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Abstract: Microbial metabolites have proven effects to inhibit food spoilage microbiota, without
any development of antimicrobial resistance. This review provides a recent literature update on
the preservative action of metabolites derived from microorganisms on seafood. Fish and fishery
products are regarded as a myriad of nutrition, while being highly prone to spoilage. Several proven
controversies (antimicrobial resistance and health issues) related to the use of synthetic preservatives
have caused an imminent problem. The demand for minimally processed and naturally preserved
clean-label fish and fishery products is on rise. Metabolites derived from microorganisms have
exhibited diverse preservation capacities on fish and fishery products’ spoilage. Inclusions with other
preservation techniques, such as hurdle technology, for the shelf-life extension of fish and fishery
products are also summarized.

Keywords: antimicrobials; metabolites; biopreservation; seafood; food security; foodborne pathogens;
bacteriocins; organic acids; reuterins; bacteriophages and endolysins; high pressure processing;
modified atmosphere packaging

1. Introduction

The application of microorganisms and their metabolites for the preservation of foods
is known as biopreservation [1-4]. Biopreservation is an emerging field, having applications
along the whole food sector for the processing and preservation of foods. Food spoilage is a
global issue associated with impacts on the supply of food, nutrition and impacting human
health. Microbial spoilage of food has several associated microorganisms that could cause
food poisoning. According to the World Health Organization (WHO) food-borne illness
accounts for around 600 million infections and 420 thousand deaths per year. The majority
of contributors are pathogenic Vibrio, Listeria monocytogenes, Clostridium botulinum and
histaminogenic bacteria, mainly found on spoiled FFPs. Synthetic preservatives (triclosan,
butylated hydroxyanisole, butylated hydroxytoluene, parabens, and sulfites) employed
have been reported to induce resistance, toxicity and health disorders [5-13]. Considering
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these adversities, consumer trends have been shifted towards foods preserved using nat-
urally occurring compounds individually or in combination with other novel processing
methods for inactivating foodborne spoilage and pathogenic microorganisms [14,15]. This
has diverted researcher attention towards the biopreservation of the seafood products.
However, to be qualified as a biopreservative, microorganisms or their metabolites should
have a wide antimicrobial effect against spoilage causing and pathogenic microorganisms,
as well as be safe for the consumers. Additionally, biopreservative microorganisms and/or
their metabolites should be stable at various processing conditions and should not alter the
sensory properties of the food [16].

In particular, lactic acid bacteria (LAB) have widely been explored for their antimi-
crobial characteristics related to the release of secondary metabolites and compounds
produced, exhibiting a preservative effect [17-26]. Bacteriocins are antimicrobial peptides
produced outside the cells by microorganisms (Gram-positive and Gram-negative), restrict-
ing the growth of undesirable microorganisms, e.g., nisin, pediocin and reuterin [22]. Apart
from antimicrobial effects, their ability to enhance quality when applied has also been
reported [27,28]. Organic acids are products of microbial metabolism, exhibiting antimicro-
bial and antioxidative properties and having a generally recognized as safe status (GRAS),
bearing one or more carboxylic groups in their molecule [29-32]. Recently, the United States
Department of Agriculture’s (USDA) food safety inspection services has approved the
application of organic acids (5%) followed by a water rinse in a pre-eviscerated state and
final levels not exceeding specified levels (0.25%—sodium diacetate, 5%—Tlactic acid) in
finished products [33,34]. Metabolites originated from the lactic acid bacteria genera are
mostly used for the preservation of seafood [17] due to their GRAS (generally recognized as
safe) status and no adverse issues reported. Considering regulatory approval, bacteriocin
and nisin were the microbial metabolites approved for food preservation by the USA Food
and Drug Administration in 1988 [35] and the European Union in 2011 [36], respectively.
The application of Bacteriophage Listex P100 has been approved by the USA Food and Drug
Administration as additive in food intended for human consumption [37]. A slight paucity
in the literature is found due to their impacts on the sensory qualities of fish and fishery
products (FFPs), however, the negative impacts on sensory qualities could be resolved by
the inclusion of another appropriate processing system, such as encapsulation [38,39].

Considering the increased production and per capita consumption (9.9 to 20 kg) of
FFPs during the last six decades, it exhibits further potential as per the suggestion of
global health agencies [40—-42]. These higher consumption rates are linked to their higher
nutritional qualities attributed to the presence of quality fats (5-20%), rich in unsaturated
fatty acids (200-500 mg of mega-3 polyunsaturated fatty acids from 1 to 2 servings), pro-
teins (15-20%), rich in essential amino acids and highly absorbable in the human body,
and the presence of vitamins (A, B complex and D) and minerals (calcium, selenium,
zing, iron, phosphorus, potassium and iodine) [43—-45]. However, the shorter shelf-life
(3-5 days) of FFPs is a matter of concern due to cellular breakdown by endogenous and
exogenous (phosphorylase, lipases, phospholipases, lipoxygenases, hydroperoxidases, pro-
teases) enzymes, and also, microorganisms from both the Gram-positive and -negative class
(Shewanella, Pseudomonas, Photobacterium, Aeromonas, Bacillus, Brochothrix, Carnobacterium,
Escherichia, Enterobacter, Listeria, Micrococcus, Moraxella, Proteus, Psychrobacter, and Vibrio)
cause degradation [15,43,46,47]. The preservation of FFPs has gained immense importance
due to an increased demand in the market globally. Hence, antimicrobials derived from
synthetic sources have been used to serve the purpose. Due to their discussed limitations
and unregulated usage, as discussed in our earlier review [15], their application is nearing
stagnation. Furthermore, the unregulated usage of synthetic preservatives has led to the
development of resistance amongst the microbial population and the development of sev-
eral disorders in humans as well—which has led to consumer orientation shifting towards
FFPs processed minimally and reserved using naturally derived preservatives [7,9,11,12].
The consumer orientation towards foods preserved by natural ingredients is regarded as
healthy and is valued by consumers. Additionally, several novel non-thermal techniques,
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such as cold plasma, a pulsed electric field and high hydrostatic pressure, are widely
under evaluation for the preservation of FFPs individually or in combination with natural
preservatives [47,48].

Considering the consumer orientation towards FFPs preserved using natural preserva-
tives, metabolites produced by microorganisms such as bacteriocins and organic acids for
their protection purpose could be good alternatives to synthetic preservatives. Due to their
ability to inhibit a wide range of spoilage and pathogenic microorganisms, their non-toxic
nature, heat stable nature and having no detrimental impacts on food products, metabolites
from a microbial origin are gaining great importance. In this regard, biopreservation has
gained momentum for application in FFPs for their preservation. Therefore, this review
provides up-to-date information on the antimicrobial activity of microbial metabolites, such
as bacteriocins and organic acids, for the preservation of FFPs.

2. Microbial Spoilage of Fish and Fishery Products

FFPs contain a wide array of microorganisms from different environments. These mi-
croorganisms lead to the spoilage of FFPs and pose health risks to consumers. Fish surfaces
contain the microbiota, including natural microorganisms of the waters, from which fish
are harvested, as well as acquired cross contamination microbiota which includes microor-
ganisms entering the food from fish’s contact surfaces, the air, soil, water/ice used for wash-
ing/fish handlers, packaging material and the storage environment [15,17,49]. Generally,
microorganisms are mainly associated with the outer slime, gills and intestines [49]. The
microbial load is higher in the intestines, followed by the gills and skin (102-107 CFU/cm?).
Normally, the microbial load ranges from 10>~107 colony-forming units (CFU)/cm? on the
skin’s surface [15], whereas in the gills and the intestines, both contain between 10% and
10° CFU/g [50,51].

Fresh healthy fishes are usually sterile as the immune system of the fish prevents
bacteria from growing in the flesh. After the death/harvest of fish during storage, the mi-
croorganisms invade the flesh by moving between the muscle fibers. The natural microbiota
of fish varies depending on the habitat of the fish, whether freshwater, marine or brackish
water, its feeding habit and its life history stages. Generally, warm water fish have more
mesophilic bacteria than cold water fish. Fish harvested from polluted /contaminated water
contain a variety of microorganisms depending on the nature of the pollutant/contaminant,
and also human pathogens such as bacteria, fungi, viruses, protozoans, parasites, etc. [52].
Very high microbial numbers of 107 CFU/cm? are found on fish from polluted warm
waters. They play an important role in spoilage and lead to food poisoning. Thus, it is
necessary to maintain the quality of fish and fish products by inhibiting the associated
microorganisms and preventing their growth. The different preservation methods mainly
aim at maintaining fish quality by reducing, killing or inactivating associated spoilage
microorganisms [15].

In general, Gram-negative, psychrotrophic, rod-shaped bacteria belonging to the gen-
era Pseudomonas, Moraxella, Acinetobacter, Shewanella and Flavobacterium are dominated in
temperate water fish, whereas members of the Vibrionaceae (Vibrio and Photobacterium
spp.) and the Aeromonadaceae (Aeromonas spp.) are common of the fish microbiota [47,48].
Gram-positive bacteria, such as Bacillus, Micrococcus, Clostridium, Lactobacillus and coryne-
forms, can also be found in varying proportions, but in general, Gram-negative bacteria
dominate the microbiota [53,54]. Gram-positive Bacillus and Micrococcus were found to
dominate the fish from tropical waters [55,56]. Microbiota consisting of Pseudomonas, Acine-
tobacter, Moraxella and Vibrio spp. have been observed on newly-caught fishes [57,58]. In
polluted waters, high numbers of Enterobacteriaceae may be found. In clean temperate
waters, these microorganisms disappear rapidly, but it has been shown that Escherichia
coli and Salmonella spp. can survive for very long periods in tropical waters and once
introduced, may almost become indigenous to the environment [59].

The growth of microorganisms and their metabolism is a major cause of fish spoilage
as they produce biogenic amines such as putrescine, histamine and cadaverine, organic
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Vibrionaceae

acids, sulfides, alcohols, aldehydes and ketones with unpleasant and unacceptable off-
flavors [60-62]. Spoilage is a combined result of Gram-negative fermentative bacteria
(Vibrionaceae). Gram-negative, psychrotolerant bacteria (Pseudomonas and Shewanella spp.)
tend to spoil unpreserved or chilled fish [15,63].

Trimethylamine (TMA) levels are used universally to correlate with the extent of
microbial deterioration responsible for fish spoilage [15,64]. Trimethylamine oxide (TMAO)
is used as an osmoregulant to avoid dehydration in marine environments [15]. Bacteria such
as Shewanella putrifaciens, Aeromonas spp., psychrotolerant Enterobacteriacceae, Pseudomonas
phosphoreum and Vibrio spp. can obtain energy by reducing TMAO to TMA, creating the
ammonia-like off-flavors [62], as shown in Figure 1. Pseudomonas putrefaciens, fluorescent
pseudomonads and other spoilage bacteria increase rapidly during the initial stages of
spoilage, producing many proteolytic and hydrolytic enzymes [65,66].

.. Ammonia, acetic, butyric
~  and propionic acid

Trimethyl amine, hydrogen sulfide,
volatile sulfur compound(CHaSH),
Hypoxanthine

Trimethyl amine,
hypoxanthine

P. phosphoreum

Ketones, aldehydes, esters, sulfides

Trimethyl amine,
hydrogen sulfide Pseudomonas spp.

Figure 1. Typical types of spoilage bacteria and typical compounds found during fish spoilage.

The total volatile base (TVB-N) rises even after TMA has reached its maximum, which
is due to proteolysis, and it starts when several of the free amino acids have been used.
Lerke et al. [67] separated fish juice into a protein and a non-protein fraction and inoculated
spoilage bacteria in both fractions. The non-protein fraction of fish juice spoiled, as did
the whole juice, whereas only faint off-odors were detected in the protein fraction of the
juice. Bacteria action during the spoilage of fish used the substrate for the formation
of compounds, i.e., from substrate amino acids (glycine, serine, leucine), several esters,
ketones, aldehydes, amino acids, urea, cysteine, carbohydrates and lactate acetate, carbon
dioxide, water, TMAO, TMA, and methionine were produced by bacteria.

The anaerobic storage of fish for a long-time results in vigorous the production of
ammonia owing to the degradation of the amino acids and the accumulation of lower fatty
acids (acetic, butyric and propionic acids) [15,17]. Obligate anaerobes belonging to the
family Bacteroidaceae and the genus Fusobacterium were found to be very strong ammonia
producers [68]. These bacteria grew only in the spoiled fish extract and have little or no
proteolytic activity relying on already hydrolyzed proteins.
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3. Antimicrobial Mechanism of Microbial Metabolites
3.1. Bacteriocins

Bacteriocins are ribosomal synthesized proteins or peptides with a bactericidal or
bacteriostatic action [69]. Due to their antimicrobial activity against several spoilage and
pathogenic microorganisms, bacteriocins are widely under evaluation for the preservation
and shelf-life extension of foods [70,71]. Both Gram-positive and Gram-negative bacteria
are known to produce bacteriocins. Bacteriocins exhibit a diverse preservative action by
diverse mechanisms, such as their positive charge which interacts with negatively charged
cell wall constituents forming a pore in the cell wall, and inhibit the synthesis of the cell
wall [72,73]. In some cases, the terminal end of the peptide group of bacteriocins causes
leaking of cellular constituents, and inhibits protein synthesis and DNA replication [74,75].
Bacteriocins have recently been reported to hamper the replication of bacteria cells by
inhibiting the formation of a septum in the bacteria [72,76]. Apart from this, they are
also known to compete for nutrients and produce secondary metabolites which further
extend the inactivation of microorganisms [77]. Bacteriocins have been classified into three
classes based on their molecular weight and post-translational modification, imparting on
them different antimicrobial actions [31,78,79]. Class-I bacteriocins are post-translationally
modified heat-stable peptides with a molecular weight of less than 10 kDa. Further, Class-I
bacteriocins are subdivided into six subclasses of Ia to If [80]. Class-II bacteriocins consist
of unmodified heat-stable peptides with a molecular weight of less than 10 kDa and
subdivided into Class-1Ia to IId types. Class-III bacteriocins are unmodified heat-sensitive
proteins with a molecular weight of more than 10 kDa and include two subtypes (Illa and
IIIb) [80]. Several techniques, including bacteriocins for the preservation of FFPs, have
been given in Table 1. Recently, the trend to extract bacteriocins from seafood and their
possible effects in preserving seafood has been gaining importance [81]. However, very
few microbial metabolites, including nisin, pediocins, lacticin, reuterin, and organic acids,
have been studied as natural preservatives for seafood products. Among the studied
bacteriocins, so far, only nisin has been approved and accepted as a food additive by the
European Food Regulation Committee and other countries [30,82].

Nisin is classified as a Class-Ia (lantibiotic) and produced by the Lactococcus lactis subsp.
lactis. Nisin is composed of 34 amino acid residues with a molecular weight of 3.5 kDa [80].
Recently, nisin has been investigated in combination with other hurdles to enhance the
biopreservative ability and stability of the nisin [30]. In their study, Chatzidaki et al. [83]
reported that nisin-loaded nanocarriers showed enhanced antibacterial activity of Lactococ-
cus lactis, Staphylococcus aureus, Listeria monocytogenes and Bacillus cereus by microemulsion
formulation using essential oils as nano-carriers.

A combination of glazing incorporated with nisin and irradiation treatments at 2 kGy
and 5 kGy were investigated for the shelf-life extension of seer fish (Scomberomorous gutta-
tus) steaks [84]. The results showed that an increase in the irradiation dose increased the
shelf-life of steaks from 7 days to 34 (2 kGy) and 42 (5 kGy) days. The effects of nisin in
combination with high-pressure processing at a low temperature were evaluated against
Listeria innocua survival and the quality attributes of dry-cured cold-smoked salmon (On-
corhynchus nerka) fillets during 36 days of refrigerated storage [85]. The nisin (10 ug/g)
and high-pressure processing (HPP) at 450 and 600 MPa for 2 min effectively reduced
the L. innocua growth. The application of the 450 MPa and 600 MPa pressure for 120 s
had impacts on the quality of the dry-cured cold-smoked salmon by reducing L. innocua
and improved sensory properties. Additionally, the lower temperature slightly increased
the lightness of the cold-smoked salmon compared to the ambient temperature [85]. The
treatment of tuna (Thunnus albacares) fillets with an osmotic solution containing nisin signif-
icantly improved the shelf-life of the fillets from 10 days to 51 days at 5 °C by lowering the
microbial changes and improving the sensory properties during storage [86]. Nisin-loaded
chitosan microcapsules were formulated and examined for their preservative ability of the
small yellow croaker (Pseudosciaena polyactis) during refrigerated storage for 30 days [87].
The prepared microcapsules significantly extended the shelf-life of croaker by 6-9 days, by
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reducing the microbial growth, lipid oxidation and protein degradation, when compared
to chitosan, nisin alone or the control. Yang, Cheng, Tong, and Chen [88] investigated the
effect of nisin (0.1% solution) on the quality of tortoise meat (Trachemys scripta elegans) dur-
ing chilled storage for 15 days. The results indicated that the nisin treatment significantly
lowered the microbial and chemical changes while improving the sensory properties of
the meat, thereby extending the shelf-life of the meat by 3—6 days. The effect of chitosan in
combination with different concentrations of nisin was investigated for the quality control
of a Large yellow croaker (Pseudosciaena crocea) during refrigerated storage of 8 days [89].
The results showed that chitosan (1%) with nisin (0.6%) showed a higher efficiency in the
quality improvement of fish by lowering water loss, chemical and microbial changes, as
well as maintaining the sensory attributes of the fish. Woraprayote et al. [90] synthesized a
biodegradable packaging material (poly lactic acid /sawdust particles) incorporated with
bacteriocin 7293 isolated from Weissella hellenica BCC 7293. Further, the antimicrobial
properties of packaging film were determined using an in vitro assay in pangasius fish
fillets. The antimicrobial film inhibited the growth of Gram-positive (L. monocytogens—
4.78 log CFU/cm? and S. aureus—4.56 log CFU/cm?) and Gram-negative (Pseudomonas
aeruginosa—4.10 log CFU/cm?, Aeromonas hydrophila—3.12 log CFU /cm?, Escherichia coli—
3.03 log CFU/cm? and Salmonella thyphimurium—3.03 log CFU/cm?) bacteria in both the
in vitro assay and a challenge test with fish fillets [90].

Similarly, lacticin, a two peptide bacteriocin, was reported to be produced by the
Lactococcus lactis subsp. lactis. Kim et al. [91] showed the ability of lacticin NK24 against
spoilage and pathogenic bacteria isolated from jeotgal, a Korean fermented fish food.
Effective inhibitions against Gram-positive bacteria were observed in comparison to Gram-
negative bacteria [91]. Similarly, a significant inhibition of total aerobic bacteria and coliform
bacteria on oysters coated with lacticin NK24 and nisin, when stored at 3 and 10 °C, was
found [92]. Results reported a shelf-life extension of 5 to 12 days in the oysters when stored
at 10 °C and when treated with bacteriocins (lacticin NK24 and nisin).

Pediocins are thermostable proteinaceous products from Pediococcus acidilactici and Pedio-
coccus pentosaceus. Pediocins are widely recognized for their antilisterial activity [17,31,93,94].
They are reported to form pores in the cytoplasmic membrane by attaching to the core and
forming cracks, causing lysis of the target microorganisms [95].

The antimicrobial activity of the pediocin (bacALP57) isolated from non-fermented
shellfish (oysters, mussels, and clams) against non-fermented seafood microorganisms
(Listeria innocua, L. monocytogenes, Staphylococcus aureus and Bacillus cereus) was observed.
The highest inhibitions of L. monocytogenes and Listeria innocua were found and, generally,
inhibitions ranging between 1 and 5 mm were observed for other non-fermented spoilage
microbes from seafood [96].

The preservative impacts of pediocin ACCEL (1500 & 3000 IU/mL) from Pediococcus
pentosaceus on skinless blue shark steak were evaluated by Yin, Wu, & Jiang [97]. The
application of the pediocin could significantly reduce the population of aerobic plate counts
during storage at 0 and 4 °C in raw fillets. Furthermore, in fish balls, an effective control
against Listeria monocytogenes [<2 log (CFU/g)] was observed. However, the application
of the pediocin at 375 IU /g exhibited a higher inhibition over a higher concentration and
control samples.

As per the European Union (EU) directive, nisin was approved for food application
from 2011 and widely exploited for application in FFPs [36]. Nisin pre-treated tuna slices
packed under vacuum conditions were evaluated for their preservation ability by Sofra,
Tsironi, and Taoukis [86]. The inclusion of nisin in osmotic pre-treatment had the lowest
microbial growth due to its antimicrobial action.

Bacteriocin GP1 produced from Lactobacillus rhamnosus was demonstrated for success-
fully preserving reef cod [98]. GP1 exhibited the highest inhibition of total viable counts of
Aeromonas spp., coliforms, Lactobacillus spp., and Vibrio spp., in comparison to the control,
nisin, sodium benzoate and the control sample during storage for 28 days at 0 and 4 °C.
Bacteriocin application controlled the spoilage by decreasing the generation of volatile
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amines (TVB-N and TMA-N) at lower temperature storage conditions. The inclusion of
bacteriocins with radiation, vacuum packaging and high-pressure processing has exhibited
a synergistic preservation effect and shelf-life extension in seer fish, rainbow trout and
dry-cured smoked salmon, respectively [84,99]. A combination of radiation (2 and 5 kGy)
and nisin reported a shelf-life extension of 27 and 35 days in seer fish steak during chilled
storage. The improvement in microbial quality was attributed to the synergistic effect of
irradiation, effective against Gram-negative, and nisin against Gram-positive bacteria [84].
Nisin combined with vacuum packaging inhibited a total viable count [~5 log (CFU/g)],
psychrotrophic viable count [~5 log (CFU/g)] and lactic acid bacteria [1.97 log (CFU/g)] in
comparison to the control for 16 days of storage [99]. The inclusion of the bacteriocin (EFL4
at 0.64 ng/mL) derived from Enterococcus faecalis L04, isolated from Lateolabrax maculatus in
the form of coating on ready-to-eat salmon fillets, was reported [100]. Bacteriocins exhib-
ited excellent antimicrobial activity against Staphylococcus putrefaciens (MIC—0.32 pg/mL)
and their contained coating inhibited the growth of the total viable counts. Results also
demonstrated the excellent control of muscle degradation (K value) and the generation
of amines (TVB-N) responsible for unpleasant sensory attributes. The muscle treated had
maintained integrity in comparison to untreated samples due to reduced muscle degrada-
tion by the applied bacteriocin. Considering the narrow specificity of bacteriocins, they are
used for specific types of spoilage microorganisms. Their highly unstable nature and lower
temperature requirement makes them suitable for application in FFPs [38,101].
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Table 1. Preservative effects of the microbial metabolites bacteriocins and organic acids.

Source/Bacteriocin/Organic Acid Evaluated Matrix Preservative Effect Bibliographic
References
Bacteriocins
Combination of glazing with nisin and Seer fish (Scomberomorous gol’ilétr)e Z:gegzzlg;élizgﬂ)y}; mlrc)) I;/SZreii t}l}els};i_rlcl)ﬁslf ;;?Eiig;)?vz S}?z; tzs?:ianays [84]
irradiations treatment at 2 kGy and 5 kGy guttatus) steaks y y yIby & &
the steaks.
Combination of nisin (10 pg/g) with The combination treatments significantly inhibited the Listeria innocua and other spoilage
high-pressure processing (450 and 600 MPa) at  Dry-cured cold-smoked salmon  microbiota of the salmon compared to the control. Additionally, combined treatments [85]
low temperature (—30 °C) improved the sensory properties, peelability and consumer preference of salmon.
Nisin enriched osmotic solution and vacuum The combined effect of nisin, osmotic solution and vacuum packaging significantly
. . Tuna fillets improved the shelf-life of tuna fillets from 10 days to 51 days at 5 °C by significantly [86]
packaging at chilled temperature . . . . . .
reducing spoilage microorganisms and chemical changes during storage.
The prepared nisin loaded chitosan microcapsules significantly reduced microbial
- . . . Small yellow croaker . . . .
Nisin encapsulated in chitosan microcapsules (Pseudosciacna polyactis) growth, lipid oxidation, and protein degradation compared to alone hurdle or control, [87]
poty thereby extending shelf-life of croaker by 6-9 days.
Nisin in combination with tea polyphenols Tortoise meat The combined effect of nisin and tea polyphenol treatment to tortoise meat reduced [85]
during chilled storage (Trachemys scripta elegans) microbial growth, chemical changes and retarded water loss compared to the control.
Nisin in combination with chitosan. Stored at  Large yellow croaker Chitosan (1. %) w1th. nisin (0.6%) showed higher eff1c1ency in controulng Water loss a'nd
5 . other physicochemical indexes, as well as lowered chemical and microbial changes in [89]
4 °C for 8 days (Pseudosciaena crocen) .
the fish.
N1sm—19aded nano-carners with essential oils . Enhanced antibacterial activities against Lactococcuslactis, Staphylococcus aureus, Listeria
(EO) micro-emulsion (EOs used were Not applied . [83]
. monocytogens, and Bacillus cereus.
rosemary, thyme, oregano, and dittany)
Biodegradable packaging material (poly lactic Bioactive film effectively inhibited Gram-positive (Listeria monocytogens and S. aureus)
acid/sawdust particles) incorporated with Pangasius fish fillets and Gram-negative (Pseudomonas aeruginosa, Aeromonas hydrphila, Escherichia coli and [90]

bacteriocin 7293

Salmonella thyphimurium) bacteria.

Reuterin produced by Lactobacillus reuteri
INIA P579

Cold smoked salmon

Reuterin effectively inhibited the three different strains of Listeria monocytogens in tryptic
soy broth assay with concentration range of 2—4 AU/mL. When reuterin was tested on
cold-smoked salmon at 8 °C for 15 days and 30 °C for 48 h, L. monocytogens counts
lowered by 2.0 and 1.0 log (CFU/g) compared to the control.

[102]
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Table 1. Cont.
. . . . . Bibliographic
Source/Bacteriocin/Organic Acid Evaluated Matrix Preservative Effect
References

Yellow croaker

Bacteriocin Coagulin L1208 inhibited total viable count, Pseudomonadaceae, Shewanella,

Coagulin 11208 from Bacillus coagulans 11208 (Pseudosciaena crocea) Photobacterium and Enterobacteriaceae by producing bacteriostatic ingredients. [103]

Enterococcus mundtii STw38 Fish paste from fresh hake The bacteriocin inclusion could inhibit native fish spoilage microbiota, especially when [104]
packed under vacuum.
Inclusion of bacteriocin completely inhibited Escherichia coli, Staphylococcus aureus and

Streptococcus infantarius Trout and tilapia Listeria monocytogenes in fish media. While used as wrapping material, it lowered total [105]
aerobic count.

Organic acids

No impacts on total viable counts and Enterobacteriaceae was found. Superior inhibition

Aromatic vinegar Salmon fillets of Pseudomonas spp. and Psychrotrophic count was observed. Aromatic vinegar had [106]
combined effects of phenolics and organic acids in inhibition of microorganisms.

Citric acid and lactic acid European hake and megrim Inhibition of aerobic, anaerobic, psychrotrohic count and Enterobacteriaceae population [107]

Acetic and ascorbic acid spra Silver carp Combination of acetic (1%) and ascorbic (2%) acid exhibited higher inhibition of total [108]

pray (Hypophthalmichthys molitrix) viable counts than individual treatments.
Combination of acetic acid and citric acid (1 and 3%) exhibited highest inhibition of total
. e - g viable bacterial count, psychrophilic bacteria, coliform and yeast and mould count.

Acetic and citric acid pre-treatment Bolti Fish (Tilapia nilotica) . L g . g . [109]
However, the difference was non- significant amongst group and significant in
comparison to control.

Potassium acetate and potassium lactate Catfish fillet Combl'natlon of organic acid inhibited psychrotrophic bacterial count and extended [110]
shelf-life by additional four days.
Organic acid at 800 mg/kg concentration inhibited mesophilic aerobes in hake, megrim

Ascorbig, citric and lactic acid based icing Hake, megrim and angler and angler. Additionally, inhibition of psychrophilic and proteolytic bacteria was [111]
also found.

Sodium acetate, sodium lactate or Salmon Levels of 2.5% exhibited activity against aerobic and psychrotrophic mircroorganisms, [112]

sodium citrate

Pseudomonas spp., Hy-S prodcuing, lactic acid and Entoerobacteriaceae bacteria.
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3.2. Reuterin

Reuterin is a non-proteinaceous low-molecular-weight compound produced by Lacto-
bacillus reuteri, exerting the inhibition of microorganisms (Gram-positive and -negative).
Reuterin creates imbalances in the microbial cells by the depletion of free thiol groups and
the stopping dimer from blocking the enzymatic activity, leading to cell death [113,114].
The aldehyde part of reuterin is also known to inactivate proteins by reacting with the
amine group [31,115]. Considering the safety aspects for involving reuterin in a food
model, a recent study by Soltani et al. [116] suggested that the maintained cell integrity
and improved viability of cells was observed. Furthermore, a better stability of reuterin
in the gastrointestinal (GI) tract was found without any toxic effect. Furthermore, the sta-
bility of reuterin in combination with other non-thermal techniques has been successfully
demonstrated [117]. Reuterin has exhibited antimicrobial activity against the food borne
pathogens E. coli, L. monocytogenes, S. aureus and Salmonella spp. [118].

Seabass coated with freeze dried L. reuteri DSM 26866 (2%) in sodium alginate was
evaluated for protective effects (Angiolillo, Conte, & Del Nobile, 2018). Reuterin was found in
samples fermented with L. reuteri for 24 (0.49 g/L) and 48 (0.55 g/L) hours. A significant
control of aerobic plate counts, Pseudomonas spp., hydrogen sulfite-producing bacteria and
Enterobacteriaceae was observed. The inhibitions were attributed to the reuterin produced,
extending the microbial shelf-life of the seabass fillets [118]. Additionally, the active coat-
ing retained the sensory quality (color and texture) due to the fermentation action. The
application of reuterin (10 AU/g), produced by Lactobacillus reuterin INIA P579, for the
preservation of cold-smoked salmon was evaluated by Montiel et al. [102]. The application
of reuterin significantly reduced Listeria monocytogenes growth by 2 log units after 15 days
of storage. However, reuterin in combination with a high hydrostatic pressure (450 MPa for
5 min.) exhibited effectiveness in the inactivation of L. monocytogenes and biogenic amines’
formations in cold-smoked salmon [119]. The combination reduced the microbial popula-
tion by 3.16 log (CFU/g) in comparison to the control at 4 °C. The authors suggested that
the inactivation was due to the synergistic interaction between the high hydrostatic pressure
and the natural preservative reuterin in this case. Further, to enhance the bioavailability of
reuterin, microencapsulated Lactobacillus reuteri with modified atmospheric packaging (95%
CO; and 5% O,) were evaluated for preserving a tuna burger [120]. Different compositions
of sodium alginate had impacts on the generation of reuterin, ranging between 0.640, 0.116
and 0.108 g/Lin 2, 1 and 0.5% sodium alginate, respectively. The application of L. reuterin
reduced the mesophilic bacteria and Pseudomonas spp. population at all concentrations
evaluated. However, further increased inhibitions were observed in samples packed under
modified atmospheric conditions. Combinations of biopreservation methods with other
technologies to enhance preservation are suggested.

Reuterin produced and isolated from Lactobacillus reuteri INIA P579 was examined
against L. monocytogens in cold-smoked salmon [119]. The results indicated that reuterin
(10 Au/g) significantly lowered L. monocytogens counts in cold-smoked salmon by 2.0 and
1.0 log (CFU/g), compared to the control at 8 °C for 15 days and 30 °C for 48 h. Hence,
the LAB metabolites enhanced the quality of fish products by lowering the microbial and
chemical changes during refrigerated storage. Additionally, the efficacy of the metabolite
could be increased by a combination effect with other hurdles or incorporated into emulsion,
capsules or active packaging material. The microbial inactivation was found to increase
when used in combination with other preservation technology due to a synergistic effect.
The inclusion is usually at lower levels and no negative impacts on sensory qualities have
been reported.

3.3. Bacteriophages and Endolysins

Bacteriophages are specific bacterial viruses, infecting specific groups of bacteria by
replicating inside the host, causing lysis of bacteria [121]. Additionally, bacteriophages
are known to produce lytic proteins which further extend the antimicrobial activity [122].
Kim et al. [123] reported the effective control of Vibrio vulnificus on seafood (abalone)
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using the novel bacteriophage VVP001. Endolysins are specific antimicrobial peptido-
glycan hydrolases synthesized by bacteriophages during multiplication. Due to their
safety and non-resistance-development nature, they are evaluated in the preservation of
foods [123-126]. The mechanism of action for endolysins is different for Gram-positive and
Gram-negative bacteria, as explained in a recent review by Chang [124].

Combined effects of a bacteriophage cocktail (¢ SboM-AG3, ¢ SsoM-AG8 and ¢ SboM-
AG10) at a concentration of 10° PFU/mL, in combination with a high hydrostatic pressure
against Vibrio cholerae against salmon fillets and mussels were reported by Ahmadi et al. [127].
The inclusion of bacteriophages reduced V. cholerae by 1.2 log (CFU/g) in both salmon
and mussels. Additionally, the combination of bacteriophages and a high hydrostatic
pressure at 350 MPa further reduced the population by 3.8 and 3.9 log (CFU/g) in salmon
and mussels, respectively. The effective decontamination of rainbow trout (Salmo irideus)
using six bacteriophage cocktails [10% plaque-forming unit (PFU)/mL] was evaluated [128].
Fish samples treated with a bacteriophage cocktail had a shelf-life extension of 3 days.
Five bacteriophage cocktails against Salmonella enterica in salmon fillets, raw and smoked,
were evaluated by Galarce et al. [129]. A lower temperature storage (4 °C) was much
more effective in controlling Salmonella enterica [130] than a higher temperature (18 °C).
The highest inhibition was observed in raw fillets [2.82 log (CFU/g)] in comparison to
the smoked [1.16 log (CFU/g)] samples during the 10-day period, reported at 4 °C. The
differences in inhibitions were attributed to differences in the water content required for
the mobilization of bacteriophages [129].

Pathogenic Listeria monocytogenes on tuna sashimi could be reduced by the application
of Bacteriophage P100 (5 and 8 log PFU/g). The application of the phage at 8 log PFU/g
exhibited promising results by reducing the 4.44 log CFU/g population of L. monocytogenes.
This intervention could increase the safety of ready-to-eat sashimi [131]. The antilisterial
activity by Listex P100 was demonstrated on fresh channel fish fillets [132]. A contact time of
15 min was sufficient to reduce the Listeria monocytogenes colony population by 1 log CFU/g
level on the fish surface. An application dose of 2 x 107 significantly reduced the listerial
population and varied at different temperature ranges (4 °C—1.7 to 2.1 log CFU/g, and
10 °C—1.6 to 2.3 log CFU/g). Moreover, the application of Bacteriophage P100 exhibited
broad efficiency against Listeria strains from varied strains. Their application in coleslaw
food caused a reduction in the contamination of Listeria monocytogenes ScottA by 10-fold
levels [133]. The bacteriophage from traditional Indonesian ready-to-eat food sources has
the ability to inhibit pathogenic Escherichia coli on fish meat by 63.78% and 87.89% when
incubated for 1 day and 6 days at 4 °C [130]. Recent reports are also available [134] for the
inhibition of Clostridium perfringens in cooked meats using a bacteriophage obtained from a
plant source. The endolysin PlyP825 at a level of 34 pug/mL reduced the inactivation of L.
monocytogenes in smoked salmon (<1 log CFU/g), however, a combination of endolysin
with a high hydrostatic pressure (500 MPa) increased this inhibition (>1 log CFU/g) [135].
Bacteriophages and derived endolysins are used for the preservation of foods due to
their high host specificity. Considering their lower inhibition of Gram-negative bacteria,
they are used in combination with acids or chelating agents, and their ability to inhibit
antibiotic resistance, being an anti-biofilm agent, makes them a promising agent for surface
decontamination [124].

3.4. Organic Acids

Organic acids and their derivatives cause an alteration of pH, the acidification of
the cytoplasm impacting the acid-base equilibrium and damaging homeostasis, interfere
with gene expression, and hamper cellular metabolism [136,137]. Apart from inhibiting
cell activity, organic acids against spore germination have also been reported [38,138].
Davidson, Taylor, and David [38] have suggested the role of the dissociation (proton
donation) of organic acids, their ability to generate and transport energy, and inhibit the
uptake of nutrients to inhibit the growth of microorganisms. Some recent studies have also
reported the inclusion of organic acids in combination due to their synergistic interactions,
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causing a higher microbial inhibition, which was possibly due to different acid dissociation
rates varying the pH [108,139,140]. Organic acids are obtained by different metabolism
processes, such as fermentation, oxidation and synthesis [139].

Yadav and Roopesh [14] demonstrated that the spraying of organic acids (lactic or
gallic acids) reduced Salmonella typhimurium by more than 3.5 log (CFU/cm?). Further-
more, a combination of organic acids with a non-thermal technique (atmospheric cold
plasma for 30 s) enhanced the microbial inhibition. Organic acids (lactic and gallic acid
at 5 to 15 mM) caused the permeabilization of the cell membrane and induced oxidation,
causing cell lysis [14]. Citric acid, a commonly used organic preservative, has a reported
development of sour taste. Hence, Bou et al. [39] evaluated citric acid in an encapsulated
form on ready-to-eat patties from sea bass fillets. The application in an encapsulated form
improved their sensory quality. The immersion of cod in citric (5%), lactic (5%) and capric
(5%) acid solution inhibited Pseudomonas spp., lactic acid bacteria, Brochothrix thermosphacta,
Photobacterium spp. and hydrogen sulfide, producing bacterial counts [140]. The authors’
suggested methods of the application of organic acids have an impact on their antimicrobial
activity. Dipping seer fish steaks in sodium-acetate (2%) inhibited the total mesophilic
and total psychrotrophic viable counts for 24 days of storage [141]. The author attributed
that the lower molecular weight of organic acid inhibited microbial counts, extending the
shelf-life by an additional 9 days over the control samples. Recently, Saeid Asr et al. [142]
evaluated the effects of a carboxymethyl cellulose coating with essential oils (rosemary)
with sodium acetate (2%) on the shelf-life of rainbow trout fillets. The coating containing
sodium acetate significantly inhibited the total viable counts, psychrotrophic bacteria, lactic
acid bacteria and Enterobacteriaceae over the control and carboxymethyl cellulose. The con-
tradictory growth of Pseudomonas spp. increased in the sodium acetated treatment. Positive
impacts on the water holding capacity and cooking yield were found to be improved by the
sodium-acetate-treated sample due to the reduced pH of the treated samples. Furthermore,
the general impacts of microbial metabolites on fishery and fish products are summarized
in Figure 2. The application of acetic acid (1%) significantly inhibited the total plate count
(>2 Log CFU/g), extending the shelf-life by 3 days. Additionally, the inclusion inhibited
lipid oxidation (PV by >25 meq O, /kg and TBA by >1.5 mg malondialdehyde/kg) [143].
However, a further combination with chitosan improved the inhibition levels. The in-
clusion of acetic acid (0.005-0.01%) enhanced the sensory score for pacific white shrimp
freshly added and for 12 days of the storage period [28]. Further, their inclusion with
other preservatives enhanced microbial (Psychrophilic bacteria, H,S-producing bacteria,
Enterobacteriaceae count) inhibition and quality retention (pH, TVB and TBARS). Organic
acids (0.02-5%) have been widely applied for preservation in FFPs and exhibited promising
results. Their application method and concentration hampers the sensory quality [144].
The application of organic acids at lower levels, usually below 1%, in combination with
other preservative methods are found economical and effective [38].

3.5. Other Metabolites

Recently, few studies have been reported on the utilization of LAB as bioprotective cul-
tures or their metabolites (mainly nisin) as biopreservatives for seafood products’ shelf-life
extension. In this context, sixteen LAB were isolated from the intestine of Oreochromis spp.
and investigated for their anti-listeria activity [145]. Among the sixteen isolates, thirteen
isolates showed an inhibitory zone on the agar plate inoculated with Listeria monocytogens.
Furthermore, these microbial isolates were tested in their different forms, including live
cells, cell-free supernatant (CFS), alkaline CFS, and heated CFS against L. monocytogens.
The results indicated that anti-listeria activities occurred by both heat-stable and sensitive
compounds, as well as in live cells [145]. Wiernasz et al. [16] investigated six different LAB
cultures for the biopreservation of salmon gravlax during 25 days of storage at 8 °C using
vacuum packaging. Three of the strains, including Carnobacterium maltaromaticum SF1944,
Lactococcus piscium EU2229, and Leuconostoc gelidum EU2249, were competitive in microbial
growth, possessing antimicrobial activities against spoilage microorganisms, as well as
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producing their own metabolic activity. On the other hand, Vagococcus fluvialis CD264,
Carnobacterium inhibens MIP2551 and Aerococcus viridans SF1044 were weak competitors,
showing weak antimicrobial activities and produced less metabolic activity. However,
among all these strains, C. maltaromaticum SF1944 showed the highest anti-listeria activity
and produced lowered volatilome. In addition, V. fluvialis CD264 was capable of preserving
the sensory properties and extending the shelf-life beyond 25 days of storage [16]. In their
previous study, Wiernasz et al. [69] selected those six LAB strains from 35 different LAB
strains, which showed antimicrobial activity, a tolerance to super-chilling and chitosan
coating, no antibiotic resistance, and histamine production capacity. Additionally, the
biopreservative effects of these six strains were investigated in cod and salmon products
alone or in combination with different hurdles, including chitosan coating, super-chilling
and modified atmosphere packaging. However, the efficacy of each strain in protecting the
quality of cod or salmon was dependent on the type of fish product and the combination of
hurdles used [69]. Further, Table 2 details the applications of LAB and metabolites for the
preservation of seafood.

Bacteriocin

Organic

x Pediocin
acids

Microbial

Bacterio metabolite / -
phage }\ ~ Lacticin

Reuterin

Endolysins

No
antimicrobial
resistance

Figure 2. Impacts of microbial metabolites on fishery and fish products (FFP).

Aymerich, Rodriguez, Garriga, and Bover-Cid [146] reported that Lactobacillus sakei
CTC494 from a meat origin effectively inhibited the spoilage and pathogenic bacteria,
and retained the quality of cold-smoked salmon compared to the indigenous LAB strains
isolated from same product. However, another study reported that Lactococcus piscium
EU2241 effectively inhibited the off-odor released by the Brochothrix thermosphacta and Ser-
ratia proteamaculans bacteria in cold-smoked salmon when compared to Leuconostoc gelidum
EU2247, Lactobacillus sakei EU2885, and Staphylococcus equorum S030674 [147]. Delcarlo,
Parada, Schelegueda, Vallejo, Marguet, and Campos [104] reported that among 132 LAB
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isolated from mussels of the Argentine coast, only 22 isolates showed anti-bacterial ac-
tivities against Listeria innocua and L. plantarum. Interestingly, all 22 isolates belong to
the Enterococcus mundtii strains, which were confirmed by 16S5r RNA gene phylogenetic
analyses. Among the selected isolates, E. mundtii Stw38 possesses a higher growth rate
and bacteriocin production at 4 °C. When E. mundtii Stw38 was applied on fish paste and
stored at 4 °C, Stw38 successively survived and lowered the microbiota of fish paste [104].
The combination of the two LAB strains, Lactobacillus plantarum AB-1 and Lactobacillus casei,
was investigated for its synergistic effect against spoilage microorganisms and the quality
control of shrimp (L. vannamei) during refrigerated storage [148]. The results indicated that
the synergistic effect significantly enhanced the antimicrobial activity of L. plantarum AB-1
via regulating the AI-2/LuxS quorum sensing system. When shrimps were treated with the
co-inoculation of L. plantarum AB-1 and L. casei and stored for 10 days in the refrigerator, the
total volatile basic nitrogen and pH of the samples significantly lowered and the spoilage
organism (mainly Shewanella baltica) were significantly inhibited [148]. In another study, the
combination effect of Lactococcus piscium CNCM 1-4031 and Carnobacterium divergens V41
was investigated for the safety and quality control of peeled and cooked shrimp (Penaeus
vannamei) during storage at 8 °C for 28 days [149]. The results indicated that there was
no synergistic effect of both cultures in controlling the spoilage microorganisms and the
co-culture had the same antimicrobial effect as C. divergens V41 alone. However, C. di-
vergens V41 produced its own metabolic activity which significantly affected the sensory
properties of the product. In addition, the L. piscium CNCM 1-4031 effectively eliminated
the activity produced by C. divergens V41 in a synergistic effect, thereby maintaining the
sensory properties of the shrimp product. Hence, the use of the combination of L. piscium
CNCM 1-4031 and C.divergens V41 was recommended for the safety and quality control
of shrimp [149]. The multi-bacteriocinogenic Lactobacillus curvatus BCS35 culture isolated
from the marine origin showed higher antimicrobial activity and stability at 0-2 °C and
was used for the biopreservation of fresh young hake (Merluccius merluccius) and megrim
(Lepidorhombus boscii) fish [150]. Additionally, the L. curvatus BCS35 culture and cell-free
supernatant both significantly lowered spoilage and foodborne pathogenic bacteria, as
well as maintained the sensory properties of both fresh fish during refrigerated storage of
14 days [150]. Overall, LAB competes with spoilage or pathogenic organisms for nutrition
consumption and renders them dormant. Additionally, LAB secreted metabolites destroy
the spoilage or pathogenic microorganisms.
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Table 2. Application of lactic acid bacteria (LAB) and derived metabolites in seafood products’ preservation.
Seafood Products Lactic Acid Bacteria (LAB) Effect Bibliographic
References

LAB isolated from intestine of
Oreochromis sp. Live LAB cells, cell-free

Not Applied supernatant (CFS), alkaline CFS, and Anti-listeria activity, antagonistic activity. [145]
heated CFS
S . ) Inhibited Staphyloccoccus typhi (MIC-7.81 pg/mL) and Listeria monocytogenes
White leg shrimp Lactic acid bacterium (Pediococcus (MIC-15.63 ng/mL) by causing craters and belbs on the microbial surface. Reduction [151]
pentosaceus LJR1) .
of L. monocytogenes by 1 log on shrimp was also found.
Shrimp (Penaeus vannamei) Lactobacillus plantarum FGC-12 Slgmfl.car}t refiuctlon of total. viable count of Vzbrzo pamhaemolytzcus was observed. [152]
Bacteriocin disrupted bacterial cell wall causing lysis.
Ready-to-eat fish products (sliced surimi Latilactobacillus sakei CTCA94 The' rr}lcroblal 1nh1'b1t.10n by bacterl(?c1n was dependent upon the product and [153]
and tuna paste) exhibited antagonistic and mutual interaction on lag phase.
Antagonistic effect was observed for samples treated with bacteriocin and essential
Sea bass Mixture of lactic acid bacteria oils. Inhibition of mesophlhc. a?ljoblc plz%te count and psychrotrqphlc bacterial count [154]
was observed. Complete inhibition of Listeria monocytogenes, coliform, yeast and
mold during storage was observed.
) Lactobacillus plantarum and . .
Horse Mackerel fillet Lactobacillus sakei Inclusion of culture reducing Staphylococcus aureus by 1 log cycle was observed. [155]
Mussels Lactobacillus plantarum Inhibition of Vibrio spp. was obtained using bacteriocin. [156]
The strain Carnobacteriummaltaromaticum SF1944 had antimicrobial activity against
Salmon dill eraviax Spraying of selected LAB cultures and spoilage microbiota and Listeria monocytogens. On the other hand, the strain [16]
& vacuum packaging stored at 8 °C Vagococcus fluvialis CD264 had mild antimicrobial activity, but extended the sensory
quality of salmon by more than 25 days.
Sprayn?g method uomg baCteFIOCIHS Lactobacillus sakei CTC494 inhibited the growth of Listeria monocytogens and other
producing three different strains: . . . P . ; Elife of
Three different types of L curvatus. Carnobacterium spoilage microbiota even after 21 days of study, thereby increasing shelf-life of all
' f three types of smoked salmon. However, other two strains limited the pathogens’ [146]

cold-smoked salmon

maltaromaticum, and Lactobacillus sakei
CTC494. Vacuum packaging and storage
temperature of 8§ °C

growth depending on the type of smoked salmon product. Hence, Lactobacillus sakei
CTC494 was recommended as a biopreservative for smoked salmon.
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Table 2. Cont.

Seafood Products Lactic Acid Bacteria (LAB) Effect Bibliographic
References

Bacteriocins producing LAB strain Enterococcus mundtii STw38 showed highest activities against Gram-positive bacteria

Fish paste (Enterococcus mundtii). Vacuum packed  including Listeria innocua and L. plantarum. Additionally, STw38 strain survived and [104]
and stored at 4 °C produce bacteriocins at 4 °C.
Combined culture of Lactobaf:zllus . The application of combined LAB cultures significantly reduced spoilage

. . . plantarum AB-1 and Lactobacillus casei . . . . - .

Shrimp (Litopenaeus vannamei) . . microorganisms, mainly Shewanella baltica, total volatile base and pH of the shrimp, [148]

applied on the shrimp at 5 - - .
. thereby increasing the shelf-life of the shrimp.
refrigerated temperature
Combination of Lactococcus piscium
. CNCM 1-4031 and C. divergens V41 The results indicated that shrimp treated with combined cultures had higher

Peeled and cooked shrimp . . . . . . . .

(Penaeus vannamei) applied on the shrimp and packed in sensorial properties and lowered microbial and chemical changes at the end of [149]
modified atmospheric packaging (50% storage time (28 days) compared to the treatment with single LAB culture.
COy and 50% Ny) at 8 °C temperature
Six LAB strains with no histamine
production ability, in combination with . . . . .

Cod and salmon based products other hurdles including chitosan, irr?grsc;\liric(l)rslenfséﬁcpéoperhes and reduced microbial and chemical changes in cod [69]
modified atmosphere packaging (MAP), p ’
and super chilling.
(1) The multi-bacteriocinogenic

. . L. curvatus BCS35 culture; The BCS35 culture and their CFS significantly lowered spoilage microorganism as
Young hake (Merluccius merluccius) and . ) o .\ . . .
¢ : .. (2) their CFS; well as Listeria spp. Additionally, the sensory properties of both fish were maintained [150]

megrim (Lepidorhombus boscii) . . .
(3) Lyophilized bacteriocin powder during storage days.
stored with ice at 0-2 °C for 14 days

Lactococcus piscium EU2241 prevented the spoilage caused by Brochothrix
Cold-smoked salmon Lactococcus piscium EU2241 strain thermosphacta and Serratia proteamaculans by acultural and cultural method in [147]

cold-smoked salmon, thereby maintaining the sensory properties of the product.
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4. Conclusions

In recent years, there has been strong consumer attention for foods preserved with
biopreservatives with safe traits. The strong antimicrobial activity of metabolites derived
from microorganisms, as well as their safety (no histamine production) characteristics,
makes them a promising compound in the preservation of FFPs. FFPs are widely con-
sumed owing to their delicacy and easily digestible protein source. Nevertheless, FFPs
are highly susceptible to spoilage during post-harvest and subsequent processes and stor-
age. Therefore, FFPs are often treated with preservatives to inhibit or reduce the growth
of microorganisms and control the quality of the products during storage. Biopreserva-
tion employs microorganisms or their metabolites to combat undesirable spoilage and
pathogenic microorganisms. Biopreservative bacteria, or their metabolites, compete with
the undesirable microbiota and dominate the microbiota by utilizing available nutrients.
Microbial metabolites (bacteriocins, reuterin, pediocin, lacticin, bacteriophage, organic
acids and others) possess antimicrobial activity against a wide spectrum of spoilage and
pathogenic microorganisms, including anti-listeria. Numerous studies have confirmed the
biopreservative effects of microbial metabolites on different FFPs during different storage
and packaging conditions. Additionally, the combination of microbial metabolites with one
or more other hurdles, such as a different packaging system (MAP or vacuum packaging)
or the addition of another natural antimicrobial (essential oils, etc.) or nano-engineered
compounds, greatly enhances the overall antimicrobial activity and thereby increases the
shelf-life of the FFPs. Furthermore, the combined effect of various hurdles maintained the
quality and sensory properties of the FFPs more than the single hurdle applications. For
the inclusion of microbial metabolites as a hurdle technique, it should be combined with
two or more hurdles for the high efficiency quality control and shelf-life extension of FFPs.
The inclusion of metabolites in the encapsulation process at the appropriate dosage should
be established and should explain the impacts of metabolite inclusion in the hurdle concept
responsible for the preservation mechanism. The impacts of metabolite inclusion on other
spoilage processes related with FFPs shall be addressed. Further, major consideration
should be focused on the detailed health risks associated with the employment of microbial
metabolites, and the approval from regulation authorities must be focused on.

Author Contributions: N.B.R.: Conceptualization, writing—original draft preparation, writing—
review and editing; N.P.N.: writing—original draft preparation, writing—review and editing; A.P.:
writing—original draft preparation; FO.: writing—review and editing and supervision, J.M.R.:
review and editing and supervision. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This research is supported by the PRIMA program under project BioProMed-
Food (ref. no. 2019-SECTION2-4 Project ID 1467). The PRIMA program is supported by the Euro-
pean Union (EU). This research was also supported by the Scientific and Technological Research
Council of Turkey (TUBITAK); N-UPAG 119N492 (PRIMA Program Section 2). This work is also
based upon the work from COST Action 18101 SOURDOMICS—Sourdough biotechnology net-
work towards novel, healthier and sustainable food and bioprocesses (https://sourdomics.com/;
https:/ /www.cost.eu/actions/CA18101/) (accessed on 1 January 2020), where the author J.M.R.
is the Chair and Grant Holder Scientific Representative, and the author F.O. is the leader of the
working group 8, “Food safety, health promoting, sensorial perception and consumers’ behaviour”,
and is supported by COST (the European Cooperation in Science and Technology) (https://www.
cost.eu/) (accessed on 1 January 2020). COST is a funding agency for research and innovation net-
works. Regarding the author ].M.R., he was also financially supported by: (i) LA/P/0045/2020
(ALiCE) and UIDB/00511/2020-UIDP/00511/2020 (LEPABE), funded by national funds through


https://sourdomics.com/
https://www.cost.eu/actions/CA18101/
https://www.cost.eu/
https://www.cost.eu/

Microorganisms 2022, 10, 773 18 of 24

FCT/MCTES (PIDDAC); and (ii) the Project PTDC/EQU-EQU/28101/2017-SAFEGOAL—Safer
Synthetic Turf Pitches with Infill of Rubber Crumb from Recycled Tires, funded by FEDER funds
through COMPETE2020-Programa Operacional Competitividade e Internacionalizagao (POCI) and
by national funds (PIDDAC) through FCT/MCTES.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

Abbreviations

FS, cell-free supernatant; CFU, colony-forming units; EU, European Union; FAO, Food
and Agriculture Organization; FFP, fish and fishery products; GI, gastrointestinal; GRAS,
generally recognized as safe; HHS, United States Department of Health and Human Ser-
vices; HPP, high-pressure processing; LAB, lactic acid bacteria; MAP, modified atmosphere
packaging; PFU, plaque-forming unit; SSO, specific spoilage organisms; TMA, trimethy-
lamine; TMAO, trimethylamine oxide; TVB-N, total volatile base; USDA., United States
Department of Agriculture; WHO, World Health Organization.

References

1. Quinto, E.J.; Caro, L; Villalobos-Delgado, L.H.; Mateo, J.; De-Mateo-Silleras, B.; Redondo-Del-Rio, M.P. Food Safety through
Natural Antimicrobials. Antibiotics 2019, 8, 208. [CrossRef]

2. Mahmud, A.; Abraha, B.; Samuel, M.; Mohammedidris, H.; Abraham, W.; Mahmud, E. Fish Preservation: A Multi-Dimensional
Approach. MOJ Food Process. Technol 2018, 6, 303-310. [CrossRef]

3. Singh, R.; Kumar, M.; Mittal, A.; Mehta, PK. Microbial Metabolites in Nutrition, Healthcare and Agriculture. 3 Biotech 2017, 7, 15.
[CrossRef]

4. Verma, A Banerjee, R.; Dwivedi, H.; Juneja, V. Bacteriocins | Potential in Food Preservation. Encycl. Food Microbiol. 2014, 1,
180-186.

5. Xu, D.-P; Li, Y;; Meng, X.; Zhou, T.; Zhou, Y.; Zheng, ].; Zhang, ].-].; Li, H.-B. Natural Antioxidants in Foods and Medicinal Plants:
Extraction, Assessment and Resources. Int. . Mol. Sci. 2017, 18, 96. [CrossRef] [PubMed]

6.  Williams, G.M,; Iatropoulos, M.; Whysner, J. Safety Assessment of Butylated Hydroxyanisole and Butylated Hydroxytoluene as
Antioxidant Food Additives. Food Chem. Toxicol. 1999, 37, 1027-1038. [CrossRef]

7. Adolfsson-Erici, M.; Pettersson, M.; Parkkonen, J.; Sturve, J. Triclosan, a Commonly Used Bactericide Found in Human Milk and
in the Aquatic Environment in Sweden. Chemosphere 2002, 46, 1485-1489. [CrossRef]

8.  Cammack, R; Joannou, C.; Cui, X.-Y.; Martinez, C.T.; Maraj, S.R.; Hughes, M.N. Nitrite and Nitrosyl Compounds in Food
Preservation. Biochim. Biophys. Acta (BBA)-Bioenerg. 1999, 1411, 475-488. [CrossRef]

9.  Tavares, R.S.; Martins, F.C.; Oliveira, PJ.; Ramalho-Santos, ].; Peixoto, F.P. Parabens in Male Infertility—Is There a Mitochondrial
Connection? Reprod. Toxicol. 2009, 27, 1-7. [CrossRef] [PubMed]

10. Vally, H.; Misso, N.L.; Madan, V. Clinical Effects of Sulphite Additives. Clin. Exp. Allergy 2009, 39, 1643-1651. [CrossRef]

11.  Gultekin, F; Doguc, D.; Husamettin, V.; Taysi, E. The Effects of Food and Food Additives on Behaviors. Int. |. Health Nutr. 2013, 4,
21-32.

12.  Martyn, D.M.; McNulty, B.A.; Nugent, A.P.; Gibney, M.]. Food Additives and Preschool Children. Proc. Nutr. Soc. 2013, 72,
109-116. [CrossRef] [PubMed]

13. Devcich, D.A.; Pedersen, LK.; Petrie, K.J. You Eat What You Are: Modern Health Worries and the Acceptance of Natural and
Synthetic Additives in Functional Foods. Appetite 2007, 48, 333-337. [CrossRef] [PubMed]

14. Yadav, B.; Roopesh, M. Synergistically Enhanced Salmonella Typhimurium Reduction by Sequential Treatment of Organic Acids
and Atmospheric Cold Plasma and the Mechanism Study. Food Microbiol. 2021, 104, 103976. [CrossRef]

15. Rathod, N.B.; Ranveer, R.C.; Benjakul, S.; Kim, S.-K.; Pagarkar, A.U.; Patange, S.; Ozogul, F. Recent Developments of Natural
Antimicrobials and Antioxidants on Fish and Fishery Food Products. Compr. Rev. Food Sci. Food Saf. 2021, 20, 4182—4210.
[CrossRef]

16. Wiernasz, N.; Leroi, F,; Chevalier, E; Cornet, J.; Cardinal, M.; Rohloff, ]J.; Passerini, D.; Skirnisdéttir, S.; Pilet, M.-F. Salmon Gravlax
Biopreservation with Lactic Acid Bacteria: A Polyphasic Approach to Assessing the Impact on Organoleptic Properties, Microbial
Ecosystem and Volatilome Composition. Front. Microbiol. 2020, 10, 3103. [CrossRef] [PubMed]

17.  Rathod, N.B.; Phadke, G.G.; Tabanelli, G.; Mane, A.; Ranveer, R.C.; Pagarkar, A.; Ozogul, F. Recent Advances in Bio-Preservatives
Impacts of Lactic Acid Bacteria and Their Metabolites on Aquatic Food Products. Food Biosci. 2021, 44, 101440. [CrossRef]

18. Agagtindiiz, D.; Yilmaz, B.; Sahin, T.O.; Giinesliol, B.E.; Ayten, S.; Russo, P.; Spano, G.; Rocha, ].M.; Bartkiene, E.; Ozogul, E

Dairy Lactic Acid Bacteria and Their Potential Function in Dietetics: The Food-Gut-Health Axis. Foods 2021, 10, 3099. [CrossRef]
[PubMed]


http://doi.org/10.3390/antibiotics8040208
http://doi.org/10.15406/mojfpt.2018.06.00180
http://doi.org/10.1007/s13205-016-0586-4
http://doi.org/10.3390/ijms18010096
http://www.ncbi.nlm.nih.gov/pubmed/28067795
http://doi.org/10.1016/S0278-6915(99)00085-X
http://doi.org/10.1016/S0045-6535(01)00255-7
http://doi.org/10.1016/S0005-2728(99)00033-X
http://doi.org/10.1016/j.reprotox.2008.10.002
http://www.ncbi.nlm.nih.gov/pubmed/19007877
http://doi.org/10.1111/j.1365-2222.2009.03362.x
http://doi.org/10.1017/S0029665112002935
http://www.ncbi.nlm.nih.gov/pubmed/23336563
http://doi.org/10.1016/j.appet.2006.09.014
http://www.ncbi.nlm.nih.gov/pubmed/17137678
http://doi.org/10.1016/j.fm.2021.103976
http://doi.org/10.1111/1541-4337.12787
http://doi.org/10.3389/fmicb.2019.03103
http://www.ncbi.nlm.nih.gov/pubmed/32038547
http://doi.org/10.1016/j.fbio.2021.101440
http://doi.org/10.3390/foods10123099
http://www.ncbi.nlm.nih.gov/pubmed/34945650

Microorganisms 2022, 10, 773 19 of 24

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.
34.

35.

36.

37.

38.

39.

40.
41.

42.
43.

44.

45.

46.
47.

Bartkiene, E.; Lele, V.; Ruzauskas, M.; Domig, K.J.; Starkute, V.; Zavistanaviciute, P.; Bartkevics, V.; Pugajeva, I.; Klupsaite,
D.; Juodeikiene, G.; et al. Lactic Acid Bacteria Isolation from Spontaneous Sourdough and Their Characterization Including
Antimicrobial and Antifungal Properties Evaluation. Microorganisms 2020, 8, 64. [CrossRef] [PubMed]

Trakselyte-Rupsiene, K.; Juodeikiene, G.; Alzbergaite, G.; Zadeike, D.; Bartkiene, E.; Ozogul, F.; Ruller, L.; Robert, J.; Rocha, ] M.E.
Bio-Refinery of Plant Drinks Press Cake Permeate Using Ultrafiltration and Lactobacillus fermentation into Antimicrobials and
Its Effect on the Growth of Wheatgrass in Vivo. Food Biosci. 2021, 46, 101427. [CrossRef]

Kuley, E.; Ozyurt, G,; C)zogul, I.; Boga, M.; Akyol, I.; Rocha, ].M.; C)zogul, F. The Role of Selected Lactic Acid Bacteria on Organic
Acid Accumulation during Wet and Spray-Dried Fish-Based Silages. Contributions to the Winning Combination of Microbial
Food Safety and Environmental Sustainability. Microorganisms 2020, 8, 172. [CrossRef] [PubMed]

Novotni, D.; Génzle, M.; Rocha, ]. M. Composition and Activity of Microbiota in Sourdough and Their Effect on Bread Quality
and Safety. Trends Wheat Bread Mak. 2021, 129-172. [CrossRef]

Pacularu-Burada, B.; Georgescu, L.A.; Vasile, M. A ; Rocha, ].M.; Bahrim, G.-E. Selection of Wild Lactic Acid Bacteria Strains as
Promoters of Postbiotics in Gluten-Free Sourdoughs. Microorganisms 2020, 8, 643. [CrossRef] [PubMed]

Pacularu-Burada, B.; Turturica, M.; Rocha, ].M.; Bahrim, G.-E. Statistical Approach to Potentially Enhance the Postbiotication of
Gluten-Free Sourdough. Appl. Sci. 2021, 11, 5306. [CrossRef]

Sharma, N.; Kaur, G.; Khatkar, S.K. Optimization of Emulsification Conditions for Designing Ultrasound Assisted Curcumin
Loaded Nanoemulsion: Characterization, Antioxidant Assay and Release Kinetics. LWT 2021, 141, 110962. [CrossRef]
Zokaityte, E.; Cernauskas, D.; Klupsaite, D.; Lele, V.; Starkute, V.; Zavistanaviciute, P.; Ruzauskas, M.; Gruzauskas, R.; Juodeikiene,
G.; Rocha, ].M.; et al. Bioconversion of Milk Permeate with Selected Lactic Acid Bacteria Strains and Apple By-Products into
Beverages with Antimicrobial Properties and Enriched with Galactooligosaccharides. Microorganisms 2020, 8, 1182. [CrossRef]
Gokoglu, N.; Cengiz, E.; Yerlikaya, P. Determination of the Shelf Life of Marinated Sardine (Sardina pilchardus) Stored at 4 C. Food
Control. 2004, 15, 1-4. [CrossRef]

Nirmal, N.P; Benjakul, S. Effect of Green Tea Extract in Combination with Ascorbic Acid on the Retardation of Melanosis and
Quality Changes of Pacific White Shrimp during Iced Storage. Food Bioprocess Technol. 2012, 5, 2941-2951. [CrossRef]

Amaral, A.B,; Silva, M.V.D.; Lannes, S.C.D.S. Lipid Oxidation in Meat: Mechanisms and Protective Factors—A Review. Food Sci.
Technol. 2018, 38, 1-15. [CrossRef]

Kontominas, M.G.; Badeka, A.V.; Kosma, 1.S.; Nathanailides, C.I. Innovative Seafood Preservation Technologies: Recent Develop-
ments. Animals 2021, 11, 92. [CrossRef]

Mei, J.; Ma, X.; Xie, J. Review on Natural Preservatives for Extending Fish Shelf Life. Foods 2019, 8, 490. [CrossRef] [PubMed]
Vazquez, J.A.; Gonzalez, M.; Murado, M. Effects of Lactic Acid Bacteria Cultures on Pathogenic Microbiota from Fish. Aquaculture
2005, 245, 149-161. [CrossRef]

Taylor, TM.; Doores, S.X. Organic Acids. In Antimicrobials in Food; CRC Press: Boca Raton, FL, USA, 2020; pp. 133-190.
USDA-FSIS. FSIS Directive 7120.1, Revision 56. Safe and Suitable Ingredients Used in the Production of Meat and Poultry, and Egg
Products; USDA-FSIS: Washington, DC, USA, 2019.

Ghanbari, M.; Jami, M.; Domig, K.J.; Kneifel, W. Seafood Biopreservation by Lactic Acid Bacteria—A Review. LWT-Food Sci. Technol.
2013, 54, 315-324. [CrossRef]

EU Commission. Commission Regulation (EU) No 1129/2011 of 11 November 2011 Amending Annex II to Regulation (EC)
No 1333/2008 of the European Parliament and of the Council by Establishing a Union List of Food Additives. Off. ]. Eur. Union L
2011, 295, 1-177. Available online: https://eur-lex.europa.eu/eli/reg/2011/1129/0j (accessed on 14 March 2022).

Food Additives Permitted for Direct Addition to Food for Human Consumption; Bacteriophage Preparation. Available on-
line: https:/ /www.federalregister.gov/documents/2006/08/18/E6-13621/food-additives-permitted-for-direct-addition-to-
food-for-human-consumption-bacteriophage-preparation (accessed on 14 March 2022).

Davidson, PM.; Taylor, T.M.; David, ].R. Antimicrobials in Food; CRC Press: Boca Raton, FL, USA, 2020.

Bou, R.; Claret, A.; Stamatakis, A.; Martinez, B.; Guerrero, L. Quality Changes and Shelf-Life Extension of Ready-to-Eat Fish
Patties by Adding Encapsulated Citric Acid. J. Sci. Food Agric. 2017, 97, 5352-5360. [CrossRef] [PubMed]

USDA; HHS. Dietary Guidelines for Americans, 2020-2025, 9th ed.; USDA: Washington, DC, USA, 2020.

FAO. The State of World Fisheries and Aquaculture 2016. In Contributing to Food Security and Nutrition for All; Food and Agriculture
Organization of the United Nations: Rome, Italy, 2016; p. 200.

Yearbook, F. Fishery and Aquaculture Statistics 2016; FAO: Rome, Italy, 2019.

Zhuang, S.; Hong, H.; Zhang, L.; Luo, Y. Spoilage-Related Microbiota in Fish and Crustaceans during Storage: Research Progress
and Future Trends. Compr. Rev. Food Sci. Food Saf. 2021, 20, 252-288. [CrossRef] [PubMed]

Khalili Tilami, S.; Sampels, S. Nutritional Value of Fish: Lipids, Proteins, Vitamins, and Minerals. Rev. Fish. Sci. Aquac. 2018, 26,
243-253. [CrossRef]

Balami, S.; Sharma, A.; Karn, R. Significance of Nutritional Value of Fish for Human Health. Malays. ]. Halal Res. 2019, 2, 32-34.
[CrossRef]

Erkmen, O.; Bozoglu, T.F. Food Microbiology, 2 Volume Set: Principles into Practice; John Wiley & Sons: Hoboken, NJ, USA, 2016.
Cold Plasma for the Preservation of Aquatic Food Products: An Overview-Rathod-2021-Comprehensive Reviews in Food Science
and Food Safety-Wiley. Available online: https:/ /ift.onlinelibrary.wiley.com/doi/abs/10.1111/1541-4337.12815 (accessed on
14 March 2022).


http://doi.org/10.3390/microorganisms8010064
http://www.ncbi.nlm.nih.gov/pubmed/31905993
http://doi.org/10.1016/j.fbio.2021.101427
http://doi.org/10.3390/microorganisms8020172
http://www.ncbi.nlm.nih.gov/pubmed/31991813
https://doi.org/10.1016/B978-0-12-821048-2.00005-2
http://doi.org/10.3390/microorganisms8050643
http://www.ncbi.nlm.nih.gov/pubmed/32354104
http://doi.org/10.3390/app11115306
http://doi.org/10.1016/j.lwt.2021.110962
http://doi.org/10.3390/microorganisms8081182
http://doi.org/10.1016/S0956-7135(02)00149-4
http://doi.org/10.1007/s11947-010-0483-5
http://doi.org/10.1590/fst.32518
http://doi.org/10.3390/ani11010092
http://doi.org/10.3390/foods8100490
http://www.ncbi.nlm.nih.gov/pubmed/31614926
http://doi.org/10.1016/j.aquaculture.2004.12.008
http://doi.org/10.1016/j.lwt.2013.05.039
https://eur-lex.europa.eu/eli/reg/2011/1129/oj
https://www.federalregister.gov/documents/2006/08/18/E6-13621/food-additives-permitted-for-direct-addition-to-food-for-human-consumption-bacteriophage-preparation
https://www.federalregister.gov/documents/2006/08/18/E6-13621/food-additives-permitted-for-direct-addition-to-food-for-human-consumption-bacteriophage-preparation
http://doi.org/10.1002/jsfa.8424
http://www.ncbi.nlm.nih.gov/pubmed/28497482
http://doi.org/10.1111/1541-4337.12659
http://www.ncbi.nlm.nih.gov/pubmed/33443810
http://doi.org/10.1080/23308249.2017.1399104
http://doi.org/10.2478/mjhr-2019-0012
https://ift.onlinelibrary.wiley.com/doi/abs/10.1111/1541-4337.12815

Microorganisms 2022, 10, 773 20 of 24

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

66.
67.

68.

69.

70.

71.

72.

73.

74.
75.

76.

77.

Rathod, N.B.; Kulawik, P.; Ozogul, Y.; Ozogul, E; Bekhit, A.E.-D.A. Recent Developments in Non-Thermal Processing for Seafood
and Seafood Products: Cold Plasma, Pulsed Electric Field and High Hydrostatic Pressure. Int. |. Food Sci. Technol. 2022, 57,
774-790. [CrossRef]

Bocker, H. JC Ayres, JO Mundt and WE Sandine, Microbiology of Foods. XII+ 708 S., 134 Abb., 66 Table 20 Tafeln. San Francisco 1980;
Wiley Online Library: Hoboken, NJ, USA, 1981.

Shewan, J. The Bacteriology of Fresh and Spoiling Fish and Some Related Chemical Changes. Recent Adv. Food Sci. 1962, 1,
167-193.

LC, N.; Ajani, E.; Bamidele, S. Use of Lactic Acid Bacteria from Nile Tilapia Oreochromis Niloticus as Probiotics for Sustainable
Production and Improvement in Fish Welfare. Isr. J. Aquac.-Bamidgeh 2014, 66, 1-10.

Boziaris, 1.S.; Parlapani, E.F. Specific Spoilage Organisms (SSOs) in Fish. In The Microbiological Quality of Food; Elsevier: Amsterdam,
The Netherlands, 2017; pp. 61-98.

Chen, X.-L.; Wang, Y.; Wang, P.; Zhang, Y.-Z. Proteases from the Marine Bacteria in the Genus Pseudoalteromonas: Diversity,
Characteristics, Ecological Roles, and Application Potentials. Mar. Life Sci. Technol. 2020, 2, 309-323. [CrossRef]

Odeyemi, O.A.; Alegbeleye, O.0.; Strateva, M.; Stratev, D. Understanding Spoilage Microbial Community and Spoilage Mecha-
nisms in Foods of Animal Origin. Compr. Rev. Food Sci. Food Saf. 2020, 19, 311-331. [CrossRef] [PubMed]

Shewan, ].M. The Bacteriology of Fresh and Spoiling Fish and the Biochemical Changes Induced by Bacterial Sections. Sci. Inf.
Database 1977, 36, 328-334.

Al Bulushi, LM.; Poole, S.E.; Barlow, R.; Deeth, H.C.; Dykes, G.A. Speciation of Gram-Positive Bacteria in Fresh and Ambient-
Stored Sub-Tropical Marine Fish. Int. |. Food Microbiol. 2010, 138, 32-38. [CrossRef] [PubMed]

Surendran, P; Joseph, J.; Shenoy, A.; Perigreen, P.; Iyer, K.M.; Gopakumar, K. Studies of Spoilage of Commercially Important
Tropical Fishes under Iced Storage. Fish. Res. 1989, 7, 1-9. [CrossRef]

Houicher, A.; Bensid, A.; Regenstein, ].M.; Ozogul, F. Control of Biogenic Amine Production and Bacterial Growth in Fish and
Seafood Products Using Phytochemicals as Biopreservatives: A Review. Food Biosci. 2021, 39, 100807. [CrossRef]

Fujioka, R.S.; Tenno, K.; Kansako, S. Naturally Occurring Fecal Coliforms and Fecal Streptococci in Hawaii’s Freshwater Streams.
Toxic. Assess. 1988, 3, 613-630. [CrossRef]

Dalgaard, P.; Madsen, H.; Samieian, N.; Emborg, J. Biogenic Amine Formation and Microbial Spoilage in Chilled Garfish (Belone
belone belone)-Effect of Modified Atmosphere Packaging and Previous Frozen Storage. J. Appl. Microbiol. 2006, 101, 80-95.
[CrossRef] [PubMed]

Emborg, J.; Laursen, B.G.; Dalgaard, P. Significant Histamine Formation in Tuna (Thunnus albacares) at 2 C—Effect of Vacuum-and
Modified Atmosphere-Packaging on Psychrotolerant Bacteria. Int. J. Food Microbiol. 2005, 101, 263-279. [CrossRef] [PubMed]
Gram, L.; Dalgaard, P. Fish Spoilage Bacteria-Problems and Solutions. Curr. Opin. Biotechnol. 2002, 13, 262-266. [CrossRef]
Gram, L.; Huss, H.H. Fresh and Processed Fish and Shellfish. In The Microbiological Safety and Quality of Food; Aspen Publishers:
New York, NY, USA, 2000; pp. 472-506.

Pagarkar, A.; Basu, S.; Mitra, A. storage characteristics of fish soya based ready to cook extruded product. Asian J. Microbiol.
Biotechnol. Environ. Sci. 2006, 8, 609.

Venugopal, V. Enzymes from Seafood Processing Waste and Their Applications in Seafood Processing. Adv. Food Nutr. Res. 2016,
78, 47-69. [PubMed]

Shewan, J. The Microbiology of Sea-Water Fish. Fish Food 1961, 1, 487-560.

Lerke, P; Farber, L.; Adams, R. Bacteriology of Spoilage of Fish Muscle: IV. Role of Protein. Appl. Microbiol. 1967, 15, 770-776.
[CrossRef] [PubMed]

Storroe, I.; Dyrset, N.; Larsen, H. Bacterial Decomposition Offish Stored in Bulk. 2. Enumer. Charact. Anaerob. Ammon.-Prod. Bact.
1975.

Wiernasz, N.; Cornet, J.; Cardinal, M.; Pilet, M.-F.; Passerini, D.; Leroi, F. Lactic Acid Bacteria Selection for Biopreservation as a
Part of Hurdle Technology Approach Applied on Seafood. Front. Mar. Sci. 2017, 4, 119. [CrossRef]

Ng, Z.].; Zarin, M.A.; Lee, CK,; Tan, ].S. Application of Bacteriocins in Food Preservation and Infectious Disease Treatment for
Humans and Livestock: A Review. RSC Adv. 2020, 10, 38937-38964. [CrossRef]

Darbandi, A.; Asadi, A.; Mahdizade Ari, M.; Ohadi, E.; Talebi, M.; Halaj Zadeh, M.; Darb Emamie, A.; Ghanavati, R.; Kakanj, M.
Bacteriocins: Properties and Potential Use as Antimicrobials. J. Clin. Lab. Anal. 2022, 36, €24093. [CrossRef]

Kaya, H.I; Ozel, B.; Simsek, O. A Natural Way of Food Preservation: Bacteriocins and Their Applications. In Health and Safety
Aspects of Food Processing Technologies; Springer: Berlin/Heidelberg, Germany, 2019; pp. 633-659.

Sharma, G.; Dang, S.; Gupta, S.; Gabrani, R. Antibacterial Activity, Cytotoxicity, and the Mechanism of Action of Bacteriocin from
Bacillus subtilis GAS101. Med. Princ. Pract. 2018, 27, 186-192. [CrossRef]

YALCIN, H.; Usti'mdag, H. Bacteriocins and Their Use in Food Products. Mehmet Akif Ersoy Univ. ]. Health Sci. Inst. 2017, 5, 53-65.
Punyauppa-path, S.; Phumkhachorn, P; Rattanachaikunsopon, P. Nisin: Production and Mechanism of Antimicrobial Action. Int.
J. Curr. Res. Rev. 2015, 7, 47.

Maryam, H.; Magsood, S.; Farooq, U. Bacteriocins: A Novel Weapon against Emerging Resistance. Saudi |. Pathol. Microbiol. 2017,
2,220-227.

Bachmann, D.E.C.; Leroy, E. Use of Bioprotective Cultures in Fish Products. Curr. Opin. Food Sci. 2015, 6, 19-23. [CrossRef]


http://doi.org/10.1111/ijfs.15392
http://doi.org/10.1007/s42995-020-00058-8
http://doi.org/10.1111/1541-4337.12526
http://www.ncbi.nlm.nih.gov/pubmed/33325162
http://doi.org/10.1016/j.ijfoodmicro.2009.11.021
http://www.ncbi.nlm.nih.gov/pubmed/20110133
http://doi.org/10.1016/0165-7836(89)90002-7
http://doi.org/10.1016/j.fbio.2020.100807
http://doi.org/10.1002/tox.2540030514
http://doi.org/10.1111/j.1365-2672.2006.02905.x
http://www.ncbi.nlm.nih.gov/pubmed/16834594
http://doi.org/10.1016/j.ijfoodmicro.2004.12.001
http://www.ncbi.nlm.nih.gov/pubmed/15925710
http://doi.org/10.1016/S0958-1669(02)00309-9
http://www.ncbi.nlm.nih.gov/pubmed/27452165
http://doi.org/10.1128/am.15.4.770-776.1967
http://www.ncbi.nlm.nih.gov/pubmed/6049302
http://doi.org/10.3389/fmars.2017.00119
http://doi.org/10.1039/D0RA06161A
http://doi.org/10.1002/jcla.24093
http://doi.org/10.1159/000487306
http://doi.org/10.1016/j.cofs.2015.11.009

Microorganisms 2022, 10, 773 21 of 24

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Anandharaj, M.; Rani, R.P.; Swain, M.R. Probioactives: Bacteriocin and Exopolysaccharides. In Advances in Probiotics; Elsevier:
Amsterdam, The Netherlands, 2021; pp. 293-308.

O’Connor, PM.; Kuniyoshi, T.M.; Oliveira, R.P; Hill, C.; Ross, R.P,; Cotter, P.D. Antimicrobials for Food and Feed; a Bacteriocin
Perspective. Curr. Opin. Biotechnol. 2020, 61, 160-167. [CrossRef] [PubMed]

Nirmal, N.P;; Santivarangkna, C. Bio-Preservation of Dairy Products: A Non-Thermal Processing and Preservation Approach for
Shelf-Life Extension of Dairy Products. In Non-Thermal Processing Technologies for the Dairy Industry; CRC Press: Boca Raton, FL,
USA, 2021; pp. 111-126.

Stupar, J.; Holeymoen, 1.G.; Hoel, S; Lerfall, J.; Rustad, T.; Jakobsen, A.N. Diversity and Antimicrobial Activity towards Listeria
spp. and Escherichia coli among Lactic Acid Bacteria Isolated from Ready-to-Eat Seafood. Foods 2021, 10, 271. [CrossRef]
Gharsallaoui, A.; Oulahal, N.; Joly, C.; Degraeve, P. Nisin as a Food Preservative: Part 1: Physicochemical Properties, Antimicrobial
Activity, and Main Uses. Crit. Rev. Food Sci. Nutr. 2016, 56, 1262-1274. [CrossRef] [PubMed]

Chatzidaki, M.D.; Balkiza, F.; Gad, E.; Alexandraki, V.; Avramiotis, S.; Georgalaki, M.; Papadimitriou, V.; Tsakalidou, E,;
Papadimitriou, K.; Xenakis, A. Reverse Micelles as Nano-Carriers of Nisin against Foodborne Pathogens. Part II: The Case of
Essential Oils. Food Chem. 2019, 278, 415-423. [CrossRef] [PubMed]

Kakatkar, A.S.; Gautam, R K.; Shashidhar, R. Combination of Glazing, Nisin Treatment and Radiation Processing for Shelf-Life
Extension of Seer Fish (Scomberomorous guttatus) Steaks. Radiat. Phys. Chem. 2017, 130, 303-305. [CrossRef]

Lebow, N.K.; DesRocher, L.D.; Younce, FEL.; Zhu, M.-].; Ross, C.E; Smith, D.M. Influence of High-Pressure Processing at Low
Temperature and Nisin on Listeria Innocua Survival and Sensory Preference of Dry-Cured Cold-Smoked Salmon. J. Food Sci.
2017, 82, 2977-2986. [CrossRef] [PubMed]

Sofra, C.; Tsironi, T.; Taoukis, P.S. Modeling the Effect of Pre-Treatment with Nisin Enriched Osmotic Solution on the Shelf Life of
Chilled Vacuum Packed Tuna. . Food Eng. 2018, 216, 125-131. [CrossRef]

Wu, T.; Wu, C,; Fang, Z.; Ma, X.; Chen, S.; Hu, Y. Effect of Chitosan Microcapsules Loaded with Nisin on the Preservation of Small
Yellow Croaker. Food Control 2017, 79, 317-324. [CrossRef]

Yang, A.; Cheng, E; Tong, P.; Chen, H. Effect of Tea Polyphenol and Nisin on the Quality of Tortoise (Trachemys scripta elegans)
Meat during Chilled Storage. J. Food Process. Preserv. 2017, 41, e13308. [CrossRef]

Hui, G.; Liu, W.; Feng, H.; Li, ].; Gao, Y. Effects of Chitosan Combined with Nisin Treatment on Storage Quality of Large Yellow
Croaker (Pseudosciaena crocea). Food Chem. 2016, 203, 276-282. [CrossRef] [PubMed]

Woraprayote, W.; Pumpuang, L.; Tosukhowong, A.; Zendo, T.; Sonomoto, K.; Benjakul, S.; Visessanguan, W. Antimicrobial
Biodegradable Food Packaging Impregnated with Bacteriocin 7293 for Control of Pathogenic Bacteria in Pangasius Fish Fillets.
LWT 2018, 89, 427-433. [CrossRef]

Kim, H.-J.; Lee, N.-K.; Cho, 5.-M.; Kim, K.-T.; Paik, H.-D. Inhibition of Spoilage and Pathogenic Bacteria by Lacticin NK24, a
Bacteriocin Produced by Lactococcus lactis NK24 from Fermented Fish Food. Korean J. Food Sci. Technol. 1999, 31, 1035-1043.
Kim, Y.-M,; Paik, H.-D,; Lee, D.-S. Shelf-Life Characteristics of Fresh Oysters and Ground Beef as Affected by Bacteriocin-Coated
Plastic Packaging Film. . Sci. Food Agric. 2002, 82, 998-1002. [CrossRef]

Komora, N.; Maciel, C.; Pinto, C.A; Ferreira, V.; Brandao, T.R.; Saraiva, ].M.; Castro, S.M.; Teixeira, P. Non-Thermal Approach to
Listeria Monocytogenes Inactivation in Milk: The Combined Effect of High Pressure, Pediocin PA-1 and Bacteriophage P100.
Food Microbiol. 2020, 86, 103315. [CrossRef]

Hwanhlem, N.; Aran, H. Biopreservation of Seafood by Using Bacteriocins and Bacteriocinogenic Lactic Acid Bacteria as Potential
Bio-Control Agents. Benef. Microorg. Agric. Aquac. Other Areas 2015, 29, 183-213.

Zhu, L.; Zeng, ].; Wang, C.; Wang, J. Structural Basis of Pore Formation in the Mannose Phosphotransferase System (Man-PTS) by
Pediocin PA-1. Appl. Environ. Microbiol. 2021, 88, AEM-01992.

Pinto, A.L.; Fernandes, M.; Pinto, C.; Albano, H.; Castilho, F.; Teixeira, P.; Gibbs, P.A. Characterization of Anti-Listeria Bacteriocins
Isolated from Shellfish: Potential Antimicrobials to Control Non-Fermented Seafood. Int. |. Food Microbiol. 2009, 129, 50-58.
[CrossRef] [PubMed]

Yin, L.-].; Wu, C.-W,; Jiang, S.-T. Biopreservative Effect of Pediocin ACCEL on Refrigerated Seafood. Fish. Sci. 2007, 73, 907-912.
[CrossRef]

Sarika, A.; Lipton, A.P.; Aishwarya, M. Biopreservative Efficacy of Bacteriocin GP1 of Lactobacillus rhamnosus GP1 on Stored Fish
Filets. Front. Nutr. 2019, 6, 29. [CrossRef]

Behnam, S.; Anvari, M.; Rezaei, M.; Soltanian, S.; Safari, R. Effect of Nisin as a Biopreservative Agent on Quality and Shelf Life of
Vacuum Packaged Rainbow Trout (Oncorhynchus mykiss) Stored at 4 °C. J. Food Sci. Technol. 2015, 52, 2184-2192. [CrossRef]

Mei, J.; Shen, Y.; Liu, W.; Lan, W.; Li, N; Xie, J. Effectiveness of Sodium Alginate Active Coatings Containing Bacteriocin EFL4 for
the Quality Improvement of Ready-to-Eat Fresh Salmon Fillets during Cold Storage. Coatings 2020, 10, 506. [CrossRef]

Fahim, H.A.; Khairalla, A.S.; El-Gendy, A.O. Nanotechnology: A Valuable Strategy to Improve Bacteriocin Formulations. Front.
Microbiol. 2016, 7, 1385. [CrossRef] [PubMed]

Montiel, R.; Martin-Cabrejas, I.; Langa, S.; El Aouad, N.; Arqués, J.; Reyes, F; Medina, M. Antimicrobial Activity of Reuterin
Produced by Lactobacillus Reuteri on Listeria Monocytogenes in Cold-Smoked Salmon. Food Microbiol. 2014, 44, 1-5. [CrossRef]
Fu, L.; Wang, C.; Ruan, X;; Li, G.; Zhao, Y.; Wang, Y. Preservation of Large Yellow Croaker (Pseudosciaena crocea) by Coagulin
L1208, a Novel Bacteriocin Produced by Bacillus coagulans 1L1208. Int. ]. Food Microbiol. 2018, 266, 60—68. [CrossRef] [PubMed]


http://doi.org/10.1016/j.copbio.2019.12.023
http://www.ncbi.nlm.nih.gov/pubmed/31968296
http://doi.org/10.3390/foods10020271
http://doi.org/10.1080/10408398.2013.763765
http://www.ncbi.nlm.nih.gov/pubmed/25675115
http://doi.org/10.1016/j.foodchem.2018.11.078
http://www.ncbi.nlm.nih.gov/pubmed/30583392
http://doi.org/10.1016/j.radphyschem.2016.09.017
http://doi.org/10.1111/1750-3841.13957
http://www.ncbi.nlm.nih.gov/pubmed/29083492
http://doi.org/10.1016/j.jfoodeng.2017.08.014
http://doi.org/10.1016/j.foodcont.2017.04.016
http://doi.org/10.1111/jfpp.13308
http://doi.org/10.1016/j.foodchem.2016.01.122
http://www.ncbi.nlm.nih.gov/pubmed/26948615
http://doi.org/10.1016/j.lwt.2017.10.026
http://doi.org/10.1002/jsfa.1125
http://doi.org/10.1016/j.fm.2019.103315
http://doi.org/10.1016/j.ijfoodmicro.2008.11.005
http://www.ncbi.nlm.nih.gov/pubmed/19081155
http://doi.org/10.1111/j.1444-2906.2007.01413.x
http://doi.org/10.3389/fnut.2019.00029
http://doi.org/10.1007/s13197-013-1241-2
http://doi.org/10.3390/coatings10060506
http://doi.org/10.3389/fmicb.2016.01385
http://www.ncbi.nlm.nih.gov/pubmed/27695440
http://doi.org/10.1016/j.fm.2014.05.006
http://doi.org/10.1016/j.ijfoodmicro.2017.11.012
http://www.ncbi.nlm.nih.gov/pubmed/29179097

Microorganisms 2022, 10, 773 22 of 24

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Delcarlo, S.B.; Parada, R.; Schelegueda, L.I; Vallejo, M.; Marguet, E.R.; Campos, C.A. From the Isolation of Bacteriocinogenic LAB
Strains to the Application for Fish Paste Biopreservation. LWT 2019, 110, 239-246. [CrossRef]

Pérez-Arauz, A.-O.; Rodriguez-Hernandez, A.-1.; del Rocio Lopez-Cuellar, M.; Martinez-Judrez, V.-M.; Chavarria-Hernandez, N.
Films Based on Pectin, Gellan, EDTA, and Bacteriocin-like Compounds Produced by Streptococcus infantarius for the Bacterial
Control in Fish Packaging. J. Food Process. Preserv. 2021, 45, €15006. [CrossRef]

Di Toro, J.; Branciari, R.; Roila, R.; Altissimi, S.; Jang, H.; Zhou, K.; Perucci, S.; Codini, M.; Ranucci, D. Eficacy of an Aromatic
Vinegar in Reducing Psychrotrophic Bacteria and Biogenic Amines in Salmon Fillets (Salmo salar) Stored in Modified Atmosphere
Packaging. Pol. ]. Food Nutr. Sci. 2019, 69, 397—405. [CrossRef]

Garcia-Soto, B.; Fernandez-No, I.C.; Barros-Velazquez, J.; Aubourg, S.P. Use of Citric and Lactic Acids in Ice to Enhance Quality of
Two Fish Species during On-Board Chilled Storage. Int. |. Refrig. 2014, 40, 390-397. [CrossRef]

Monirul, I; Yang, F.; Niaz, M.; Qixing, J.; Wenshui, X. Effectiveness of Combined Acetic Acid and Ascorbic Acid Spray on Fresh
Silver Carp (Hypophthalmichthys molitrix) Fish to Increase Shelf-Life at Refrigerated Temperature. Curr. Res. Nutr. Food Sci. ]. 2019,
7,415-426. [CrossRef]

El-Shemy, M.; Yasin, N.M.; Gadallah, M.; Hanafi, E. Microbiological Quality and Enzymes Activity of Refrigerated Bolti Fish
(Tilapia nilotica) Pretreated with Organic Acids. J. Agric. Vet. Sci. 2016, 267, 1-14. [CrossRef]

Kin, S.; Schilling, M.W.; Smith, B.S,; Silva, J.L.; Kim, T.; Pham, A.]J.; Campano, S.G. Potassium Acetate and Potassium Lactate
Enhance the Microbiological and Physical Properties of Marinated Catfish Fillets. J. Food Sci. 2011, 76, S242-S250. [CrossRef]
[PubMed]

Rey, M.S.; Garcia-Soto, B.; Fuertes-Gamundi, J.R.; Aubourg, S.; Barros-Veldzquez, J. Effect of a Natural Organic Acid-Icing
System on the Microbiological Quality of Commercially Relevant Chilled Fish Species. LWT-Food Sci. Technol. 2012, 46, 217-223.
[CrossRef]

Antimicrobial and Antioxidant Effects of Sodium Acetate, Sodium Lactate, and Sodium Citrate in Refrigerated Sliced
Salmon-ScienceDirect. Available online: https://www.sciencedirect.com/science/article/pii/S0956713506000247 (accessed on
14 March 2022).

Napolean, J.; Leny, C. A Study of Antimicrobial Effects of Reuterin by Lactobacillus reuteri DSM 17938 on Escherichia coli. 1970.
Available online: http://lup.lub.lu.se/student-papers/record /8996582 (accessed on 14 March 2022).

Garde, S.; Gomez-Torres, N.; Hernandez, M.; Avila, M. Susceptibility of Clostridium Perfringens to Antimicrobials Produced by
Lactic Acid Bacteria: Reuterin and Nisin. Food Control 2014, 44, 22-25. [CrossRef]

Vollenweider, S.; Lacroix, C. 3-Hydroxypropionaldehyde: Applications and Perspectives of Biotechnological Production. Appl.
Microbiol. Biotechnol. 2004, 64, 16-27. [CrossRef] [PubMed]

Soltani, S.; Couture, F; Boutin, Y.; Said, L.B.; Cashman-Kadri, S.; Subirade, M.; Biron, E.; Fliss, I. In Vitro Investigation of
Gastrointestinal Stability and Toxicity of 3-Hyrdoxypropionaldehyde (Reuterin) Produced by Lactobacillus Reuteri. Toxicol. Rep.
2021, 8, 740-746. [CrossRef] [PubMed]

Montiel, R.; Martin-Cabrejas, I.; Medina, M. Reuterin, Lactoperoxidase, Lactoferrin and High Hydrostatic Pressure on the
Inactivation of Food-Borne Pathogens in Cooked Ham. Food Control 2015, 51, 122-128. [CrossRef]

Angiolillo, L.; Conte, A.; Del Nobile, M. A New Method to Bio-Preserve Sea Bass Fillets. Int. ]. Food Microbiol. 2018, 271, 60-66.
[CrossRef] [PubMed]

Montiel, R.; Martin-Cabrejas, I.; Gaya, P.; Medina, M. Reuterin and High Hydrostatic Pressure Treatments on the Inactivation of
Listeria Monocytogenes and Effect on the Characteristics of Cold-Smoked Salmon. Food Bioprocess Technol. 2014, 7, 2319-2329.
[CrossRef]

Angiolillo, L.; Conte, A.; Del Nobile, M.A. Microencapsulated Lactobacillus Reuteri Combined with Modified Atmosphere as a
Way to Improve Tuna Burger Shelf Life. Int. J. Food Sci. Technol. 2017, 52, 1576-1584. [CrossRef]

Martinez, B.; Garcia, P.; Rodriguez, A. Swapping the Roles of Bacteriocins and Bacteriophages in Food Biotechnology. Curr. Opin.
Biotechnol. 2019, 56, 1-6. [CrossRef]

Carvalho, C.; Costa, A.R; Silva, E; Oliveira, A. Bacteriophages and Their Derivatives for the Treatment and Control of Food-
Producing Animal Infections. Crit. Rev. Microbiol. 2017, 43, 583-601. [CrossRef]

Kim, H.-J.; Kim, Y.-T.; Kim, H.B.; Choi, S.H.; Lee, J.-H. Characterization of Bacteriophage VVP001 and Its Application for the
Inhibition of Vibrio vulnificus Causing Seafood-Borne Diseases. Food Microbiol. 2021, 94, 103630. [CrossRef]

Chang, Y. Bacteriophage-Derived Endolysins Applied as Potent Biocontrol Agents to Enhance Food Safety. Microorganisms 2020,
8, 724. [CrossRef] [PubMed]

Lasagabaster, A.; Jiménez, E.; Lehnherr, T.; Miranda-Cadena, K.; Lehnherr, H. Bacteriophage Biocontrol to Fight Listeria Outbreaks
in Seafood. Food Chem. Toxicol. 2020, 145, 111682. [CrossRef] [PubMed]

Loessner, M.]. Bacteriophage Endolysins—Current State of Research and Applications. Curr. Opin. Microbiol. 2005, 8, 480-487.
[CrossRef]

Ahmadi, H.; Anany, H.; Walkling-Ribeiro, M.; Griffiths, M. Biocontrol of Shigella Flexneri in Ground Beef and Vibrio Cholerae in
Seafood with Bacteriophage-Assisted High Hydrostatic Pressure (HHP) Treatment. Food Bioprocess Technol. 2015, 8, 1160-1167.
[CrossRef]

Zulkarneev, E.; Aleshkin, A ; Kiseleva, I.; Rubalsky, E.; Rubalsky, O. Bacteriophage Cocktail Effectively Prolonging the Shelf-Life
of Chilled Fish. Bull. Exp. Biol. Med. 2019, 167, 818-822. [CrossRef]


http://doi.org/10.1016/j.lwt.2019.04.079
http://doi.org/10.1111/jfpp.15006
http://doi.org/10.31883/pjfns/112643
http://doi.org/10.1016/j.ijrefrig.2013.12.010
http://doi.org/10.12944/CRNFSJ.7.2.11
http://doi.org/10.12816/0030794
http://doi.org/10.1111/j.1750-3841.2011.02122.x
http://www.ncbi.nlm.nih.gov/pubmed/22417369
http://doi.org/10.1016/j.lwt.2011.10.003
https://www.sciencedirect.com/science/article/pii/S0956713506000247
http://lup.lub.lu.se/student-papers/record/8996582
http://doi.org/10.1016/j.foodcont.2014.03.034
http://doi.org/10.1007/s00253-003-1497-y
http://www.ncbi.nlm.nih.gov/pubmed/14669058
http://doi.org/10.1016/j.toxrep.2021.03.025
http://www.ncbi.nlm.nih.gov/pubmed/33868958
http://doi.org/10.1016/j.foodcont.2014.11.010
http://doi.org/10.1016/j.ijfoodmicro.2018.01.010
http://www.ncbi.nlm.nih.gov/pubmed/29494893
http://doi.org/10.1007/s11947-014-1287-9
http://doi.org/10.1111/ijfs.13430
http://doi.org/10.1016/j.copbio.2018.07.007
http://doi.org/10.1080/1040841X.2016.1271309
http://doi.org/10.1016/j.fm.2020.103630
http://doi.org/10.3390/microorganisms8050724
http://www.ncbi.nlm.nih.gov/pubmed/32413991
http://doi.org/10.1016/j.fct.2020.111682
http://www.ncbi.nlm.nih.gov/pubmed/32805341
http://doi.org/10.1016/j.mib.2005.06.002
http://doi.org/10.1007/s11947-015-1471-6
http://doi.org/10.1007/s10517-019-04630-w

Microorganisms 2022, 10, 773 23 of 24

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.
145.

146.

147.

148.

149.

150.

151.

152.

153.

Galarce, N.E.; Bravo, J.L.; Robeson, ].P,; Borie, C.F. Bacteriophage Cocktail Reduces Salmonella Enterica Serovar Enteritidis Counts
in Raw and Smoked Salmon Tissues. Rev. Argent. Microbiol. 2014, 46, 333-337. [CrossRef]

Dewanggana, M.N.; Evangeline, C.; Ketty, M.D.; Waturangi, D.E.; Magdalena, S. Isolation, Characterization, Molecular Analysis
and Application of Bacteriophage DW-EC to Control Enterotoxigenic Escherichia coli on Various Foods. Sci. Rep. 2022, 12, 495.
[CrossRef] [PubMed]

Miguéis, S.; Saraiva, C.; Esteves, A. Efficacy of LISTEX P100 at Different Concentrations for Reduction of Listeria monocytogenes
Inoculated in Sashimi. J. Food Prot. 2017, 80, 2094-2098. [CrossRef]

Soni, K.A.; Nannapaneni, R.; Hagens, S. Reduction of Listeria monocytogenes on the Surface of Fresh Channel Catfish Fillets by
Bacteriophage Listex P100. Foodborne Pathog. Dis. 2010, 7, 427-434. [CrossRef] [PubMed]

Lewis, R.; Bolocan, A.S.; Draper, L.A ; Ross, R.P; Hill, C. The Effect of a Commercially Available Bacteriophage and Bacteriocin
on Listeria monocytogenes in Coleslaw. Viruses 2019, 11, 977. [CrossRef]

Kazanaviciateé, V.; Misitinas, A.; Gleba, Y.; Giritch, A.; Razanskiené, A. Plant-Expressed Bacteriophage Lysins Control Pathogenic
Strains of Clostridium Perfringens. Sci. Rep. 2018, 8, 10589. [CrossRef]

Misiou, O.; van Nassau, T.J.; Lenz, C.A.; Vogel, R.E. The Preservation of Listeria-Critical Foods by a Combination of Endolysin
and High Hydrostatic Pressure. Int. J. Food Microbiol. 2018, 266, 355-362. [CrossRef]

Taylor, T.M.; Ravishankar, S.; Bhargava, K.; Juneja, V.K. Chemical Preservatives and Natural Food Antimicrobials. In Food
Microbiology: Fundamentals and Frontiers; Wiley: Hoboken, NJ, USA, 2019; pp. 705-731. Available online: https:/ /onlinelibrary.
wiley.com/doi/abs/10.1128/9781555819972.ch27 (accessed on 14 March 2022).

Geng, P; Zhang, L.; Shi, G.Y. Omics Analysis of Acetic Acid Tolerance in Saccharomyces Cerevisiae. World J. Microbiol. Biotechnol.
2017, 33, 94. [CrossRef]

Nemes, D.; Kovacs, R.; Nagy, F; Téth, Z.; Herczegh, P,; Borbas, A.; Kelemen, V.; Pfliegler, W.P.; Rebenku, I.; Hajdu, P.B.; et al.
Comparative Biocompatibility and Antimicrobial Studies of Sorbic Acid Derivates. Eur. J. Pharm. Sci. 2020, 143, 105162. [CrossRef]
Baptista, R.C.; Horita, C.N.; Sant’Ana, A.S. Natural Products with Preservative Properties for Enhancing the Microbiological
Safety and Extending the Shelf-Life of Seafood: A Review. Food Res. Int. 2020, 127, 108762. [CrossRef]

Smyth, C.; Brunton, N.P; Fogarty, C.; Bolton, D.J. The Effect of Organic Acid, Trisodium Phosphate and Essential Oil Component
Immersion Treatments on the Microbiology of Cod (Gadus morhua) during Chilled Storage. Foods 2018, 7, 200. [CrossRef]
[PubMed]

Mohan, C.; Ravishankar, C.; Kumar, K.A.; Gopal, T.S. Quality and Shelf Life of Sodium-Acetate-Treated Seer Fish (Scomberomorus
commerson) Steaks Packed in EVOH Pouches during Chilled Storage. J. Packag. Technol. Res. 2019, 3, 109-116. [CrossRef]

Saeid Asr, E.; Naghibi, S.; Mojaddar Langroodi, A.; Moghaddas Kia, E.; Meshkini, S.; Ehsani, A. Impact of Carboxymethyl
Cellulose Coating Incorporated with Rosemary Essential Oil And Sodium Acetate on the Quality and Shelf Life of Rainbow Trout
Fillet. J. Aquat. Food Prod. Technol. 2021, 30, 16-30. [CrossRef]

Ahmed, N.S; Dora, K.; Chowdhury, S.; Sarkar, S.; Mishra, R. Effect of Chitosan and Acetic Acid on the Shelf Life of Sea Bass
Fillets Stored at Refrigerated Temperature. J. Appl. Nat. Sci. 2017, 9, 2175-2181. [CrossRef]

Gardner, WH. Acidulants in Food Processing. Handb. Food Addit. 1972, 2, 225pp.

Sanyal, S.; Chatterjee, A. Antimicrobial Action and Biopreservation by Autochthonous Lactic Acid Bacteria of Fish. AZB 2021, 9,
37-44. [CrossRef]

Aymerich, T.; Rodriguez, M.; Garriga, M.; Bover-Cid, S. Assessment of the Bioprotective Potential of Lactic Acid Bacteria against
Listeria Monocytogenes on Vacuum-Packed Cold-Smoked Salmon Stored at 8 °C. Food Microbiol. 2019, 83, 64-70. [CrossRef]
Leroi, F; Cornet, J.; Chevalier, F,; Cardinal, M.; Coeuret, G.; Chaillou, S.; Joffraud, J.-J. Selection of Bioprotective Cultures for
Preventing Cold-Smoked Salmon Spoilage. Int. ]. Food Microbiol. 2015, 213, 79-87. [CrossRef]

Li, J.; Yang, X.; Shi, G.; Chang, J.; Liu, Z.; Zeng, M. Cooperation of Lactic Acid Bacteria Regulated by the AI-2/LuxS System
Involve in the Biopreservation of Refrigerated Shrimp. Food Res. Int. 2019, 120, 679-687. [CrossRef]

Saraoui, T.; Cornet, J.; Guillouet, E.; Pilet, M.F,; Chevalier, E; Joffraud, ].-].; Leroi, F. Improving Simultaneously the Quality and
Safety of Cooked and Peeled Shrimp Using a Cocktail of Bioprotective Lactic Acid Bacteria. Int. ]. Food Microbiol. 2017, 241, 69-77.
[CrossRef] [PubMed]

Gomez-Sala, B.; Herranz, C.; Diaz-Freitas, B.; Hernandez, P.E.; Sala, A.; Cintas, L.M. Strategies to Increase the Hygienic and
Economic Value of Fresh Fish: Biopreservation Using Lactic Acid Bacteria of Marine Origin. Int. ]. Food Microbiol. 2016, 223, 41-49.
[CrossRef] [PubMed]

Ladha, G.; Jeevaratnam, K. Characterization of Purified Antimicrobial Peptide Produced by Pediococcus pentosaceus LJR1, and Its
Application in Preservation of White Leg Shrimp. World ]. Microbiol. Biotechnol. 2020, 36, 72. [CrossRef] [PubMed]

Lv, X;; Du, J.; Jie, Y.; Zhang, B.; Bai, F; Zhao, H.; Li, J. Purification and Antibacterial Mechanism of Fish-Borne Bacteriocin and
Its Application in Shrimp (Penaeus vannamei) for Inhibiting Vibrio parahaemolyticus. World J. Microbiol. Biotechnol. 2017, 33, 156.
[CrossRef] [PubMed]

Bolivar, A.; Tarlak, F; Costa, ].C.C.P; Cejudo-Goémez, M.; Bover-Cid, S.; Zurera, G.; Pérez-Rodriguez, F. A New Expanded
Modelling Approach for Investigating the Bioprotective Capacity of Latilactobacillus sakei CTC494 against Listeria monocytogenes in
Ready-to-Eat Fish Products. Food Res. Int. 2021, 147, 110545. [CrossRef] [PubMed]


http://doi.org/10.1016/S0325-7541(14)70092-6
http://doi.org/10.1038/s41598-021-04534-8
http://www.ncbi.nlm.nih.gov/pubmed/35017610
http://doi.org/10.4315/0362-028X.JFP-17-098
http://doi.org/10.1089/fpd.2009.0432
http://www.ncbi.nlm.nih.gov/pubmed/19958102
http://doi.org/10.3390/v11110977
http://doi.org/10.1038/s41598-018-28838-4
http://doi.org/10.1016/j.ijfoodmicro.2017.10.004
https://onlinelibrary.wiley.com/doi/abs/10.1128/9781555819972.ch27
https://onlinelibrary.wiley.com/doi/abs/10.1128/9781555819972.ch27
http://doi.org/10.1007/s11274-017-2259-9
http://doi.org/10.1016/j.ejps.2019.105162
http://doi.org/10.1016/j.foodres.2019.108762
http://doi.org/10.3390/foods7120200
http://www.ncbi.nlm.nih.gov/pubmed/30544776
http://doi.org/10.1007/s41783-019-00059-8
http://doi.org/10.1080/10498850.2020.1850586
http://doi.org/10.31018/jans.v9i4.1506
http://doi.org/10.13189/azb.2021.090201
http://doi.org/10.1016/j.fm.2019.04.011
http://doi.org/10.1016/j.ijfoodmicro.2015.05.005
http://doi.org/10.1016/j.foodres.2018.11.025
http://doi.org/10.1016/j.ijfoodmicro.2016.09.024
http://www.ncbi.nlm.nih.gov/pubmed/27760400
http://doi.org/10.1016/j.ijfoodmicro.2016.02.005
http://www.ncbi.nlm.nih.gov/pubmed/26890359
http://doi.org/10.1007/s11274-020-02847-w
http://www.ncbi.nlm.nih.gov/pubmed/32363424
http://doi.org/10.1007/s11274-017-2320-8
http://www.ncbi.nlm.nih.gov/pubmed/28702797
http://doi.org/10.1016/j.foodres.2021.110545
http://www.ncbi.nlm.nih.gov/pubmed/34399522

Microorganisms 2022, 10, 773 24 of 24

154. Boulares, M.; Ben Moussa, O.; Mankai, M.; Sadok, S.; Hassouna, M. Effects of Lactic Acid Bacteria and Citrus Essential Oil on the
Quality of Vacuum-Packed Sea Bass (Dicentrarchus labrax) Fillets during Refrigerated Storage. J. Aquat. Food Prod. Technol. 2018,
27,698-711. [CrossRef]

155. Nath, S.; Chowdhury, S.; Sarkar, S.; Dora, K. Biopreservation of Horse Mackerel Fillet Using Lactobacillus plantarum (ATCC 8014)
and Lactobacillus sakei (ATCC 15521). Environ. Ecol. 2017, 35, 3126-3130.

156. Vieira, G.R.A.D.S.; Soares, M.; Ramirez, N.C.B.; Schleder, D.D.; da Silva, B.C.; Mourifio, J].L.P.; Andreatta, E.R.; do Nascimento
Vieira, F. Lactic Acid Bacteria Used as Preservative in Fresh Feed for Marine Shrimp Maturation. Pesqui. Agropecudria Bras. 2016,
51, 1799-1805. [CrossRef]


http://doi.org/10.1080/10498850.2018.1484544
http://doi.org/10.1590/s0100-204x2016001100001

	Introduction 
	Microbial Spoilage of Fish and Fishery Products 
	Antimicrobial Mechanism of Microbial Metabolites 
	Bacteriocins 
	Reuterin 
	Bacteriophages and Endolysins 
	Organic Acids 
	Other Metabolites 

	Conclusions 
	References

