

	Conclusions and Future Directions
	Declaration of Competing Interest
	Acknowledgements
	Author Contribution

	Literature Cited


