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Abstract
The increasing global population has resulted in increased demand for food. Goods

quality and safe food is required for healthy living. However, food spoilage has

resulted in food insecurity in different regions of the world. Spoilage of food occurs

when the quality of food deteriorates from its original organoleptic properties

observed at the time of processing. Food spoilage results in huge economic losses

to both producers (farmers) and consumers. Factors such as storage temperature,

pH, water availability, presence of spoilage microorganisms including bacteria and

fungi, initial microbial load (total viable count—TVC), and processing influence

the rate of food spoilage. This article reviews the spoilage microbiota and spoilage

mechanisms in meat and dairy products and seafood. Understanding food spoilage

mechanisms will assist in the development of robust technologies for the prevention

of food spoilage and waste.
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1 INTRODUCTION

Food insecurity is one of the major challenges facing human-
ity due to the global increase in the human population. The
second sustainable development goal (goal 2: zero hunger)
aims to end hunger. However, a large proportion of food
gets spoiled during the food supply chain, especially before
getting to and with the final consumers. A report by the Food
and Agriculture Organization of the United Nations has stated
that one-third of the food produced for human consumption is
either spoiled or wasted (Gustavsson, Cederberg, Sonesson,

Van Otterdijk, & Meybeck, 2011). Food spoilage, therefore,
constitutes a global problem that requires the attention of the
various stakeholders.

Food spoilage is defined as a change in the quality of food
that renders it undesirable and unfit for consumption, either by
humans or animals, due to spoilage indicators such as objec-
tionable odor and changes in texture and appearance (Black-
burn, 2006; Lianou, Panagou, & Nychas, 2016; Nychas, &
Panagou, 2011). It is a complex process due to underlying
causes that can be broadly grouped as microbiological, chem-
ical, or physical (Petruzzi, Corbo, Sinigaglia, & Bevilacqua,
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2017). Despite the increasing technological breakthroughs
in food science and technology over the years, spoilage
of food remains a global problem (Petruzzi et al., 2017).
Spoilage of food incurs huge economic losses to producers
(farmers), retailers, and consumers (Snyder, & Worobo,
2018). Storage temperature (Mageswari, Subramanian,
Srinivasan, Karthikeyan, & Gothandam, 2015; Ndraha,
Hsiao, Vlajic, Yang, & Lin, 2018; Odeyemi, Burke, Bolch, &
Stanley, 2018b), pH, water availability or moisture, improper
storage (Bradford et al., 2018), indigenous microflora such
as bacteria and fungi (Ioannidis et al., 2018), processing
operations (Wang, He, & Yang, 2018), transportation
(Hammond et al., 2015), and food handlers all influence
the rate of spoilage. Aside from the problems of food
insecurity and economic loss (Illikoud et al., 2019), spoiled
food also contributes to food waste, which is another global
environmental problem.

Microbes are the most common cause of food spoilage
and are ubiquitous. Because they are too small to be seen
with the naked eye, except for molds, colonization of
exposed food by bacteria and yeasts may remain unnoticed
(Hammond et al., 2015). Colonization of food by spoilage
microbes occurs in various ways, depending on the type
of food. Food with high water content such as meat, milk,
and seafood easily get spoiled by bacteria, unlike food with
low water content, while spoilage of staple food is usually
initiated by molds or yeasts. However, the complexity of food
spoilage and the interconnectivity of factors contributing to
it make it difficult to solve the problem. Understanding the
spoilage mechanisms of different foods will help to develop
empirical and evidence-based mitigation strategies. This
article, therefore, reviews the microbial community and
spoilage mechanisms of meat, seafood, and milk.

2 MEAT

2.1 Sources of meat contamination with
spoilage microorganisms
Meat is among the most perishable foods and a favorable
environment for the replication of microorganisms because
of its high concentrations of nutrients and high water activity
(Húngaro, Caturla, Horita, Furtado, & Sant’Ana, 2016).
The shelf-life of meat and meat products, e.g. the time until
spoilage occurs, depends on the species and the counts of
available microbes (Borch, Kant-Muermans, & Blixt, 1996).
Boziaris and Parlapani (2017) affirm that spoilage is due to the
so-called specific spoilage organisms, which predominate and
form metabolites and thereby alter the organoleptic character-
istics of meat, hence making it inappropriate for consumption.
This, in the belief of Nattress, Yost, and Baker (2001), incurs
substantial economic losses for both producers and retailers.

During slaughterhouse processing, carcasses are contam-
inated by the skin, feces, intestinal content, water, personnel,
and processing room equipment, and according to Russo,
Ercolini, Mauriello, and Villani (2006), microbial load varies
from 102 and 104 cfu/cm2. The commonest microbial genera
isolated from fresh meat are Acinetobacter, Pseudomonas,
Brochothrix, Flavobacterium, Psychrobacter, Moraxella,
Staphylococcus, Micrococcus, lactic acid bacteria, and Enter-
obacteriaceae (Doulgeraki, Ercolini, Villani, & Nychas,
2012). Borch et al. (1996) report that only 10% of these
bacteria can replicate under cold storage conditions and,
thus, induce spoilage of meat. Bakhtiary et al. (2016) affirm
that cross-contamination of meat occurs under poor hygienic
conditions and handling at slaughterhouses. It is facilitated
by the ability of bacteria to adhere to slaughterhouse surfaces
and form a biofilm. During the preslaughter rest, Staphylo-
coccus, Escherichia, and Bacillus cereus have been isolated
from skin, feces, and water, which are possible sources of
contamination. During processing, the evisceration could
contaminate carcasses and slaughterhouse equipment with
enterobacteria. The most commonly isolated fecal coliform
bacteria at slaughterhouses are Enterobacter, Citrobacter,
and Klebsiella. Podpečan, Pengov, and Vadnjal (2007)
provided evidence that slaughterhouse workers were the
main source of contamination by isolating the same S. aureus
strains from the hands of workers, minced beef, and the
surface of beef carcasses. Bakhtiary et al. (2016) reported
that, from beef and sheep carcasses, more bacteria are
isolated after skinning and evisceration. Skins and rectums
are a source of contamination for carcasses and slaughter-
house equipment, with Salmonella enterica, Enterococcus
fecalis, Escherichia coli, and Pseudomonas fluorescens as
the commonest isolates. During slaughterhouse processing of
poultry, bacterial contamination could result from working
surfaces, equipment, water, and avian gut microbiota (Rouger,
Tresse, & Zagorec, 2017). Poultry meat could also be con-
taminated by bacteria present in the air and the environment.
In fresh meat, bacteria are present on the surface while after
processing (for example, curing) they penetrate the muscles.

Slaughter carcasses could be contaminated with fungi
from the air, water, and slaughterhouse walls and floors
(Ismail, Elala, Nassar, & Michail, 1995). The main sources
of contamination of processed foods with yeasts outlined by
Hernández et al. (2018) are working surfaces and equipment
at enterprises, raw ingredients, air, and water.

Meat quality of game species depends on numerous
factors—from hunting practices to meat processing and stor-
age. Most commonly, meat is contaminated with intestinal
or skin bacteria during slaughtering (Hutařová et al., 2014).
Wild deer carcasses are eviscerated after slaughtering, but in
case of several hours delay, the intestines become inflated.
This increases the possibility of disruption during removal
and results in contamination of the carcass with intestinal
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microflora (Gill, 2007). The main sources of contamina-
tion of venison, in the view of Broda, Bell, Boerema, and
Musgrave (2002), are soil and feces harboring clostridia.

Risk factors for contamination of foods during trans-
portation are poor production practices, abrupt changes in
temperature, poor sanitation of loading areas, inadequate
loading/unloading procedures, and bad habits of employees
(Ackerley, Sertkaya, & Lange, 2010). Galland (1997) affirms
that transportation influenced pathogenic microbial counts
as the number of calves shedding Salmonella increased after
transportation.

2.2 Meat spoilage
Poultry meat is spoiled quickly, even under cold storage
conditions. Specific microorganisms inducing spoilage of
cooled poultry meat are Pseudomonas, Enterobacteriaceae,
lactic acid bacteria, and Brochothrix thermosphacta (Mellor,
Bentley, & Dykes, 2011; Wang et al., 2017a). Lamb
meat becomes spoiled by Pseudomonas spp., Shewanella
putrefaciens, Brochothrix thermosphacta, psychrotrophic
Enterobacteriaceae, lactic acid bacteria, and Clostridium
spp. (Mills, Donnison, & Brightwell, 2014). From beef, Säde,
Penttinen, Björkroth, and Hultman (2017) isolated Carnobac-
terium, Brochothrix, Leuconostoc, and Lactococcus, which
are all typical spoilage bacteria. Godziszewska et al. (2017)
reported Rahnella aquatilis as the main bacterial species
inducing spoilage of pork. By the end of the shelf-life of
French fresh pork sausages, Bouju-Albert, Pilet, and Guillou
(2018) isolated Brochothrix, Pseudomonas, Leuconostoc,
and Lactobacillus from them, with a predominance of lactic
acid bacteria. Rodriguez-Calleja, Santos, Otero, and Garcia-
Lopez (2004) and Rodríguez-Calleja, García-López, Santos,
and Otero (2005) demonstrated that Pseudomonas spp.,
Brochothrix thermosphacta, lactic acid bacteria, and yeasts
replicated more rapidly than other microorganisms in rabbit
meat and predominated by the end of the shelf-life. Clostrid-
ium gasigenes induced spoilage of venison (Broda et al.,
2002), while members of the family Enterobacteriaceae were
responsible for spoilage of wild boar meat (Boers, Dijkmann,
& Wijngaards, 1994). Alonso-Calleja, Martıńez-Fernández,
Prieto, and Capita (2004) isolated pseudomonads (6.05 log
cfu/g), Enterobacteriaceae (5.29 log cfu/g), enterococci (0.86
log cfu/g), lactic acid bacteria (6.86 log cfu/g), yeasts, and
molds (4.90 log cfu/g) from chilled vacuum-packed ostrich
meat.

Broda, DeLacy, Bell, and Penney (1996) found that
Clostridium spp. caused an unpleasant odor in vacuum-
packed lamb stored at 1 to 2 ◦С for 8 weeks. According to
Russo et al. (2006), the spoilage of aerobically stored beef at
5 ◦С occurred after 7 days with a predominance of B. thermo-
sphacta, Pseudomonas, Enterobacteriaceae, and lactic acid
bacteria. B. thermosphacta was the predominating species in

spoiled meat. Spoilage of vacuum-packed lamb meat occurred
after 13 to 16 days of storage at 8 ◦С, and after only 124 days
when it was stored at 1.2 ◦С (Kaur, Shang, Tamplin, Ross, &
Bowman, 2017). The main specific spoilage microorganisms
of meat stored at –1.2 ◦С were Carnobacterium, Yersinia,
and Clostridium, while Hafnia, Lactococcus, and Providencia
were established in storage at 8 ◦С. Säde et al. (2017) observed
that beef became spoiled after 10–12 days of storage in modi-
fied atmosphere at 6 ◦С due to Carnobacterium, Brochothrix,
Leuconostoc, and Lactococcus. Höll, Behr, and Vogel (2016)
demonstrated that poultry meat stored in a modified atmo-
sphere package became spoiled after 6 to 7 days at 10 ◦С, and
after 9 to 10 days at 4 ◦С. Specific spoilage microorganisms of
meat packed in modified atmosphere containing 80% O2 and
20% CO2 are Brochothrix thermosphacta, Carnobacterium,
and Pseudomonas at 4 and 10 ◦С. In poultry meat packed
in modified atmosphere containing 65% N2 and 35% CO2,
the specific spoilage microorganism at 10 ◦С was Hafnia
alvei, but at 4 ◦С these were Carnobacterium, Serratia, and
Yersinia. According to Jay, Vilai, and Hughes (2003), minced
beef stored under aerobic conditions at 5 to 7 ◦С became
spoiled after 9 days. The predominant agent responsible for
spoilage was Pseudomonas, but Enterococcus, Kurthia, Lac-
tobacillus, Leuconostoc, Listeria, Micrococcus, Aeromonas,
Escherichia, Moraxella, Morganella, Pantoea, Providencia,
and Psychrobacter were also involved. Holm, Schäfer, Koch,
and Petersen (2013) established that Brochothrix thermo-
sphacta, Chryseomonas luteola, Carnobacterium maltaro-
maticum, and Leuconostoc carnosum induced spoilage of
saveloy sausage stored at 5 ◦С in a modified atmosphere (70%
N2, 30% CO2) after 4 weeks. Wang et al. (2017a) reported that
Pseudomonas fluorescens, Aeromonas salmonicida, and Ser-
ratia liquefaciens induced spoilage of poultry meat stored at
8 ◦С after 4 days. Mellor et al. (2011) demonstrated that Pseu-
domonas fluorescens was capable of spoiling poultry meat
after 7 days of cold storage at 4 ◦С. Godziszewska et al.
(2017) established that Rahnella aquatilis spoiled vacuum-
packed pork after 8 days of cold storage at 2 ◦С. Nakyinsige
et al. (2015) and Rodríguez-Calleja et al. (2005) reported the
spoilage of rabbit meat stored aerobically at 3 ◦С for 7 days,
when the total microbial, psychrotrophic, and Pseudomonas
counts attained 8 log cfu/g. Broda et al. (2002) found Clostrid-
ium gasigenes-induced “blown pack” spoilage of vacuum-
packed venison stored at 2 ◦С for 14 days. Gill (2007) affirmed
that the shelf-life of vacuum-packed venison stored at –1 ◦С
was 18 weeks before spoilage occurrence. An unpleasant odor
from vacuum-packed wild boar longissimus cuts was reported
to emerge after 35-day storage at 0 ◦С (Boers et al. (1994).
Under the same conditions, unacceptable discoloration and
foul odor of M. longissimus are observed after 84 to 98 days.
Otremba, Dikeman, and Boyle (1999) found that total micro-
bial count in chilled vacuum-packed ostrich meat was under
6 log cfu/g over 14 days, while after that term both odor and
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color were altered and more than half of the surface became
brown. Microbiological quality became unacceptable after
21 days of cold storage. Thus, it is recommended to consume
ostrich meat within 10 days of production.

Fungi are common contaminants of meat and meat prod-
ucts. They either cause spoilage or produce mycotoxins, mak-
ing the infected meat dangerous for consumption. Aspergillus
flavus and Aspergillus niger are the predominant species iso-
lated from bovine carcasses (Ismail et al., 1995). Aspergillus
and Penicillium were isolated from more than 70% оf
canned beef and poultry samples (Nasser, 2015). Xerophilic
Aspergillus, Eurotium, and Penicillium species can grow on
the surface of dry-cured meat products as they tolerate low pH
and high salt concentrations (Montanha et al., 2018). Plavsic,
Okanovic, Gubic, and Njezic (2015) isolated Penicillium
aurantiogriseum and Penicillium commune from dry-smoked
meat products. Some molds cause spoilage by forming black,
white, or blue-green spots on the surface of meat and meat
products. Gill, Lowry, and Di Menna (1981) isolated Cla-
dosporium cladosporioides, Cladosporium herbarum, Peni-
cillium hirsutum, and Aureobasidium pullulans from black-
spotted spoiled meat, whereas Lozano-Ojalvo et al. (2015)
demonstrated that Cladosporium oxysporum form black spots
on dry-cured fermented sausages. Alía et al. (2016) outlined
Cladosporium oxysporum, Cladosporium cladosporioides,
and Cladosporium herbarum as causes of black spots on
dry-cured ham. Chrysosporium pannorum causes white
spot spoilage of frozen meat, while Penicillium expansum
is responsible for the appearance of blue-greenish spots on
meat. Whisker-like spoilage of meat is attributed to Thamni-
dium elegans and Mucor racemosus. These fungi grow very
slowly at low temperatures. Cladosporium herbarum forms
visible colonies after 4 months at –5 ◦С (Lund, 2000).

Yeast can grow in foods with high sugar and organic
acid contents or with low water activity and low pH. Con-
tamination with yeasts capable of inducing spoilage often
reduced shelf-life due to produced gas and unpleasant odor
(Monu, Techathuvanan, Wallis, Critzer, & Davidson, 2016).
The most commonly isolated species from fresh meat were
Candida, Rhodotorula, Debaryomyces, and Trichosporon
spp., while species prevalent in salt-cured and smoked meat
products were Debaryomyces hansenii, Yarrowia lipolytica,
Candida zeylanoides, Trichosporon ovoides, Trichosporon
beigelii, Cryptococcus albidus, and Rhodotorula mucilagi-
nosa (Nielsen, Jacobsen, Jespersen, Koch, & Arneborg,
2008). The most prevalent yeasts in vacuum-packed beef
were Candida zeylanoides (24/30; 80%), Kazachstania
psychrophila (23/30; 76.7%), and Candida sake (21/30; 70%)
(Kabisch et al., 2016). Other yeast species, such as Candida
alimentaria, Candida argentea, Cryptococcus carnescens,
Cryptococcus curvatus, Cystofilobasidium macerans, Filoba-
sidium uniguttulatum, Mrakia frigida, Mrakia robertii, Pichia
fermentans, and R. mucilaginosa were also reported. The

mean count of yeasts in samples was 3.76 log cfu/per cm2.
The authors inoculated beef with K. psychrophila, packed it
under vacuum and stored it at 4 ◦С. Gas bubbles formed after
16 days, discoloration and unpleasant odor were observed at
post-inoculation day 42, whereas complete spoilage occurred
at post-inoculation day 84. According to Nielsen et al. (2008),
Candida zeylanoides, Debaryomyces hansenii, Candida sake,
and Candida alimentaria grew well in modified atmosphere
packs and were capable of inducing spoilage of meat products
before shelf-life expiry date via formation of gas and pack
swelling, mucus formation, discoloration and off-odor. The
changes occurring during meat spoilage are due to meat or
microbial enzymes or other chemical reactions (Kodogiannis,
Pachidis, & Kontogianni, 2014). As already mentioned,
the commonest meat spoilage agents are Pseudomonas,
Acinetobacter, Brochothrix, Flavobacterium, Psychrobacter,
Moraxella, Staphylococcus, Micrococcus, lactic acid bacteria
(LAB), and Enterobacteriaceae. Glucose, lactic acid, some
amino acids, nucleotides, urea, and water-soluble proteins are
the preferred substrates for specific spoilage microorganisms
(Nychas, Skandamis, Tassou, & Koutsoumanis, 2008).
Casaburi, Piombino, Nychas, Villani, and Ercolini (2015)
reported that glucose was the precursor of off-odors formed
during meat storage, as were acetate, acetoin, diacetyl, acetic
acid, iso-butyric acid, iso-valeric acid, 2-methylbutyric acid,
3-methylbutanol, 2 methylpropanol, and ethanol.

The genus Pseudomonas is comprised of Gram-negative
motile aerobic non-spore-forming rods (Mohareb et al.,
2015). Pseudomonas can induce spoilage of raw meat due to
rapid replication under aerobic conditions and the production
of sulfur compounds (Holm et al., 2013). When Pseu-
domonas counts attain 107 to 108 cfu/g, slime and off-odors
are observed after the main substrates of pseudomonads in
meat (glucose and lactate) are depleted and bacteria begin
to convert amino acids (Nychas et al., 2008). Moreover,
Pseudomonas are predominant microorganisms causing
spoilage of meat under aerobic cold storage conditions, as
other bacterial species such as Acinetobacter, Psychrobacter,
and Moraxella are not able to compete efficiently with them
(Mohareb et al., 2015).

Lactic acid bacteria (LAB) are a group of microaerophilic
microorganisms predominating in vacuum-packed meat.
Their main substrate is glucose and, depending on the final
product of its fermentation, LAB are divided into homo- and
heterofermentative types (Jones, 2004). Homofermentative
LAB produce only lactic acid, which is responsible for the
sour taste. Heterofermentative LAB form compounds asso-
ciated with meat spoilage, including ethanol, butyric acid,
sulfides, lactate, and acetate. Butyric acid formed during meat
spoilage is recognized by its rancid flavor. Spoilage occurs
when microbial counts attain 108 cfu/cm2 (Jones, 2004). Lac-
tobacillus sakei forms H2S, which converts myoglobin into
green-colored sulfomyoglobin. H2S is formed from cysteine,
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but only when glucose and oxygen are limited (Borch et al.,
1996). When glucose is depleted, L. sakei hydrolyzes arginine
resulting in the formation of ammonia and biogenic amines
such as putrescine and spermine (Casaburi et al., 2015).

Some psychrophilic clostridia are responsible for spoilage
of vacuum-packed meat. The commonest causative agent is
Clostridium estertheticum, provoking the so-called blown-
pack spoilage. Typically, the package is distended by a large
amount of gas with a strong unpleasant odor, and the spoiled
meat has an altered color and soft consistency (Adam, Flint,
& Brightwell, 2013). Psychrophilic clostridia involved in
the spoilage of vacuum-packed meat can ferment glucose
to form butyric acid, butanol, СО2, and H2, which also
alter the color of meat (Dainty, Edwards, & Hibbard, 1989).
Clostridium-induced spoilage of refrigerated vacuum-packed
beef is characterized with sulfurous, fruity, solvent-like, and
strong cheesy off-odors (Dainty et al., 1989). Broda et al.
(1996) established that Clostridium spp. can induce unpleas-
ant cheesy and dairy off-odors in chilled vacuum-packed
lamb meat.

Brochothrix thermosphacta is an important element of
microflora that induces spoilage of aerobically or vacuum-
packed refrigerated meat. The preferred substrate for the
growth of this species in meat is glucose. Under aerobic
conditions, B. thermosphacta produces acetoin, acetic acid,
isobutyric acid, 2-methylbutyric acid, isovalerianic acid,
and 3-methylbutanol. B. thermosphacta could be involved
in the presence of cheesy off-odor due to the formation of
acetoin/diacetyl and 3-methylbutanol (Pennacchia, Ercolini,
& Villani, 2009; Russo et al., 2006).

Shewanella putrefaciens has been isolated from many
foods of animal origin. It can produce H2S, which binds to
myoglobin, makes meat green and contributes to the unpleas-
ant odor of rotten eggs. Sh. putrefaciens spoils refrigerated
vacuum-packed meat (Doulgeraki et al., 2012).

Members of the family Enterobacteriaceae, which most
commonly induce meat spoilage, are from the genera
Serratia, Enterobacter, Pantoea, Klebsiella, Proteus, and
Hafnia. The most relevant bacteria in this regard are Serratia
liquefaciens, Hafnia alvei, and Enterobacter (Pantoea)
agglomerans (Doulgeraki et al., 2012). Enterobacteriaceae
prefer glucose as a substrate before starting to convert amino
acids (Casaburi et al., 2015).

Compromised organoleptic properties of meat and meat
products are due to lipases, proteases, and carbohydrases pro-
duced by molds during their growth. These enzymes remain
active after their occurrence in foods, no matter whether
the mycelium is intact or destroyed. Molds produce volatile
organic substances such as dimethyldisulfide, geosmin, and
2-methylisoborneol, all deteriorating the quality of foods
(Filtenborg, Frisvad, & Thrane, 1996).

Yeasts produce various bioproducts that are capable of
deteriorating the organoleptic properties of meat. Kabisch

et al. (2016) reported gas bubbles in vacuum-packed beef due
to carbon dioxide production during K. psychrophila-induced
fermentation; fresh meat odor changed musty, cheesy, sweet,
and putrid under the influence of proteolytic and lipolytic
events, resulting in the formation of CO2 and other metabo-
lites. Chaves-López, Paparella, Tofalo, and Suzzi (2011)
demonstrated the proteolytic properties of Saccharomyces
cerevisiae in a culture medium with sarcoplasmic and myofib-
rillar proteins at 20 ◦С for 14 days. Following the proteolysis,
the largest amounts accumulated in the medium containing
myofibrillar proteins included cysteine, glutamic acid, lysine,
and valine. Volatile substance analysis showed that the
predominant compound in the myofibrillar medium was
3-methyl butanol and, in the medium with sarcoplasmic pro-
teins these were 2-methyl propanol and 3-methyl-1-butanol.
Kabisch et al. (2016) affirm that lipolytic properties of yeasts
are important for meat quality, as they cause rancidification
with the formation of carbonyls and aldehydes.

2.3 Effects of environmental conditions on
proliferation of meat spoilage microorganisms
2.3.1 Temperature
Storage temperature and duration are essential for spoilage of
meat and meat products. The refrigerated storage temperature
in the view of Casaburi et al. (2015) influenced the selec-
tion of psychrotrophic microorganisms. The main organisms
that replicated in vacuum-packed lamb stored at –1.2 ◦Сwere
Carnobacterium, Yersinia, and Clostridium spp., whereas at
8 ◦С, Hafnia, Lactococcus, and Providencia spp. were also
observed (Kaur et al., 2017). Molds inducing meat spoilage
were able to grow at –5 ◦С although low temperature slowed
down their development, and visible colonies appeared only
after 4 months (Lund, 2000). Borch et al. (1996) reported
a reduction of bacterial growth and alteration of microbial
communities in vacuum-packed beef at storage temperature.
Total viable counts attained 107 cfu/cm2 after 14 weeks at
1.5 ◦С, whereas at 4 ◦С the same counts were attained after
3 weeks. On the contrary, the counts of bacteria inducing
spoilage increased in aerobically stored chilled meat. In beef
stored aerobically at 5 ◦С for 7 days, Russo et al. (2006) gave
evidence for increased B. thermosphacta (from 2.5 × 104 to
3.4 × 106 cfu/g), Pseudomonas spp. (from 5.0 × 104 to 1.0 ×
105 cfu/g), Enterobacteriaceae (from 2.0 × 103 tо 1.1 × 105

cfu/g), and lactic acid bacteria (from 3.0 × 103 to 3.4 × 106

cfu/g) counts. After inoculation of beef with K. psychrophila
yeasts at 2 log cfu/per cm2 and vacuum packaging, Kabisch
et al. (2016) demonstrated that yeast counts attained 5 log
cfu/per cm2 after 16 days at 4 ◦С. For this reason, Kaur et al.
(2017) recommended using the synergic effect of the modi-
fied environment or vacuum packaging, pH, cold storage, and
antimicrobial bacterial activity to slow down meat spoilage.
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2.3.2 pH and nutrients
Normal post-mortem events result in the reduction of meat
pH to 5.4 to 5.8. In animals that suffered stress before being
slaughtered, the dark, firm, and dry meat phenomenon,
which is accompanied by high meat pH, could be observed.
It was shown that bacterial nutrients in meat with high pH
were reduced. Such meat undergoes spoilage in shorter
terms, as microorganisms rapidly attack and hydrolyze
amino acids (Borch et al., 1996). B. thermosphacta could
grow at refrigeration temperatures over 4 ◦С in meat with
high pH (Rodriguez-Calleja et al., 2004). Members of the
family Enterobacteriaceae are not capable of growing under
anaerobic conditions in beef when its pH is lower than 5.8
(Alonso-Calleja et al., 2004).

There was a substantial positive correlation between meat
pH and meat bacterial counts (Alonso-Calleja et al., 2004).
It was demonstrated that bacterial counts in chilled vacuum-
packaged ostrich meat increased proportionally to meat pH
(Otremba et al., 1999). In all instances, high pH resulted
in rapid spoilage due to extensive bacterial replication and
consumption of nutrients. It is well-acknowledged that lactic
acid bacteria produce lactic acid, which slightly decreases
pH, whereas in their absence, meat pH is insignificantly
higher. Most pseudomonads produce a metalloproteinase
with pH optimum between 6.5 and 8.0 (Wang et al., 2017a).
Molds and yeasts tolerate low pH and are capable of growing
under such conditions. Optimum development of Penicillium
expansum takes place at pH 5.1 (Tannous et al., 2016),
whereas K. psychrophila yeasts grow in vacuum-packaged
beef with pH 5.65 at 4 ◦С (Kabisch et al., 2016).

2.3.3 Packaging atmosphere
Packaging is another important factor determining the
microorganisms that will reproduce and predominate in
fresh meat. Therefore, spoilage is caused by bacteria that are
initially present in meat. Casaburi et al. (2015) and Dohlen
et al. (2017) support the thesis that the presence or absence
of oxygen has a strong impact on the diversity of micro-
bial species replicating in meat. That means that different
microbial species will develop depending on whether meat
is packed in aerobic or anaerobic conditions or in a modified
atmosphere (Table 1). The specific packaging systems
determine the shelf-life, which is the longest for modified
atmosphere packaged meat (Borch et al., 1996). According
to Kaur et al. (2017), the bags used for vacuum or modified
atmosphere packaging are poorly permeable to oxygen and,
thus, inhibit the growth of aerobic spoilage microorganisms
and, consequently, extend the shelf-life of the product. Also,
the modified atmosphere contains gases at variable ratios,
for example, 70% O2 and 30% CO2 (Säde et al., 2017),
80% O2 and 20% CO2, and 65% N2 and 35% CO2 (Höll
et al., 2016), which equally inhibit spoilage microorganisms

in meat. Nychas et al. (2008) reported that, in most cases,
Pseudomonas spp. were responsible for the spoilage of
aerobically spoiled meat. Lactic acid bacteria predominated
in vacuum-packed meat (Nattress et al., 2001). Säde et al.
(2017) isolated Carnobacterium, Brochothrix, Leuconostoc,
and Lactococcus from beef packed in modified atmosphere.

2.3.4 Water activity, moisture, and salt
content
Sodium chloride is among the most commonly used additives
in meat industry due to its low cost and various properties.
It has preserving and antimicrobial properties as it reduces
the water activity of foods. Also, the addition of salt to meat
products affects some enzymes and, thus, improves the water
holding capacity and flavor of meat (Mariutti & Bragagnolo,
2017). The addition of 4% salt to meat products reduced their
water activity from 0.99 to 0.97, preventing Pseudomonas
and Enterobacteriaceae growth, but lactic acid bacteria
and yeasts replicated. Nevertheless, the growth rate and lag
phase of lactic acid bacteria were also influenced by reduced
water activity. For instance, as water activity decreased
from 0.98 to 0.96 in sausages, the lag phase of lactobacilli
increased three times, while the growth rate marked a twofold
reduction (Borch et al., 1996). Alonso-Calleja et al. (2004)
isolated fluorescent pseudomonads, Enterobacteriaceae,
enterococci, lactic acid bacteria, and yeasts and molds from
chilled vacuum-packaged ostrich meat with water activity of
0.995. In the opinion of Plavsic et al. (2015), molds preferred
growth environment with low moisture and water activity
and high temperature, although Alía et al. (2016) exhibited
that Cladosporium oxysporum, C. cladosporioides, and
C. herbarum did not grow on dry-cured ham-based media
with water activity of 0.80. Plavsic et al. (2015) have isolated
Penicillium aurantiogriseum and P. commune from a dry
smoked meat product with moisture content of 37.8%, salt
content of 5.07%, and water activity of 0.89.

Different preservation technologies which extend the
shelf-life of meat have been reported (Table 2).

3 SEAFOOD

3.1 Sources of seafood contamination with
spoilage microorganisms
Seafood consists of aquatic organisms that are either verte-
brate or invertebrate and are rich in nutrients, fatty acids such
as omega-3, minerals such as selenium and iodine, vitamins,
and protein (Elbashir et al., 2018; Odeyemi et al., 2018b;
Odeyemi, Burke, Bolch, & Stanley, 2018a). The increase in
global population has resulted in an increase in the consump-
tion of seafood in various countries (Elbashir et al., 2018).
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T A B L E 1 Meat spoilage bacteria in various packed meat and meat products

AP VP MAP References
Gram-positive
Bacillus spp. + Russo et al. (2006)

Brochothrix spp. + + Kaur et al. (2017), Säde et al. (2017)

Brochothrix thermosphacta + + Höll et al. (2016), Holm et al. (2013), Russo et al. (2006)

Carnobacterium maltaromaticum + Holm et al. (2013)

Carnobacterium spp. + + Höll et al. (2016), Kaur et al. (2017), Säde et al. (2017)

Clostridium estertheticum + Adam et al. (2013)

Clostridium spp. + Broda et al. (1996), De Lacy, Broda, and Bell (1998), Kaur et al. (2017)

Enterococcus spp. + Jay et al. (2003)

Kurthia spp. + Jay et al. (2003)

Lactobacillus sakei + + Russo et al. (2006)

Lactobacillus spp. + Jay et al. (2003)

Lactococcus spp. + + Kaur et al. (2017), Säde et al. (2017)

Leuconostoc carnosum + Holm et al. (2013)

Leuconostoc mesenteroides + Russo et al. (2006)

Leuconostoc spp. + + Jay et al. (2003), Säde et al. (2017)

Listeria spp. + Jay et al. (2003)

Micrococcus spp. + Jay et al. (2003)

Gram-negative
Aeromonas spp. + Jay et al. (2003)

Aeromonas salmonicida + Wang et al. (2017a)

Chryseomonas luteola + Holm et al. (2013)

Enterobacter amnigenus + Russo et al. (2006)

Escherichia + Jay et al. (2003)

Hafnia alvei + + Höll et al. (2016), Russo et al. (2006)

Hafnia spp. + Kaur et al. (2017)

Moraxella spp. + Jay et al. (2003)

Morganella spp. + Jay et al. (2003)

Pantoea spp. + Jay et al. (2003)

Providencia spp. + Jay et al. (2003)

Pseudomonas fluorescens + Mellor et al. (2011), Wang et al. (2017a)

Pseudomonas fragi + Wang et al. (2017a)

Pseudomonas spp. + + + Höll et al. (2016), Kaur et al. (2017), Russo et al. (2006)

Psychrobacter spp. + Jay et al. (2003)

Rahnella aquatilis + Godziszewska et al. (2017)

Serratia liquefaciens + Wang et al. (2017a)

Serratia spp. + Höll et al. (2016)

Shewanella spp. + Kaur et al. (2017)

Yersinia spp. + + Höll et al. (2016), Kaur et al. (2017)

AP, Aerobic packed; VP, Vacuum packed; MAP, Modified atmosphere packed.

To meet dietary requirements, at least three billion people
depend on the protein from seafood (Tveterås et al., 2012).

Due to their high water content and pH, seafoods are highly
perishable as a result of chemical, microbial, and enzymatic
activities. Factors such as storage temperature and processing
conditions could hasten the spoilage of seafood and cause a

succession of spoilage organisms. It has been observed that
not all bacteria present in seafood have spoilage potential, but
definitely a few known as specific spoilage organisms (SSO)
do (Don, Xavier, Devi, Nayak, & Kannuchamy, 2018). These
SSO are from the genera Shewanella (for example, S. putre-
faciens, S. baltica, and S. proteamaculans), Pseudomonas
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T A B L E 2 Meat preservation technologies*

Refrigeration Chilling, Freezing, Superchilling

Chemical
preservatives and
biopreservation

Sodium chloride, Nitrites, Sulphites,
Lactic acid, Ascorbic acid, Benzoic
acid, Sorbic acid, Lactoferrin, Carbon
dioxide, Ozone, Essential oils,
Chitosan, Nisin, Lysozyme

Packaging Vacuum packaging, Modified atmosphere
packaging, Active packaging,
Antimicrobial packaging

Hurdle technology Different combinations between
temperature, water activity, pH, redox
potential, chemical preservatives, and
competitive microorganisms (lactic
acid bacteria).

Ionising radiation

High hydrostatic
pressure

*Dave & Ghaly, 2011; Zhou, Xu, & Liu, 2010.

(P. fragi, P. putida, and P. fluorescens), Photobacterium
(P. phosphoreum, P. iliopiscarium, and P. kishitanii),
Psychrobacter, Brochothrix, Pseudoalteromonas, and
Carnobacterium (Dousset, Jaffrès, & Zagorec, 2016; Fu,
Wang, Liu, Ma, & Wang, 2018; Mikš-Krajnik, Yoon, Ukuku,
& Yuk, 2016; Odeyemi et al., 2018b). Spoilage has resulted
in the discarding of at least 30% of seafood post-harvest
(Dousset et al., 2016). The spoilage of seafood could begin at
the start of catch or during contact with surfaces while pro-
cessing, and then it increases until the end of shelf-life under
unfavorable conditions of storage. For example, Møretrø,
Moen, Heir, Hansen, and Langsrud (2016) reported the pres-
ence of Pseudomonas in a salmon processing plant before
and after sanitation. Seawater can serve as a source of initial
contamination and eventual spoilage of seafood in addition to
the normal flora present on the fish and in the gastrointestinal
tract at the time of harvest (Dousset et al., 2016; Semeano
et al., 2018). Other sources of contamination include trans-
portation and storage (Figure 1). Table 3 summarizes spoilage
bacteria in seafood under various storage conditions.

3.2 Seafood spoilage
Spoilage of most seafood commences after harvesting due to
the high microbial contamination of the culture environment
(seawater). Seafood serves as a host to the abundant bacteria
present in seawater, which could spoil the seafood, especially
post-mortem. The initial acceptable microbial load of fresh
raw fish can be expected to be below 106 cfu/g, while the
microbial load at rejection is usually between 107 and 109

cfu/g (Mikš-Krajnik et al., 2016). For example, Parlapani,
Mallouchos, Haroutounian, and Boziaris (2014) stated that
the microbial load of sea bream fillet stored between 0 and
15 ◦C was 7.5–8.5 log cfu/g. Therefore, reducing the initial

F I G U R E 1 Routes of seafood contamination and spoilage

microbial load of seafood through various means such as
cleaning, washing with electrolyzed water, and gutting could
help extend the shelf-life (Sterniša, Mraz, & Možina, 2016).
Similarly, storing freshly harvested seafood at low tempera-
ture helps retain its freshness and reduce the rate of spoilage.

Studies have also reported spoilage in freshwater fish
(Binsi et al., 2015; Gonzalez, Santos, Garcia-Lopez, & Otero,
2000; Jalal et al., 2017). For example, Ashenafi, Abebe,
and Dadebo (1995) reported the spoilage of Oreochromis
niloticus stored at 4 ◦C (11 days) and 25 ◦C (10 hr) by
Acinetobacter and Micrococcus spp. with the production of
off-odor. Gonzalez et al. (2000) also reported the spoilage of
Oncorhynchus mykiss by Psychrobacter. However, oxidase-
positive, nonmotile, nonfermenter Gram-negative rods
isolated from freshwater fish can be wrongly ascribed to the
genus Psychrobacter (García-López, Otero, García-López,
& Santos, 2004). In recent years, molecular methods have
contributed a lot to an incomplete phenotypic description of
important groups of freshwater fish spoilage bacteria (Zhang,
Li, Li, Liu, & Luo, 2015). Furthermore, knowledge about
spoilage prevention by the steps of fish processing (Sterniša
et al., 2016; Sterniša et al., 2018), microbial interactions
(Sterniša, Klančnik, & Smole Možina, 2019) and/or new
packaging materials and processes has improved a lot in
recent years (Yu et al., 2019; Yu, Li, Xu, Jiang, & Xia, 2017).
However, not all the preservation and packaging methods
have been evaluated for freshwater fish (Sterniša et al., 2016).

Spoilage of seafood results in the production of off-odor
or off-flavor due to volatile organic compounds (VOCs) that
reduce consumer’s acceptance after a decrease in quality,
palatability, and shelf-life (Odeyemi et al., 2018b). VOCs are,
therefore, used as freshness and spoilage indicators (Odeyemi
et al., 2018b).

4 MILK AND DAIRY PRODUCTS

4.1 Sources of milk and dairy products
contamination with spoilage microorganisms
The microbial population of raw milk consists of bacte-
ria of technological relevance, for example, lactic acid
bacteria, but also of spoilage microorganisms (Table 4)
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T A B L E 3 Summary of spoilage bacteria in seafood at various storage conditions

Spoilage bacteria Seafood Storage conditions References
Pseudomonas Sea bream (Sparus aurata) 60% CO2/10% O2/30% N2

Tropical shrimp (Penaeus notialis) Stored at 0 to 28 ◦C (Dabadé et al., 2015)

Grass carp (Ctenopharyngodon idellus)
fillets

Stored at 4 ◦C (Wang et al., 2017b)

Gutted European sea bass
(Dichentrarchus labrax)

60% CO2/10% O2/30% N2, stored at
2 ◦C

(Parlapani, Haroutounian, Nychas,
& Boziaris, 2015)

Shewanella Yellow croaker Stored at 4 ◦C (Gu, Fu, Wang, & Lin, 2013)

Mussels (Mytilus galloprovincialis) Stored at 4 ◦C and 60% to 80% O2 (Odeyemi et al., 2018b)

Tropical shrimp (Penaeus notialis) 50% CO2/50% N2 and stored for 8
days at 2 ◦C then 6 to 8 days at 8 ◦C

(Macé et al., 2014)

Grass carp (Ctenopharyngodon idellus)
fillets

Stored at 4 ◦C (Wang et al., 2017b)

Carnobacterium Tropical shrimp (Penaeus notialis) Stored at 0 to 28 ◦C (Dabadé et al., 2015)

Raw salmon (Salmo salar) steaks 50% CO2/50% N2 (Mace et al., 2012)

Cold-smoked salmon Vacuum packed, stored at 7 ◦C (Olofsson, Ahrne, & Molin, 2007)

Pangasius hypophthalmus 50%CO2/50%N2 and
50%CO2/50%O2) stored at 4 ◦C

(Noseda et al., 2012)

Lactobacillus Raw salmon (Salmo salar) steaks 50% CO2/50% N2 (Mace et al., 2012)

Gutted European sea bass
(Dichentrarchus labrax)

60% CO2/10% O2/30% N2, stored at
2 ◦C

(Parlapani et al., 2015)

50% CO2/50% N2

Brochothrix Raw salmon (Salmo salar) steaks Vacuum packed, stored at 7 ◦C (Mace et al., 2012)

Cold-smoked salmon 60% CO2/10% O2/30% N2, stored at
2 ◦C

(Olofsson et al., 2007)

Gutted European sea bass 50%CO2/50%N2 and
50%CO2/50%O2) stored at 4 ◦C

(Parlapani et al., 2015)

Pangasius hypophthalmus (Noseda et al., 2012)

Atlantic cod (Gadus morhua) 1, 4, and 30± 2 ◦C (Don et al., 2018)

Photobacterium Raw salmon (Salmo salar) steaks 50% CO2/50% N2 (Mace et al., 2012)

Cold-smoked salmon Vacuum packed, stored at 7 ◦C (Olofsson et al., 2007)

Acinetobacter Farmed shrimp (Litopenaeus vannamei) 1, 4, and 30± 2 ◦C (Don et al., 2018)

Aeromonas Tropical shrimp (Penaeus notialis) 50% CO2/50% N2 and stored for 8
days at 2 ◦C then 6–8 days at 8 ◦C

(Macé et al., 2014)

Farmed shrimp (Litopenaeus vannamei) 1, 4, and 30± 2 ◦C (Don et al., 2018)

Grass carp (Ctenopharyngodon idellus)
fillets

Stored at 4 ◦C (Wang et al., 2017b)

Pseudomonas Common carp (Cyprinus carpio) Air-packaged and Vacuum-packaged,
stored at 4 ◦C

(Zhang et al., 2015)

Carnobacterium Common carp (Cyprinus carpio) Vacuum-packaged, stored at 4 ◦C (Zhang et al., 2015)

Aeromonas Common carp (Cyprinus carpio) Vacuum-packaged, stored at 4 ◦C (Zhang et al., 2015)

(Ercolini, Russo, Ferrocino, & Villani, 2009). Raw milk is a
favorable medium for microbial growth because of its high
content of nutrients and nearly neutral pH. Milk could be
contaminated with microorganisms from the farm premises,
feed, litter, udder, and milking equipment (Islam et al., 2018;
von Neubeck et al., 2015). The udders of heifers showed no
bacteria in aseptically collected milk, but as the number of

milkings increased, this status changed. The stress experi-
enced by the udder and teats from the substantial amount of
produced milk and milking machines’ impact enlarges the
diameter of teat canals, and deformities of teat tips occur.
This contributes to penetration of bacteria inside the udder
(Ledenbach & Marshall, 2009). The bacterial flora of the teat
skin depends on the farm environment. Teat skin could be
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T A B L E 4 Bacteria, molds, and yeasts in spoiled dairy products

Spoiled dairy products Reference
Bacteria
Aneurinibacillus thermoaerophilus cheese Lücking et al. (2013)

Anoxybacillus flavithermus cheese Lücking et al. (2013)

Bacillus cereus pasteurized milk Doll, Scherer, and Wenning (2017)

Bacillus subtilis UHT milk Lücking et al. (2013)

Bacillus thermoamylovorans cheese Lücking et al. (2013)

Chryseobacterium spp. UHT milk Alothman et al. (2017)

Clostridium beijerinckii cheese Garde et al. (2011)

Clostridium butyricum cheese Garde et al. (2011)

Clostridium sporogenes cheese Garde et al. (2011)

Clostridium tyrobutyricum cheese Garde et al. (2011);
Le Bourhis et al. (2007)

Geobacillus stearothermophilus condensed milk Kakagianni et al. (2016)

Pseudomonas brenneri cheese Morales et al. (2005)

Pseudomonas fluorescens cheese, UHT milk Alothman et al. (2017);
Martin et al. (2011)

Pseudomonas graminis cheese Morales et al. (2005)

Pseudomonas libanensis cheese Morales et al. (2005)

Pseudomonas lundensis cheese Morales et al. (2005)

Pseudomonas putida cheese Morales et al. (2005)

Pseudomonas rhodesiae cheese Morales et al. (2005)

Serratia marcescens infant formula Rachon et al. (2017)

Molds
Aspergillus glaucus raw milk Lima and Santos (2017)

Aspergillus versicolor raw milk Lima and Santos (2017)

Cladosporium halotolerans pasteurized milk Garnier et al. (2017b)

Cladosporium phyllophilum butter Garnier et al. (2017b)

Cladosporium sphaerospermum cheese Garnier et al. (2017b)

Didymella pinodella cheese, yogurt Garnier et al. (2017b)

Mucor circinelloides cheese Garnier et al. (2017b)

Mucor racemosus cheese Garnier et al. (2017b)

Mucor spinosus cheese Garnier et al. (2017b)

Penicillium adametzioides cream Garnier et al. (2017b)

Penicillium charlesii cream, pasteurized milk Garnier et al. (2017b)

Penicillium commune cheese, yogurt Garnier et al. (2017b)

Penicillium discolor cheese Garnier et al. (2017b)

Penicillium fellutanum cheese Garnier et al. (2017b)

Penicillium nalgiovense cheese Garnier et al. (2017b)

Penicillium nordicum cheese Garnier et al. (2017b)

Penicillium palitans cheese Garnier et al. (2017b)

Penicillium roqueforti cheese Garnier et al. (2017b)

Penicillium solitum cheese, yogurt Garnier et al. (2017b)

Phoma glomerata cheese Casalinuovo et al. (2015)

Scopulariopsis spp. raw milk Lima and Santos (2017)

Thamnidium elegans cheese Garnier et al. (2017b)

(Continues)
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T A B L E 4 (Continued)

Spoiled dairy products Reference
Yeasts
Candida inconspicua cheese Garnier et al. (2017b)

Candida intermedia yogurt Garnier et al. (2017b)

Candida norvegica cheese Westall and Filtenborg (1998)

Candida parapsilosis cheese, yogurt Garnier et al. (2017b);
Westall and Filtenborg (1998)

Candida rugosa cheese Westall and Filtenborg (1998)

Cryptococcus pseudolongus cheese Garnier et al. (2017b)

Cryptococcus spp. cheese Westall and Filtenborg (1998)

Debaryomyces hansenii cheese Garnier et al. (2017b);
Westall and Filtenborg (1998)

Galactomyces geotrichum cheese, yogurt Garnier et al. (2017b)

Kluyveromyces lactis cheese Garnier et al. (2017b)

Kluyveromyces marxianus cheese Garnier et al. (2017b)

Meyerozyma guilliermondii cream, yogurt Garnier et al. (2017b)

Pichia anomala cheese Westall and Filtenborg (1998)

Pichia fermentans cheese Garnier et al. (2017b);
Westall and Filtenborg (1998)

Pichia guilliermondii cheese Westall and Filtenborg (1998)

Pichia jahdinii cheese Westall and Filtenborg (1998)

Pichia membranaefaciens cheese Westall and Filtenborg (1998)

Pichia norvegensis cheese Westall and Filtenborg (1998)

Rhodotorula glutinis cheese Westall and Filtenborg (1998)

Rhodotorula minuta cheese Westall and Filtenborg (1998)

Rhodotorula mucilaginosa cheese Garnier et al. (2017b)

Saccharomyces cerevisiae cheese Westall and Filtenborg (1998)

Saccharomyces dairensis cheese Westall and Filtenborg (1998)

Saccharomyces unisporus cheese Westall and Filtenborg (1998)

Sporodiobolus salmonicolor cheese Garnier et al. (2017b)

Torulaspora delbrueckii cheese Westall and Filtenborg (1998)

Trichosporon asahii cheese Garnier et al. (2017b)

Yarrowia lipolytica cheese Garnier et al. (2017b);
Westall and Filtenborg (1998)

contaminated by the bedding, which depends on feeding and
housing conditions. The microflora of fodders varies depend-
ing on pasture, creating conditions for its colonization with
bacteria, yeasts, and molds. Dust inside stables and milking
hygienic practices are also a potential source of bacteria and
molds for the teat skin (Frétin et al., 2018). Bacterial contam-
ination of raw cow milk depends on numerous factors: cows’
health and hygiene, hygiene of stables, preparation of udders
before milking and milking practices, cleaning and disinfec-
tion of milking machines and raw milk tanks, milk cooling and
storage duration, and hygiene of the personnel (Cempírková,
2007). Most commonly, sources of contamination with molds
and yeasts are the air, surfaces, equipment, personnel, raw
materials, and ingredients (Garnier et al., 2017b).

Bacteria able to grow at temperatures lower than 7 ◦С
are termed psychrotrophic (Vithanage et al., 2016). The
share of these microorganisms varies from 10% in milk
produced under good hygienic conditions to 75% in poor-
hygienic-quality milk. Bacteria isolated from cooled raw
milk include Gram-positive species (Bacillus, Clostridium,
Corynebacterium, Micrococcus, Streptococcus, Staphylo-
coccus, Microbacterium, Lactococcus, and Lactobacillus)
and Gram-negative ones (Pseudomonas, Aeromonas, Alcali-
genes, Achromobactor, Acinetobacter, Flavobacterium,
Chryseobacterium, and Enterobacteriaceae) (Eneroth,
Ahrné, & Molin, 2000; Vithanage et al., 2016; Yuan et al.,
2017). Alothman, Lusk, Silcock, and Bremer (2017) affirm
that the increased counts of psychrotrophic bacteria are the
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main reason for the shorter shelf-life of cooled pasteurized
milk. Psychrotrophic bacteria responsible for the spoilage of
cooled pasteurized milk could survive the pasteurization or
recontaminate milk afterward.

Pseudomonas spp. and Bacillus spp. are the commonest
members of the cooled raw milk microflora (Montebello,
Spiteri, & Valdramidis, 2018; Vithanage et al., 2016; von
Neubeck et al., 2015). Pseudomonas bacteria dominate
among spoilage microorganisms, as they can grow at low
temperatures (Alothman et al., 2017; Shamila-Syuhada et al.,
2016). According to Lücking, Stoeckel, Atamer, Hinrichs,
and Ehling-Schulz (2013), spore-forming microorganisms
are contaminants relevant to the dairy industry as they could
largely influence the quality and safety of dairy products.
They are part of the normal environment and the microflora in
raw materials and dry ingredients of processed foods. Farms,
as well as raw milk containing spores up to 104 cfu/mL, are
important sources of dairy product contamination.

4.2 Spoilage of milk and dairy products
Alothman et al. (2017) provided evidence that Pseudomonas
fluorescens and Chryseobacterium spp. increased volatile
organic compounds (a sign of milk spoilage) in UHT
milk during cold storage at 4.5 ◦С for 26 days. Kak-
agianni, Gougouli, and Koutsoumanis (2016) established
that Geobacillus stearothermophilus induced condensed milk
spoilage 29 tо 223 hr after contamination depending on the
temperature. Morales, Fernández-García, and Nuñez (2005)
demonstrated that P. brenneri, P. graminis, P. libanensis,
P. lundensis, P. putida, and P. rhodesiae formed volatile com-
pounds in cheese during ripening at 12 ◦С for 10 days. Lück-
ing et al. (2013) isolated aerobic spore-forming bacteria from
the genera Bacillus, Geobacillus, Paenibacillus, Brevibacil-
lus, Lysinibacillus, Anoxybacillus, Aneurinibacillus, Alicy-
clobacillus, Virgibacillus, Sporosarcina, and Sporolacto-
bacillus from spoiled dairy products (milk, soft cheese, cream,
Mascarpone, yogurt). Bacillus, Geobacillus, and Paenibacil-
lus were the genera with the most numerous isolates. Horse
milk stored at 7 ◦С becomes spoiled after 1–3 days (Hazeleger
& Beumer, 2016). The commonest isolates are Pseudomonas
spp., lactic acid bacteria, yeasts, and molds. Martin, Murphy,
Ralyea, Wiedmann, and Boor (2011) outlined Pseudomonas
fluorescens as the causative agent of blue discoloration on
the surface of Latin-style fresh cheese. Rachon et al. (2017)
affirmed that Serratia marcescens caused discoloration of
adapted milk formula stored for 24 hr at 32 ◦С.

Clostridia are Gram-positive spore-forming anaerobes
and are responsible for spoilage of cheeses. The spores of
C. tyrobutyricum, C. butyricum, C. sporogenes, C. beijer-
inckii, C. pasteurianum, C. tertium, C. perfringens, and
C. tetanomorphum survive during cheese production, and
vegetative growth can be observed in the ripening product

(Cremonesi, Vanoni, Silvetti, Morandi, & Brasca, 2012).
The species most commonly involved in cheese spoilage is
C. tyrobutyricum (Dasgupta & Hull, 1989; Klijn, Nieuwen-
hof, Hoolwerf, Van Der Waals, & Weerkamp, 1995). Garde,
Arias, Gaya, and Nuñez (2011) showed that C. sporogenes,
C. beijerinckii, C. tyrobutyricum, and C. butyricum also
caused cheese spoilage.

Apart from bacteria, molds and yeasts can also induce
spoilage of dairy products. The primary genera associated
with spoilage of dairy products are the yeasts Candida, Galac-
tomyces, and Yarrowia and the molds Penicillium, Mucor,
and Cladosporium. According to Lima and Santos (2017),
Aspergillus glaucus, Aspergillus versicolor, and Scopulariop-
sis spp. are capable of spoiling raw milk. From spoiled dairy
products, Garnier et al. (2017b) isolated, with the highest
frequency, the molds Penicillium commune and Penicillium
bialowiezense and the yeasts Meyerozyma guilliermondii and
Trichosporon asahii. Phoma glomerata caused yellow-brown
discoloration on the surface of Mozzarella cheese produced
from cow milk (Casalinuovo, Rodolfi, Rippa, Scognamiglio,
& Musarella, 2015). Moubasher, Abdel-Sater, and Soliman
(2018) isolated the mold genera Aspergillus, Cladosporium,
Mucor, and Penicillium, as well as the yeast genera Candida,
Cyberlindnera, Debaryomyces, Galactomyces, Kazachsta-
nia, Kluyveromyces, Myerozyma, Pichia, Rhodotorula, and
Trichosporon from raw milk, yogurt, cheese, and butter.
Westall and Filtenborg (1998) isolated 18 yeast species from
spoiled soft cheese, among which the most common were
Candida parapsilosis, Cryptococcus spp., Debaryomyces
hansenii, Pichia fermentans, Pichia guilliermondii, Pichia
membranaefaciens, Pichia norvegensis, Rhodotorula spp.,
Torulaspora delbrueckii, and Yarrowia lipolytica.

Pseudomonas spp. are the predominant microorganisms
in different cooled milk types with a share of up to 70% to
90% of the total microbial load. The substantial counts of
pseudomonads make them the most common agents of milk
spoilage as they are psychrotrophic and possess proteolytic
activity (Soto del Rio, Dalmasso, Civera, & Bottero, 2017).
Many types of bacteria produce peptidases and lipases that
withstand the thermal processing of milk. These enzymes are
responsible for off-odors and other defects, which are essen-
tial for dairy products with long shelf-life, such as UHT milk
and powdered milk. Proteolytic enzymes increase the viscos-
ity, cause a bitter flavor and gelation, whereas lipases cause
fat hydrolysis, namely rancidity (Ercolini et al., 2009; von
Neubeck et al., 2015). P. fragi and P. lundensis induce spoilage
of pasteurized and UHT milk through their thermostable
extracellular proteases and lipases. P. fragi gives fruity
off-odors due to produced short-chain ethyl esters. P. fragi
also forms other volatile compounds: ketones, alcohols, 1-
undecene, and sulfur compounds (Stanborough et al., 2018).

Spore-forming bacteria are important dairy indus-
try contaminants with high impact on the quality and
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safety of dairy products (Lücking et al., 2013). From the
representatives of the genus Bacillus, Bacillus cereus is the
most common species that causes milk spoilage. This bac-
terium is at the background of various milk quality defects,
such as lecithinase-induced bitty cream and protease-induced
sweet curdling (Montebello et al., 2018). Geobacillus
stearothermophilus ferments saccharides and forms acids
with no production of gas, resulting in milk coagulation
(Kakagianni et al., 2016).

Butyric acid bacteria (BAB) belong to the genus Clostrid-
ium. They induce spoilage of cheese by gas production
during fermentation of lactate to acetate, butyrate, and
hydrogen gas (Doyle et al., 2015). Clostridium-induced
cheese quality defects incur economic losses to the dairy
industry (Le Bourhis et al., 2007). Late blowing is the most
important quality defect and spoilage sign in cheeses and is
caused by C. tyrobutyricum (Dasgupta & Hull, 1989; Klijn
et al., 1995). Garde et al. (2011) attributed the late blowing
defect in Manchego cheese to C. sporogenes, C. beijerinckii,
C. tyrobutyricum, and C. butyricum. The same defect was
encountered in Emmental cheese by Le Bourhis et al. (2007).
C. sporogenes is not from the BAB group, but it produces
gas due to proteolysis in the anaerobic cheese environment
(Doyle et al., 2015). The growth of clostridia is influenced by
lactic acid concentration, amount of salt, pH, moisture and fat
contents, ripening temperature and duration, and the presence
of other microorganisms in the cheese (Garde et al., 2011).

The presence of molds in dairy products could result
in various spoilage types. In some instances, molds are
identified on product surfaces, while in others they form
metabolites causing off-odors, discoloration, and altered
consistency (Garnier, Valence, & Mounier, 2017a). Cheeses
are most often contaminated by Penicillium spp. They convert
sorbic acid and potassium sorbate to trans-1,3-pentadiene,
thus, leading to a “kerosene” off-odor (Cheong et al., 2014;
Ledenbach & Marshall, 2009).

Yeasts are the most important contaminants causing
spoilage of some dairy products, especially fermented ones,
such as yogurt, whose low pH offers a selective medium
for their development. Spoilage becomes visible when yeast
counts attain 105–106 cells per 1 g of product. The package is
then inflated by gas formed during the fermentation. Yogurt
acquires the unpleasant flavor of fermentative yeasts, with gas
formation and visible colonies on the surface (Garcia et al.,
2004; Ledenbach & Marshall, 2009). Geotrichum candidum
decreases the amount of diacetyl in cheese (Antinone &
Ledford, 1993; Hang & Woodams, 1993). According to
Ledenbach and Marshall (2009), many yeasts produce ethyl
alcohol and CO2, responsible for the yeasty flavor of cheese.
Furthermore, yeasts cause lipolysis with the formation of
short-chain fatty acids, which form fruity esters together with
ethyl alcohol. Some proteolytic yeasts form sulfides with a
specific rotten egg odor.

4.3 Effects of environmental conditions on
proliferation of milk and dairy products
spoilage microorganisms
The shelf-life of pasteurized milk could be influenced by
large somatic cell counts in raw milk. Increased somatic
cell counts correlate positively to the plasmin and lipase
concentrations of fresh milk. The activity of these enzymes is
added to that of bacterial enzymes and spoilage occurs faster.
The amount of enzymes in milk depends on the psychrophilic
bacterial counts and storage temperature before processing
(Ledenbach & Marshall, 2009). Cooling and cold storage
of milk are necessary after its production to slow down
the replication of bacteria. Immediately after milking, milk
temperature is about 35 ◦С, for example, which is appropriate
for the growth of bacteria. Therefore, the number of bacteria
will rapidly increase and spoilage would occur if milk is
not cooled. The cooling of milk at temperatures lower than
6 ◦С is necessary to delay the growth of microorganisms and
psychrophiles in particular (Paludetti, Kelly, O’Brien, Jordan,
& Gleeson, 2018). Montebello et al. (2018) provide evidence
that the minimum temperature for Bacillus cereus growth
in pasteurized cow milk was 6.38 ◦С. Paludetti et al. (2018)
found a difference in the bacterial counts in non-cooled milk
with temperature 32 ◦С (3.90 log cfu/mL) and milk cooled
to 6 ◦С (3.71 log cfu/mL) and stored at 3 ◦С for 72 hr. Lee,
Barbano, and Drake (2016) demonstrated that the shelf-life of
pasteurized milk was not influenced by the cooling tempera-
ture after milking; such milk spoiled 49 days after processing
with total bacterial counts between 5 and 7 log cfu/mL.

The sensitivity of starter cultures to salt supplementation
depends on the bacterial species and strain, as salt concentra-
tion could either promote or inhibit bacterial activity. One of
the most commonly used starter cultures for the production of
Mozzarella and Cottage cheeses is Fresco DVS 1010. The cul-
ture includes three bacterial species with different tolerance
to salt—Lactococcus lactis ssp. lactis (up to 4% salt), Lacto-
coccus lactis ssp. cremoris (up to 2% salt), and Streptococcus
salivarius ssp. thermophilus (up to 2.5% salt) (Medveďová,
Šipošová, Mančušková, & Valík, 2019). Lane, Fox, Walsh,
Folkertsma, and McSweeney (1997) investigated the growth
of lactic acid bacteria in Cheddar cheese under different
conditions and found that 6.1% salt-in-moisture reduced
bacterial growth, whereas at a moisture content of 40.3% in
the beginning of ripening, bacterial counts were the highest.

Tirloni, Ghelardi, Celandroni, Bernardi, and Stella (2017)
made it obvious that Bacillus cereus does not grow in yogurt
with pH between 3.85 and 4.08 in the presence of natural
microflora. The inhibiting effect of the natural microflora on
B. cereus replication was also reported in Taleggio cheese
and raw milk, which contain naturally large amounts of lactic
acid bacteria and have a pH of 5.8 to 6.8 for Taleggio cheese
and 6.7 to 6.9 for raw milk. In pasteurized milk with a pH of
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T A B L E 5 Methods for preservation and extension of the shelf-life of raw milk and cheese*

Raw milk
Heat treatment
Thermization 57 to 68 ◦C for 15 s

Tyndallization 100 ◦C for 3 min on three successive days

Pasteurization

• Batch pasteurization 63 ◦C for 30 min

• Continuous flow pasteurization 72 ◦C for 15 s

Sterilization 115 to 120 ◦C for 15 to 40 min

UHT processing 135 to l50 ◦C for 1 to 4 s

Low temperature treatment
Cooling <6 ◦C

Freezing −23 ◦C

Cheese
Addition of preservatives Nisin, natamycin, chitosan, lysozyme and Na2-EDTA, bacteriocin, non-starter lactic acid, bacteria,

Lactobacillus amylovorus, ozone

Modified atmosphere packaging 100% N2; 100% CO2; 10/90%, 20/80%, 30/70%, 40/60%, 50/50%, 60/40 CO2/N2; 40% CO2/ 55% N2/
5% O2

High pressure processing 200 to 700 MPa

Active coating Addition of substances that release antimicrobial agents, CO2, antioxidants.

Edible coating Coatings are produced from edible biopolymers and food grade additives.

*Harding, 1995; Jalilzadeh, Tunçtürk, & Hesari, 2015; Lewis and Deeth (2009); Regulation, E. C. No 853/2004; Walstra, Geurts, Noomen, Jellema, & van Boekel, 1999.

6.7 to 6.9 and Mascarpone cheese (pH 5.87 to 6.27) devoid
of significant natural microflora, B. cereus grows rapidly and
attains 7 log cfu/g.

Molds are divided into xerophilic, which can grow in
water activity <0.85 and non-xerophilic, replicating in water
activity from 0.85 tо 1. Some Eurotium, Wallemia, and
Chrysosporium species are xerophiles, while other species,
for example, Penicillium and Aspergillus are not. At optimum
pH (4.5 to 8.0), bacteria multiply and compete with molds,
reducing the growth of the latter. On the other hand, pH influ-
ences the ratio of dissociated and non-dissociated organic
acids in foods. Non-dissociated forms of organic acids exert a
stronger inhibiting effect on molds. Lactic acid bacteria pro-
duce organic acids, fatty acids, hydrogen peroxide, and bacte-
riocins, which inhibit the growth of molds. Molds that induce
the spoilage of chilled foods are psychrophiles and some
Penicillium, Cladosporium, and Fusarium species growing
at 0 to 5 ◦C and even at −7 ◦C (Dagnas & Membre, 2013).

Betts, Linton, and Betteridge (1999) investigated the effect
of temperature, pH, and salt on the time for the growth
of Debaryomyces, Pichia, Zygosaccharomyces, Candida,
and Saccharomyces yeasts. At 22 ◦С, 12 out of 13 species
exhibited growth at 8% salt content. All studied 13 species
were capable of growing at pH 2.5 and the maximum salt
content allowing growth at this pH value varied from 0.8% tо
8%. When the temperature decreased to 8 ◦С, the maximum
salt content allowing for growth was lower, so only five

species could replicate at 8% salt. A synergic effect between
salt, pH, and low temperature was found. The maximum
amount of salt for growth of Candida parapsilosis was 6.4%,
4.8%, 3.2%, and 1.6% at pH 4.5, 4, 3.5, and 3, respectively.

Different methods for preservation and extension of the
shelf-life of raw milk and cheese have been reported (Table 5).

5 FUTURE RESEARCH
DIRECTIONS

Although several investigations have identified typical
microbial spoilers of food using various traditional and con-
temporary microbial detection approaches, more studies are
required in monitoring and characterizing produce spoilage
at a global scale. While food spoilage has been identified as
a threat to food security and the socioeconomic outlook of
some countries, there is not enough data to establish the gross
impact of food spoilage. The spoilage of foods involves com-
plex processes, which are interlinked. Studies have shown
that different microorganisms outgrow others during spoilage
of food. Hence, more in situ investigations are needed for
better understanding of the interactions between microbial
diversity causing food spoilage. Since not all microorganisms
present in the food could cause spoilage, the interactions
between the spoilage microorganisms and the normal flora
need to be investigated. For example, quorum-sensing is used
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by pathogens to establish infections in their hosts. Similar
studies can be carried out with food spoilage microorganisms.

Quantitative assessment of the incidence and impact of
microbial spoilage in various parts of the world is needed.
Improved detection technologies that are rapid and yet
sensitive can aid the characterization of spoilage microorgan-
isms. Whole-genome sequencing, metagenomics, and other
omics-based approaches such as proteomics, metabolomics,
and transcriptomics have been described as potentially
useful tools in this regard. Future research efforts should
characterize what profile of organisms exhibit the greatest
spoilage potential and in what food type.

It is evident that spoilage incidents need to be better moni-
tored all over the world. Not only will this aid risk assessment
and the design/optimization of control strategies, but it might
also preserve public health. This is admittedly difficult to
achieve because some stakeholders are less likely to report
or document spoilage incidents. For instance, spoilage events
are rarely reported unless it has resulted in an outbreak or in
the recall of a product. Out of several relevant stakeholders,
the research community, farmers, and industry, industry is
the least likely to report spoilage due to myriad reasons. Rep-
resentative survey tools for routine monitoring of spoilage
events, as well as associated causes and/or circumstances,
are designed such that data generated will not taint brands
or result in any infringement on proprietary information like
manufacturing processes and strategies may improve monitor-
ing of spoilage at the industrial level. Anonymous surveys that
will capture the incidence and frequency of microbial food
spoilage issues encountered by growers and manufacturers,
which are brief, non-judgmental and easily comprehensible
may likely facilitate participation. Other incentives such
as provisions of contemporary infrastructure may be pro-
vided for stakeholders in developing countries to encourage
reporting of produce microbial spoilage issues. Overall, data
analysis and management, as well as risk communication,
must be geared toward appropriate inclusion in policy
formulation/initiation or other decision-making processes.

6 CONCLUSION

As consumers’ demand for fresh food increases, there is
need to ensure the quality and safety of food. Spoilage limits
the quality and shelf-life of food. Spoilage microorganisms,
including bacteria, fungi, and molds, play a significant role in
the spoilage of food irrespective of the sources. Storage tem-
perature, processing procedures, and transportation along the
supply chain also contribute to food spoilage. While bacteria
are more prevalent in the spoilage of meat and seafood, fungi
and molds could cause spoilage of fruits and vegetables.
Microbial succession during spoilage, however, depends on
the availability of water, high pH, and storage temperature.

Spoilage of food impacts food wastage and food insecurity.
Therefore, to prevent the spoilage of food, effective strategies,
policy and technology that can be used at processing and stor-
age stages should be designed and utilized to limit microbial
growth. In addition, early detection of spoilage microor-
ganisms through the use of modern technologies, such as
metabolomics and metagenomics involving next-generation
sequencing and whole-genome sequencing, should be
attempted. The use of hurdle technology that can prolong the
microbial lag phase and predictive microbiology to predict
the spoilage rate of the spoilage bacteria are also suggested.
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