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A B S T R A C T   

Listeria monocytogenes is a well-known pathogen responsible for the severe foodborne disease listeriosis. The 
control of L. monocytogenes occurrence in seafood products and seafood processing environments is an important 
challenge for the seafood industry and the public health sector. However, bacteriophage biocontrol shows great 
potential to be used as safety control measure in seafood. This review provides an update on Listeria-specific 
bacteriophages, focusing on their application as a safe and natural strategy to prevent L. monocytogenes 
contamination and growth in seafood products and seafood processing environments. Furthermore, the main 
properties required from bacteriophages intended to be used as biocontrol tools are summarized and emerging 
strategies to overcome the current limitations are considered. Also, major aspects relevant for bacteriophage 
production at industrial scale, their access to the market, as well as the current regulatory status of 
bacteriophage-based solutions for Listeria biocontrol are discussed.   

1. Introduction 

Listeria monocytogenes is a well-known pathogen responsible for 
listeriosis, one of the most serious foodborne diseases. Listeriosis cases 
are generally asymptomatic but could also manifest as febrile gastro
enteritis, meningitis, encephalitis, septicemia or lead to preterm birth 
and spontaneous abortion (Gray and Killinger, 1966; Swaminathan and 
Gerner-Smidt, 2007). The latest European Centre for Disease Prevention 
and Control (ECDC) and European Food Safety Authority (EFSA) annual 
report on zoonoses reported 2549 confirmed cases of listeriosis in the 
European Union (EU) in 2018, with 229 related deaths (case-fatality rate 
of 15.6%) (ECDC/EFSA, 2019a) in at-risk-groups such as elderly people, 
pregnant women, newborns and immunocompromised patients (Muñoz 
et al., 2012; Madjunkov et al., 2017). The increasing trend in the number 
of confirmed cases during recent years (2014–2018) is of major concern 
for the public health sector and the food industry, and it underlines the 
need to improve the control of this pathogen in foods, responsible for ca. 
99% of listeriosis cases (Allen et al.,2016). 

Seafood products have been associated with an increased risk of 
human listeriosis, being the consumption of ‘fish and fishery products’, 
as well as ‘crustaceans, shellfish, molluscs and products thereof’ the 
second and fourth cause, respectively, in the list of strongly-evidenced 
outbreaks that occurred in the EU during the period 2010–2017 

(ECDC/EFSA, 2019a). Different seafood products have been implicated 
in listeriosis outbreaks over time, including raw fish, gravad (sugar-
salted), marinated and other minimally processed fish products, as well 
as Ready-To-Eat (RTE) seafood products (Table 1). Among the 13 
described serotypes of L. monocytogenes, the serotypes 1/2a, 1/2b and 4b 
are involved in more than 95% of listeriosis cases (Orsi et al., 2011) and 
the serotypes 4b and 1/2a are the most frequently isolated ones from 
seafood (Momtaz and Yadollahi, 2013; Gillesberg Lassen et al., 2016). 

Different studies have documented the presence of L. monocytogenes 
in fresh and minimally processed as well as RTE seafood products from 
many countries during the last decades (Table 2). This pathogen can 
reach the seafood products via contaminated raw materials or by cross- 
contamination during different steps of seafood processing (Nakari 
et al., 2014; Skowron et al., 2018). In addition, its biofilm-forming 
ability on food-contact surfaces, equipment, floors and drains, 
together with its high tolerance to disinfectants (Aase et al., 2000; Ortiz 
et al., 2016), are determining factors in the persistence of these bacteria, 
even for years, in food processing facilities. Furthermore, 
L. monocytogenes is able to survive and grow at a wide range of tem
perature (0.4–45 ◦C) and pH (4.7–9.2), high acidic solutions, high salt 
concentrations and under osmotic pressures (Gray and Killinger, 1966; 
Vermeulen et al., 2007; Ribeiro et al., 2014; Orsi and Wiedmann, 2016; 
Zoz et al., 2017). These unique capabilities of L. monocytogenes make it 
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very difficult to eliminate this pathogen from seafood processing 
equipment and environments, therefore increasing the contamination 
risk of the final product. This is particularly important for RTE seafood 
products, as they do not require further treatment or cooking between 
production and consumption. 

The control of L. monocytogenes is, therefore, an important challenge 
for the seafood industry and the public health sector. Innovative stra
tegies, such as bacteriophage-based applications, could contribute to a 
reduction in the occurrence of L. monocytogenes in the food-processing 
environment and the final food product, helping to ensure the safety 
of seafood globally. 

2. Bacteriophage biocontrol 

Bacteriophages, or phages, are viruses able to specifically infect and 
replicate within target bacteria. They are the most abundant organisms 
on Earth with an estimated total number of 1032 phages (Hanlon, 2007) 
and play major ecological roles (Weinbauer, 2004; Ofir and Sorek, 2018; 
Batinovic et al., 2019). Bacteriophages are present in all natural envi
ronments in coexistence with their bacterial hosts (Batinovic et al., 
2019). As in natural environments, bacteriophages are often consumed 
by humans as natural microbiota present in a wide variety of foods, 
including seafood products (Kennedy et al., 1986; Croci et al., 2000; 
Allwood et al., 2004; Atterbury et al., 2005). 

Bacteriophages were independently discovered by William Twort in 
1915 and Felix d’Herelle in 1917, the latter of which was also the first 
one to consider the therapeutic potential of these “bacteria eaters”. They 
were used for therapeutic purposes in the pre-antibiotic era, but upon 
the development of antibiotics in the 1940s the medical use of bacte
riophage was abandoned in western countries (Ofir and Sorek, 2018). 
However, bacteriophage therapy remained an active research topic in 
different parts of the former Soviet Union and Poland. In recent years, 
with the advent of biotechnology and the alarming emergence of anti
biotic resistant bacteria, bacteriophages are being considered as poten
tial antimicrobials for the treatment of bacterial diseases in humans, 
animals and plants (Jamal et al., 2019). Moreover, the use of the 

so-called virulent bacteriophages targeting specific foodborne patho
gens in foods is also increasingly accepted as a natural and green food 
safety strategy usually termed “bacteriophage biocontrol” (Moye et al., 
2018; O’Sullivan et al., 2019). 

The use of bacteriophages as a food safety strategy is desirable since 
they are highly specific towards the pathogen of concern, they are 
harmless to plants, animals and humans, and they do not affect the 
existing commensal microbiota of the host, food and/or the environ
ment, or alter food properties (Harada et al., 2018). Moreover, bacte
riophages are self-replicating and self-limiting, meaning that they do 
only proliferate if there is a suitable host present (Abedon and 
Thomas-Abedon, 2010). 

Bacteriophages are small viruses, ranging in size from 24 to 400 nm 
(Jamal et al., 2019), with a proteinaceous capsid (head) that encapsu
lates their genetic material (single or double stranded RNA or DNA) 
and/or a tail attached to the capsid through a connector. 
Receptor-binding proteins (i.e. fibers and spikes) at the end of the tail, 
are responsible for recognizing specific receptors on the host bacterial 
membrane (Harada et al., 2018). More than 96% of bacteriophages 
belong to the order Caudovirales with an icosahedral capsid containing 
double stranded DNA and a tail (Sharma et al., 2017). They have been 
classified into three families, namely: Myoviridae (long and contractile 
tail), Siphoviridae (long and non-contractile tail) and Podoviridae 
(extremely short and non-contractile tail) (Ackermann, 2007; Nobrega 
et al., 2018). The rest of bacteriophages are cubic, filamentous or 
pleomorphic (Ackermann, 2007). 

According to their life cycle, bacteriophages have been classified into 
virulent or temperate. Virulent bacteriophages displaying lytic life cy
cles are able to take over the metabolic machinery of the host after the 
injection of their own genetic material, eventually leading to the lysis 
and death of the bacterial cell and the release of the bacteriophage 
progeny capable of infecting new hosts and repeating the lytic cycle 
(Batinovic et al., 2019). In contrast, temperate bacteriophages display a 
lysogenic life cycle involving the integration of their genetic material 
into the bacterial chromosome (prophage) and its subsequent passive 
replication as a part of the bacterial genome (Wernicki et al., 2017; 
Batinovic et al., 2019). Temperate bacteriophages can switch to the lytic 
cycle, either spontaneously, or in response to cellular internal or 
external triggers of activation (Sharma et al., 2017; O’Sullivan et al., 
2019). 

Integration of temperate bacteriophages into the host genome ren
ders the bacterial cell resistant to superinfection by the same type of 
temperate bacteriophage. This phenomenon, called immunity or 
homoimmunity (Fogg et al., 2010), is the main reason why only virulent 
bacteriophages are suitable for biocontrol applications. 

3. Listeria specific bacteriophages as biocontrol agents 

3.1. Listeria bacteriophages 

Listeria specific bacteriophages, also called listeriaphages, have been 
isolated mainly from environmental and other non-food sources, 
including faeces, wastewater, abattoir effluents, soil, farms and sewages 
(Kim et al., 2008; Schmuki et al., 2012; Ganegama Arachchi et al., 
2013a; Denes et al., 2014; Lee et al., 2017; Vongkamjan et al., 2017). 
Furthermore, Listeria bacteriophages have also been successfully iso
lated from different food products, including seafood products, in 
studies conducted by our research group (unpublished data). 

More than 500 Listeria bacteriophages have been identified. How
ever, most of them have been reported as temperate bacteriophages and, 
therefore, discarded for biocontrol purposes (Hagens and Loessner, 
2014). Only few virulent bacteriophages, with potential for Listeria 
biocontrol, have been fully characterized at molecular and genomic 
level so far (Roy et al., 1993; Carlton et al., 2005; Hagens and Loessner, 
2010; Schmuki et al., 2012; Zhou et al., 2020). All virulent listeriaphages 
have been reported to be able to infect the major L. monocytogenes 

Table 1 
Seafood products associated with listeriosis outbreaks in different countries.  

Seafood product N◦ of 
listeriosis 
cases (deaths) 

Country References 

Cold-smoked 
salmon, Trout, 
Gravad salmon 

9 Denmark (European Centre for Disease 
Prevention and Control 
ECDC; European Food Safety 
Authorty EFSA, 2019)a 

6 Estonia 
2 Finland 
1 France 
4 Sweden 

Crabmeat 61 UK (Elson et al., 2019)b 

Cold-smoked 
salmon 

6 Denmark (EFSA/ECDC, 2018)c 

5 Germany 
1 France 

Cold-smoked 
salmon 

6 Denmark (Schjørring et al., 2017) 

Cold smoked 
salmon, trout and 
halibut, Gravad 
fish 

20 (7) Denmark (Gillesberg Lassen et al., 
2016)a 

Marinated herring 
cutlet 

8 (1) Germany Aichinger (2010) 

Vacuum-packed 
rainbow trout and 
salmon 

9 (2) Sweden (Tham et al., 2000) 

Vacuum packed fish 10 (4) Finland (Hatakka et al., 2000)  

a Multi-country outbreak, with 5 deaths reported. 
b Two outbreaks included. 
c Multi-country outbreak, with 4 deaths reported. 
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serotypes (1/2a, 1/2b, 1/2c, 4a, 4 ab, 4b, 4c, 4d, 4e) as well as Listeria 
innocua serotypes 5, 6a and 6b, whereas no listeriaphage able to lyse 
L. monocytogenes serotypes 3a, 3b, 3c or Listeria grayii have been found 
(Hagens and Loessner, 2014). 

All described listeriaphages belong to the order Caudovirales and 
have been classified within three groups (Hagens and Loessner, 2014). 
The first group comprises listeriaphages of the Myoviridae family, with 
large genomes of about 140 kb and a broad host range, such as P100, 
A511, LiMN4L, LiMN4p, and LiMN17 (Carlton et al., 2005; Klumpp 
et al., 2008; Ganegama Arachchi et al., 2013a). The second group in
cludes listeriaphages belonging to the Siphoviridae family with genome 
sizes of approximately 35–40 kb, such as P35 and P40, all of which are 
temperate. The last group involves also Siphoviridae bacteriophages, 
with a larger genome of ca. 70 kb, like the lytic phage P70 (Dorscht 
et al., 2009; Schmuki et al., 2012). 

As previously stated, bacteriophages are host-specific, able to infect 

specific species or even few strains within a single species. Some lis
teriaphages are an exception to this rule as they can infect strains of 
different species within the entire Listeria genus (Aprea et al., 2018). 

3.2. Requirements for biocontrol Listeria bacteriophages 

Listeria specific bacteriophages must fulfil several requirements to be 
used as biocontrol agents. The most important criteria are based on their 
specificity, efficacy, stability and safety (Kakasis and Panitsa, 2019). 
These properties are mainly characterized by features such as the lytic 
spectra and other technological properties, such as one step growth 
curve and whole genome sequencing. 

Specificity: Broad lytic spectra. Confirmation of the lytic activity of 
a bacteriophage is the most common and often the first characterization 
test and it helps to determine if further analysis is required. Lytic activity 
should be assessed against a panel of wild-type L. monocytogenes with 
different serotypes and origins as well as other non-Listeria mono
cytogenes strains reflecting the environment under study. Ideally, these 
Listeria strains should be well characterized in order to obtain a panel as 
diverse as possible. Broad lytic spectra listeriaphages and those capable 
of lysing bacterial strains that are less susceptible to a wide variety of 
bacteriophages are highly desirable. Achieving a broad host range or 
lytic spectrum with a single bacteriophage is very difficult, since bac
teriophages are highly specific to a limited range of strains of the 
pathogen of concern (Harada et al., 2018; Romero-Calle et al., 2019). 
Thus, the use of bacteriophage cocktails has been proposed to obtain a 
broader specificity range (Romero-Calle et al., 2019). In these cocktails, 
the presence of bacteriophages targeting different host receptors reduces 
the potential for emergence of bacteriophage resistant bacteria 
(Nobrega et al., 2015; Aprea et al., 2018). 

Efficacy: One step growth curve. Candidate bacteriophages should 
also have high target pathogen clearance rates, displaying short latent 
period (time from bacteriophage entry into the bacteria until the first 
progeny is released), large burst size (number of newly synthesized 
bacteriophage particles from an infected bacterium) (Abedon et al., 
2001; Merabishvili et al., 2018; Sinha et al., 2018; Jariah and Hakim, 
2019) and short rise period (time over which a simultaneously infected 
population of bacteria lyse). The characterization of their single step 
growth curves allows the determination of these parameters essential to 
identify the listeriaphages that cause a faster lysis of the pathogen. 

Stability under production, storage and application conditions. 
Listeria bacteriophages should be able to be produced at large com
mercial scale by using, if possible, prophage-free propagation hosts 
without virulence or antibiotic resistance markers (Nirmal Kumar et al., 
2012). Moreover, they should remain stable and infective from their 
production time until they reach target L. monocytogenes within the 
seafood product and/or processing environment. Therefore, they should 
be stable in a wide range of pH values, temperatures, NaCl concentra
tions, etc. 

Safety: Biocontrol listeriaphages should also be safe for human 
health and for release into the environment. As stated before, temperate 
bacteriophages should be avoided for biocontrol applications, being 
virulent bacteriophages the most suitable option for this purpose. Since 
the specific mechanism of action of each bacteriophage lies within their 
genome sequence, an exhaustive analysis of the whole genome of lis
teriaphage candidates must be performed prior to their use as biocontrol 
tools. This would allow to ensure that the bacteriophage is strictly 
virulent, lacking any genes involved in lysogeny (i.e. integrase encoding 
genes), as well as any loci encoding for toxins or antibiotic resistance 
markers (Fernández et al., 2019). 

Sequence analyses have evidenced that Listeria strains are very prone 
to contain integrated prophages within their genome, except for Listeria 
ivanovii (Klumpp and Loessner, 2013; Vu et al., 2019). The presence of 
prophages has been confirmed in several other strains, e.g., phage A118 
in L. monocytogenes WSLC 1118 (Loessner et al., 2000), PSA in 
L. monocytogenes ScottA (Briers et al., 2011), A500, A006, B025 and 

Table 2 
Some studies on L. monocytogenes prevalence in seafood products.  

Country Year Seafood 
product 

Prevalence % References 

EUa 2018b RTE fish 
products 

2.7 (198/7294) European Centre for 
Disease Prevention and 
Control ECDC; 
European Food Safety 
Authorty EFSA, 2019 

2017c 5.3 (435/8177) 
2016c 4.7 (155/3325) 

China 2016 Fresh seafood 1.4 (4/287) (Zhang et al., 2019) 
2016 Fishes 2.6 (61/2328) (Li et al., 2019) 

Shellfish 2.1 (19/898) 
India 2015–2018 Marine finfish 1.8 (97/5389) (Basha et al., 2019) 
Poland 2014–2016 Fresh fish 17.6 (18/102) Wieczorek and Osek 

(2017) 
Latvia 2014 Fresh fish 3.0 (1/31) (Terentjeva et al., 

2015) 
Thailand 2013–2014 Smoked fish 18.4 (28/152) (Vongkamjan et al., 

2017) Raw seafood 2.7 (3/111) 
Iran 2011–2012 Fresh fish 11.4 (12/105) (Fallah et al., 2013) 

Smoked fish 32.3 (10/31) 
2010–2011 Fresh fish 7.7 (17/220) Momtaz and Yadollahi 

(2013) Shellfish 2.5 (1/40) 
Canada 2010 RTE fish 

products 
5 (2/40) (Kovačević et al., 2012) 

EEUU 2010 Fresh and 
frozen fish 

4.3 (3/70) (Wang et al., 2011) 

Shellfish 2.6 (1/38) 
Finland 2010 Vacuum- 

packed cold- 
smoked and 
gravad fish 
products 

16 (20/126) (Nakari et al., 2014) 

Sweden 2010 Smoked fish 9.4 (32/340) (Lambertz et al., 2012) 
Gravad fish 14.0 (28/200) 

Estonia 2008–2010 Fresh and 
frozen fish 

2.8 (28/317) (Kramarenko et al., 
2013) 

RTE fish 
products 

5.4 (112/2075) 

Smoked fish 7.3 (41/563) 
Italy 2007–2009 Smoked fish 34.1 (45/132) (Pinto et al., 2010) 

2003–2008 Salmon 23.8 (5/21) (Di Ciccio et al., 2012) 
Spain 2007–2009 Smoked fish 1.4 (7/509) (Domenech et al., 

2012) 
2003–2005 Smoked fish 25.0 (10/40) (Garrido et al., 2009). 

Australia 2006–2007 Shellfish (raw) 4.5 (22/488) (Pagadala et al., 2012) 
Shellfish 
(cooked) 

0.2 (1/624) 

Turkey 2006–2007 Fresh fish 2.0 (1/50) (Siriken et al., 2013) 
Shellfish 2.0 (1/50) 

Belgium 2005–2007 Smoked fish 56.9 (33/58) (Uyttendaele et al., 
2009)  

a Between 18 and 20 reporting Member States (MS) of the European Union 
(EU). 

b 18 reporting MS of the EU, with Netherlands, Germany and Poland reporting 
major prevalence. 

c 20 reporting MS of the EU. 
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B054 (Dorscht et al., 2009; Kuenne et al., 2013). Hence, for propagation 
purposes, the use of prophage free host is required. In addition, 
non-pathogenic hosts for bacteriophage propagation should be priori
tized to avoid any potential impurity from pathogens in further purifi
cation steps (Hagens and Loessner, 2010). 

Humans and animals consume bacteriophages in their daily diets, 
and, since they consist only of proteins and nucleic acids, degraded 
bacteriophages would present no toxicological risk. In this sense, a study 
of the Escherichia coli phage T4 intake performed with human volun
teers, detected no adverse events (Bruttin and Bru, 2005). Likewise, the 
results of a dose oral toxicity study performed in rats with listeriaphage 
P100, concluded that the use of this bacteriophage posed no risk to 
health at all (Carlton et al., 2005). 

Finally, no cross-reactivity or negative impact would be expected on 
other microorganisms present in the habitat of application (e.g. food, 
gastrointestinal or environmental microbiome) after the application of 
Listeria-specific bacteriophages as biocontrol measure (Mai et al., 2010; 
Bueno et al., 2012; Hong et al., 2016; Dissanayake et al., 2019; Richards 
et al., 2019). 

4. Listeria specific bacteriophages as a seafood safety strategy 

4.1. Application of Listeria bacteriophages in seafood 

As outlined in Table 3, various studies have shown the effectiveness 
of different Listeria specific bacteriophages to control L. monocytogenes in 
fresh and RTE seafood products (Guenther et al., 2009; Soni and Nan
napaneni, 2010a; Soni et al., 2010, 2014; Perera et al., 2015; Baños 
et al., 2016; EFSA Panel on Biological Hazards (BIOHAZ, 2016, Euro
pean Food Safety Authorty (EFSA); Panel on Biological Hazards (BIO
HAZ), 2016); Axelsson et al., 2020; Zhou et al., 2020). 

Regarding the applications on raw fresh fish, the commercial prep
aration Listex™ P100 (monophage preparation consisting of the single 
P100 bacteriophage targeting Listeria), added at a MOI (multiplicity of 
infection: ratio between bacteriophage dose and L. monocytogenes load) 
of 103, induced 1.5 log reduction in raw cat fish, which remained 
consistent after 10 days of storage at 4 ◦C (Soni et al., 2010). In another 
study, Baños et al. (2016) treated raw hake at MOI of 104 and observed 
between 1.2 and 2.0 log reduction after 1 and 7 days of storage at 4 ◦C, 
respectively. Smaller reductions of only 1 log were found in raw salmon 
fillets treated under the same conditions (Baños et al., 2016), suggesting 
a clear effect of the seafood product properties (e.g. composition) on the 
effectiveness of Listex™ application. Slightly greater reduction of 1.4 log 
were found also in raw salmon one day after adding Listex™ P100 at a 
higher MOI of 106 (Soni and Nannapaneni, 2010a). In a very recent 
study L. monocytogenes inoculated raw salmon was treated with another 
single bacteriophage, named SH3-3, at a MOI of 103, finding a signifi
cant reduction of more than 4 log after 72 h of storage at 4 ◦C (Zhou 
et al., 2020). This fact confirms that bacteriophage(s) intrinsic proper
ties (e.g. lytic spectra) directly affect treatment effectiveness. 

Regarding the effectiveness of Listeria bacteriophages on RTE sea
food products, some studies carried out with contaminated smoked 
salmon showed variable success (Table 3). In particular, for low inocu
lation levels of 1.2–2 log CFU/g the application of Listex™ P100 at a 
MOI of 107-108 was observed to significantly reduce L. monocytogenes 
growth during storage, reporting differences in Listeria counts by up to 5 
log among treated and non-treated samples after 28 days refrigerated 
storage (EFSA Panel on Biological Hazards (BIOHAZ, 2016, European 
Food Safety Authorty (EFSA); Panel on Biological Hazards (BIOHAZ), 
2016)). However, applications of the same P100 bacteriophage at lower 
MOI of 105 and 104 yielded between 1 and 2.5 log reduction on 
contaminated smoked salmon after 30 days storage (Guenther et al., 
2009; Soni et al., 2014; Baños et al., 2016), indicating the impact of 
process-related parameters (e.g. MOI ratio, mode of application, etc.) in 
the success of bacteriophage treatment. In fact, high MOI ratios of 
around five have been recommended for adequate L. monocytogenes 

reductions using Listex™ P100 in foods (Montañez-Izquierdo et al., 
2012). 

It is also worth pointing out that an enhanced effectiveness of Listex 
P100 has been reported when used in combination with other antimi
crobials, such as enterocin or nisin, on the surface of fresh and RTE 
seafood products (Soni et al., 2014; Baños et al., 2016). Moreover, 
different inactivation results were found by some of these studies 
directly related to the L. monocytogenes strain tested (Guenther et al., 
2009; Soni et al., 2010; EFSA Panel on Biological Hazards (BIOHAZ, 
2016, European Food Safety Authorty (EFSA); Panel on Biological 
Hazards (BIOHAZ), 2016)) as well as to the initial L. monocytogenes 
contamination levels (EFSA Panel on Biological Hazards (BIOHAZ, 
2016, European Food Safety Authorty (EFSA); Panel on Biological 
Hazards (BIOHAZ), 2016)). 

In conclusion, the effectiveness of Listeria bacteriophages to reduce 
L. monocytogenes loads in seafood is determined by a combination of the 
following parameters: (i) specific bacteriophage-related factors (e.g. 
monophage vs. cocktail, lysis spectra, infection kinetics parameters 
etc.); bacteria-related factors (e.g. L. monocytogenes strain and serotype, 
load, etc.); seafood product-related factors (e.g. composition, surface 
morphology with/without fissures, etc.); and, processing-related factors 
(e.g. ratio between bacteriophage dose and L. monocytogenes load (MOI), 
application mode, etc.). 

4.2. Application of Listeria bacteriophages in biofilms and processing 
environments 

Elimination of Listeria biofilms from processing equipment, seafood- 
contact surfaces, floors and drains is also a huge challenge in seafood 
safety since they are a significant source of contamination in the seafood 
production chain, threatening the safety of the final products. 

Only few studies have analyzed the effectiveness of bacteriophages 
to eradicate L. monocytogenes biofilms at different maturity levels, 
ranging from 24 h to 2 weeks, on food processing surfaces and/or en
vironments (Table 4). 

Listeria bacteriophages H387, H387-A, and 2671 were shown to 
disrupt biofilms on polypropylene and stainless-steel surfaces, reducing 
L. monocytogenes by more than 3 log (Roy et al., 1993). Listeriaphages 
LiMN4L, LiMN4p, and LiMN17 were also used against biofilms of 
L. monocytogenes seafood isolates grown on stainless-steel and 
stainless-steel surfaces coated with fish protein preparations, inducing 
more than 3 log reduction with both single phage and cocktail appli
cation (Ganegama Arachchi et al., 2013b). The cocktail ListShield™ 
induced lower inactivation of L. monocytogenes biofilm of 2 log on 
stainless-steel surfaces and of only 1 log reduction on a rubber surface 
(Sadekuzzaman et al., 2017). Similarly, a 1 log reduction was observed 
by Gutiérrez et al. (2017) on stainless-steel coupon surfaces treated with 
the cocktail ListShield™ for 4 h. This study also showed that the Listex™ 
P100 commercial preparation was only able to infect 7 out of 11 tested 
Listeria strains. Longer treatment with Listex™ P100 for 24 h at room 
temperature showed higher reductions of about 5 log on biofilms of 
L. monocytogenes cocktails grown on stainless-steel coupon surfaces 
(Soni and Nannapaneni, 2010b; Montañez-Izquierdo et al., 2012). In a 
later work, the same treatment with Listex™ P100 (for 24 h at room 
temperature) produced the complete elimination of L. monocytogenes 
biofilm on stainless-steel wafers (Iacumin et al., 2016). However, this 
prolonged treatment application, is not practical for a food processing 
surface (Gray et al., 2018). Moreover, Chaitiemwong et al. (2014) 
showed a decrease in the Listex™ P100 efficacy when treated surfaces 
presented crevice features and food residues, observing a maximum of 
1.4 log reduction. 

In conclusion, different parameters, including (i) specific 
bacteriophage(s)-related factors (e.g. monophage vs. cocktail, lysis 
spectra, infection kinetics parameters, etc.); (ii) biofilm-related factors 
(e.g. structure and composition); (iii) bacteria-related factors (e.g. 
L. monocytogenes strain and serotype, metabolic state of the Listeria cells 
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Table 3 
Studies of direct Listeria bacteriophages application against L. monocytogenes onto seafood products.  

Seafood Bacteriophage Contamination Treatmenta Listeria monocytogenes 
reduction 

Reference 

Raw catfish Listex™ P100 Mixture Lm: EGD (ser. 1/2a) 
Scott A (ser. 4b) 
104 CFU/g 

P100: 2 × 107 PFU/g 
Spread on surface 
Storage: 10 d at 4 
◦C/10 ◦C 

4◦ C: 1.5 log CFU/g (30 
min–10 d) 
10 ◦C: 1.7 log CFU/g 
(30 min) 
2.5 log CFU/g(10d) 
No regrowth after 10d of 
storage 

(Soni et al., 2010) 

Raw hake Listex™ P100 and/or 
enterocin AS-48a 

Mixture Lm: Five strains 
103 CFU/cm2 

P100: 2.3 × 107 

PFU/cm2 

AS-48: 50 mg/mL 
Automated spray 
Storage: 7 d at 4 ◦C 

P100: 
1.2–2.0 log CFU/cm2 (1 
d and 7 d) 
P100+AS-48: 
2.0 log CFU/cm2 from 1 
d of storage 

(Baños et al., 2016) 

Raw salmon P100: 
0.85–1.06 log CFU/cm2 

(1 d and 7 d) 
P100+AS-48: 
2.0 log CFU/cm2 from 2 
d of storage 

Raw salmon 
fillets 

Listex™ P100 Mixture Lm: 
EGD (ser. 1/2a) 
Scott A (ser. 4b) 
102 CFU/g 

P100: 108 PFU/g 
Spread on surface 
Storage: 10 d at 4 ◦C 

1.4 log CFU/g (1 d) 
>2 logs CFU/g (10 d) 

Soni and Nannapaneni (2010a) 

Raw salmon Phage vB-LmoM-SH3-3 Lm: LM008 
105 CFU/g 

SH3-3: 108 PFU/g 
Spread on surface 
Storage: 72 h at 4 ◦C 

2.67 log CFU/g (24 h) 
>4 log CFU/g (72 h) 

(Zhou et al., 2020) 

Smoked salmon Listex™ P100 and/or 
Nisin 

Mixture Lm: 
V7 (ser. 1/2a), EGD (ser. 1/ 
2a), F4393 (ser. 4b), F5069 
(ser. 4b), ATCC 43257 (ser. 
4b) 

P100: 108 PFU/g 
Nisin: 500 ppm 
Storage: 24 h at 4 ◦C 
Vacuum packaging 
bag 

P100: 2.5 log CFU/cm2 

(24 h) 
P100 + nisin: 3.5 log 
CFU/cm2 (24 h) 
(below detectable 
levels) 

(Soni et al., 2014) 

Smoked Salmon 
(SS) 

Listex™ P100 Lm: WSLC 1001 (ser.1/2c) 
103 CFU/g 

P100: 3 × 108 PFU/ 
g, 
Spread on surface 
Storage: 6 d at 6 ◦C 

SS: ~1 log CFU/g (6 
h–6 d) 
MS > 2 log CFU/g (6 h 
and 6 d) 

(Guenther et al., 2009) 

Mixed seafood 
(MS) 

A511 Mixture Lm: WSLC 1001 (ser. 
1/2c) and Scott A (ser.4b). 
103 CFU/g 

A511: 3 × 108 PFU/ 
g 
Spread on surface 
Storage: 6 d at 6 ◦C 

SS: 0.8–2.2 logs CFU/g 
(6 h–6 d) depended on 
tested strain 
MS: ~2 log CFU/g (6 h) 
>2 log CFU/g (6 d) 

Smoked salmon Listex™ P100 and/or 
enterocin AS-48a 

Mixture Lm: Five strains 
103 CFU/cm2 

P100: 2.3 × 107 

PFU/cm2 

AS-48: 50 mg/mL 
Automated spray 
Storage: 30 d at 4 ◦C 

P100: 
0.85 log CFU/cm2 (1d) 
1.58 log CFU/cm2 (30 d) 
P100+AS-48: 
2.0 log CFU/cm2 from 1 
to 15 d; Slight regrowth 
15 d–30 d 

(Baños et al., 2016) 

Smoked salmon ListShield™ (LIST-36, 
LMSP-25, LMTA-34, LMTA- 
57, LMTA-94 and LMTA- 
148) 

Mixture Lm: 
Lm320 (ser. 4b) 
Lm68 (ser. 1/2b) Lm82 (ser. 
1/2a) 
103 CFU/g 

ListShield™ 
cocktail: 
9 × 105 PFU/g 
2 × 106 PFU/g 
Spray gun 
Storage: 24 h at 4 ◦C 

9 × 105 PFU/g: 0.4 log 
CFU/g (24 h) 
2 × 106 PFU/g: 1 log 
CFU/g (24 h) 

(Perera et al., 2015) 

Lm: Lm376 
2 × 103 CFU/g 

ListShield™ 
cocktail: 
1.5 × 106 PFU/g 
Spray gun 
Storage: 24 h at 4 ◦C 

Below detectable levels 
(24h) 

Smoked salmon Listex™ P100 L.m: 215TJ01 
A) 3 × 10 CFU/g 
B) 102 CFU/g 

P100: 109 PFU/cm2 

Spread on surface 
Storage: 28 d (1/3 at 
4 ◦C and 2/3 at 8 ◦C) 
Vacuum-packaging/ 
Sealing 

A) 4 log CFU/g (28 d) 
B) 3 log CFU/g (28 d) 

(EFSA Panel on Biological Hazards 
(BIOHAZ, 2016, European Food Safety 
Authorty (EFSA); Panel on Biological 
Hazards (BIOHAZ), 2016)) L.m: 71SDV1 

A) 10 CFU/g 
B) 2 CFU/g 

A) 5 log CFU/g (28 d) 
B) 4 log CFU/g (28 d) 

Rakfisk (salted 
and 
fermented 
fish) 

Listex™ P100 Mixture Lm: 
MF2132, MF3508, MF3509, 
MF3511 and MF3512 
104–105 CFU/g 

Before ripening 
process P100: 108 

PFU/cm2 

1 log CFU/g (0 d–91 d) (Axelsson et al., 2020) 

(continued on next page) 
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within the biofilm); (iv) extracellular matrix-related factors (e.g. pres
ence of food components and nutrients); and (v) process-related factors 
(e.g. mode of application, treatment time and temperature), can affect 
the effectiveness of bacteriophages to disrupt Listeria biofilms. Further 
research considering multi-species biofilms as well as combination with 
other decontamination/disinfection methods, such as steps to disrupt 
biofilm or the removal of organic matter, is needed to better assess the 
potential of bacteriophage treatment to remove biofilms in processing 
environments. 

5. Current limitations and strategies to overcome 

5.1. Development of bacteriophage-resistance 

It is well known that bacteria can protect themselves against bacte
riophage infection through different mechanisms. The most relevant 
bacteriophage-resistance mechanisms aim to prevent host recognition 
and bacteriophage adsorption to the bacterial host and include the 
spontaneous mutations within receptor genes, the modification or loss of 
bacterial surface receptors (e.g. lipopolysaccharides, pili and flagella), 

Table 3 (continued ) 

Seafood Bacteriophage Contamination Treatmenta Listeria monocytogenes 
reduction 

Reference 

Spread on surface 
Storage: 91 d at 7 ◦C 
After ripening 
process P100: 108- 
109 PFU/piece 
Spread on surface 
Storage: 5 d at 8 ◦C 

108 PFU/piece: 
0.6 log CFU/g (1 d) 
0.3 log CFU/g (5 d) 
109 PFU/piece: 
1 log CFU/g (1 d) 
0.6 log CFU/g (5 d) 

Lm: L. monocytogenes strain/strains individually tested; Mixture Lm: mixture of L. monocytogenes strains; MS: This category included cooked and chilled cocktail of 
shrimp, mussels, and calamari; d: day/days; Spreading (including ‘spot inoculation’). 
*Bacteriocin extracted from Enterococcus faecalis UGRA10. 

a Treatment was added from 10 min to 1 h after products contamination with L. monocytogenes. 

Table 4 
Studies of direct Listeria bacteriophages application against L. monocytogenes biofilms.  

Surface Bacteriophage Contamination Treatment L. monocytogenes reduction Reference 

Stainless-steel 
polypropylene 

H387, H387-A, 
2671 

Lm: 10401(ser. 4) and 8427 Single phage and 
cocktail: 
>3.5 × 108 PFU/mL 
Dipping 

>3 log CFU/ml (Roy et al., 1993) 

Stainless-steel 
Stainless-steel 
coated with fish 
protein 

LiMN4L, LiMN4p, LiMN17 Lm:19CO9, 19DO3 and 19EO3 
108 CFU/ml 
Biofilm: 5 h/7 d at 15 ◦C 

Single phage and 
cocktail:109 PFU/mL 
Dipping using 
microplates 
Incubation: 1 h at 15 
◦C 

>3 log CFU/mL (1 h) with 
single phage and cocktail 

(Ganegama Arachchi 
et al., 2013b) 

Rubber coupon ListShield™, (LIST-36, LMSP-25, 
LMTA-34, LMTA-57, LMTA-94 
and LMTA-148) 

Lm: ATCC 19113, ATCC 19115 
and ATCC 13932 
Biofilm: 72 h at 30 ◦C 

ListShield™: 
108 PFU/mL 
Incubation: 2 h at 10 
◦C and 30 ◦C 

>1 log PFU/mL (2 h) (Sadekuzzaman et al., 
2017) Stainless-steel coupon >1.9 log PFU/mL (2 h) 

Stainless-steel coupon ListShield™ 
Listex™ P100 

Lm: Eleven strains 
106 CFU/well 
Biofilm: 72 h at 12 ◦C 

ListShield™: 107 

PFU/well 
P100: 109 PFU/well 
Incubation: 4 h at 12 
◦C 

ListShield™ and P100 
0.3–4.9 log PFU/well in the 
most of strains 

(Gutiérrez et al., 2017) 

Stainless-steel coupon Listex™ P100 Lm: CCUG 15526 
103 CFU/ml 
Biofilm: 72 h at rt 

P100: 105, 106, 107 

or 108 PFU/mL 
Incubation: 48 h at rt 

5.29 log CFU/cm2 (24 h) 
Below detected levels (48 
h) 

(Montañez-Izquierdo 
et al., 2012) 

Stainless-steel coupon Listex™ P100 Mixture Lm: 
Five strains (ser. 1/2a and 4b) 
108 CFU/cm2 

Spotting onto pieces 
Biofilm: 2 d and 7 d 

P100: 
109 PFU/mL 
Dipping using 
microplates 
Incubation: 24 h rt 

3.5 log CFU/cm2 (24 h in 
biofilms of 2 d) 
5.4 log CFU/cm2 (24 h in 
biofilms of 7 d) 

Soni and Nannapaneni 
(2010b) 

Stainless-steel wafers Listex™ P100 Mixture Lm: Scott A, NCTC 
7979, NCTC 10887, NCTC 
10527 and DSA 25 
Biofilm:4 d at 30 ◦C 

P100: 108 PFU/mL 
Incubation: 24 h at 
20 ◦C 

Complete elimination of 
biofilm 

(Iacumin et al., 2016) 

Stainless-steel surface 
with different 
grooves 

Listex™ P100 Mixture Lm: LF 38 (ser. 1/2a), 
LF 36 (1/2b), LF 29 (4e) 
107 CFU/ml 
Biofilm:14 d using food 
residues (MAPCH, CE and SS)a 

P100: 109 PFU/mL 
Spraying 
Incubation: 20 min at 
rt 

0.2 mm grooves: 
>3 log CFU/ml 
5 mm grooves: 
1.4 log CFU/ml 

(Chaitiemwong et al., 
2014) 

Lm: L. monocytogenes strain/strains individually tested. rt: room temperatureE. 
a MAPCH: Modified atmosphere–packed cooked ham; CE: chopped endives; SS: vacuum-packed smoked salmon. d: day/days. 
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the production of physical barriers hiding receptors (e.g. extracellular 
matrix or capsules), or the production of competitive inhibitors (Hyman 
and Abedon, 2010; Labrie et al., 2010; Rostøl and Marraffini, 2019). 
Other bacterial resistance mechanisms can act during bacteriophage 
replication within the host cell. These include the horizontal acquisition 
of restriction-modification systems, or the development of adaptative 
immunity systems by interfering clustered regularly interspaced short 
palindromic repeats (CRISPRs) or CRISPR-associated (cas) sequences, 
resulting in cleavage or degradation of the injected bacteriophage DNA 
(Hyman and Abedon, 2010; Labrie et al., 2010; Rostøl and Marraffini, 
2019). Resistance mechanisms can be transmitted from resistant to 
sensitive bacteria through the transduction of bacterial DNA via bacte
riophages, leading to the development of bacteriophage-resistant mu
tants (Aprea et al., 2018; Rostøl and Marraffini, 2019). 

Rapid emergence and/or selection of bacteriophage-resistant 
L. monocytogenes may represent a concern associated with the use of 
listeriaphages as biocontrol agent. It has been shown the presence of 
bacteriophage-resistant L. monocytogenes isolates from samples taken 
from food processing facilities (Vongkamjan et al., 2013; Fister et al., 
2016a, 2016b). However, very little is known about the 
bacteriophage-resistant mutant strains of L. monocytogenes. Fister and 
others associated the 2.7% of bacteriophage resistant L. monocytogenes 
strains (13 out 486) isolated from 5 out of 59 dairy processing facilities 
with the use of one bacteriophage as control agent in the facilities and 
the subsequent phage receptor modifications in Listeria mutants (Fister 
et al., 2016a). Concerning food-related L. monocytogenes isolates, some 
studies found no evidence of resistant mutant strains among isolates 
recovered from different food products after their bacteriophage treat
ment (Carlton et al., 2005; Chibeu et al., 2013; Fister et al., 2016a; 
Guenther et al., 2009; Guenther and Loessner, 2011; Kim et al., 2008). 
Guenther and Loessner (2011) observed phage resistance in 30% (3 out 
of 10) of the clones of one L. monocytogenes strain re-isolated from 
bacteriophage treated cheeses. However, no further clarification of the 
developed resistance mechanism was provided. Denes et al. (2014) 
isolated and sequenced 69 spontaneous mutant strains of 
L. monocytogenes that were shown to resist bacteriophage infection 
through mechanisms of adsorption inhibition (i.e., alterations of the cell 
surface that affect phage attachment). None of the 
bacteriophage-resistant mutant strains from this study developed 
post-adsorption resistance mechanisms, such as CRISPR-mediated 
bacteriophage immunity (Denes et al., 2014). However, restriction 
modification systems enforcing bacteriophage resistance were identified 
by another study in specific L. monocytogenes strains, although virulent 
bacteriophages might have reduced susceptibility to these systems than 
temperate bacteriophages (Strydom and Witthuhn, 2015). 

It is worth noting that the bacteriophage-resistance acquisition could 
have substantial secondary costs for bacteria (Koskella and Brockhurst, 
2014). For example, since bacteriophage receptors present on the bac
terial surface often act as virulence factors, bacteriophage-resistant 
mutants arising through receptors loss or modification are generally 
less virulent than non-resistant strains (León and Bastías, 2015; Scanlan 
et al., 2015). 

Although development of bacteriophage-resistance is one of the 
major concerns for bacteriophage biocontrol, it is also the most frequent 
mechanism driving the so-called bacteriophage-bacteria coevolution 
(reciprocal selection for resistance and infectivity), that involves 
bacteriophage adaptation to overcome host defense mechanisms and 
allow successful infection (Labrie et al., 2010; Koskella and Brockhurst, 
2014; Rostøl and Marraffini, 2019). Furthermore, the adaptation to a 
specific host can both increase infectivity and reduce the likelihood of 
subsequent host resistance evolution (Scanlan et al., 2015). 

There are other different strategies that can be used to minimize the 
likelihood of resistance formation. The main relevant strategy to avoid 
bacteriophage-resistance is the formulation of bacteriophage cocktails, 
since the activity of different bacteriophages (e.g. with different re
ceptors on the surface of bacteria) combined against the same bacterial 

host, reduces significantly the possibility of bacteria developing resis
tance against more than one phage infection system simultaneously 
(Nobrega et al., 2015; Aprea et al., 2018). Moreover, it has been shown 
that the acquisition of resistance to one bacteriophage of the cocktail 
sometimes results in enhanced infection by other phages (Fernández 
et al., 2019). Moreover, bacteriophage cocktails could be modified to 
include novel bacteriophages targeting bacteria that have developed 
resistance against a previously used bacteriophage. Finally, the use of 
bacteriophages in combination with other antimicrobials, such as 
endolysins, could also be an alternative to overcome 
bacteriophage-resistance development (Strydom and Witthuhn, 2015). 

5.2. High specificity and narrow lytic spectrum 

A major hurdle in the use of bacteriophages for biocontrol is their 
high host specificity, being almost impossible to target all the strains 
within a species with a single bacteriophage (Chen et al., 2019). 
Therefore, the application of multiple bacteriophages within a cocktail 
compared to a single bacteriophage preparation may be superior, not 
only in reducing the risk of emerging resistant bacteria, but also in terms 
of providing broader coverage of the target pathogen. As proposed by 
several authors, a mixture of different and complementary bacterio
phages is an option to broaden the limited lytic spectrum of a single 
bacteriophage (Hyman, 2019; Kakasis and Panitsa, 2019; Romero-Calle 
et al., 2019). As previously mentioned, bacteriophages with broad lytic 
spectra and those capable of lysing bacterial strains that are less sus
ceptible to a wide variety of bacteriophages are highly desirable in 
cocktails preparations (Janež and Loc-Carrillo, 2013). However, the 
effectiveness of bacteriophages in cocktails need also to be tested to 
evidence additive, synergetic or even undesirable antagonistic in
teractions among them (Merabishvili et al., 2018). 

Even with the combination of complementary bacteriophages it is 
difficult to cover all targeted bacterial strains or species. One strategy to 
overcome this limitation is the coevolution of bacteriophages with 
different host bacterial strains, in a so-called bacteriophage adaptation 
or training, which can be easily performed by serial passages of the 
bacteriophages on different propagation strains (Merabishvili et al., 
2018). Other strategies have explored the antimicrobial synergy be
tween bacteriophages and other natural antimicrobials and/or endoly
sins (Moye et al., 2018). 

To specifically address this point, different authors have proposed 
the genetic manipulation of bacteriophage genomes (e.g. modifying the 
receptor-binding proteins of bacteriophages) as a way to shape bacte
riophages into safe and efficient biocontrol agents (Barbu et al., 2016; 
Pires et al., 2016; Moye et al., 2018; Dunne et al., 2019). By means of 
genetic engineering the efficacy of bacteriophages could be improved 
not only broadening their lytic spectra, but also by removing 
self-inhibition mechanisms, overexpressing genes such as holins or 
incorporating new genes such as anti-CRISPR genes (Huss and Raman, 
2020). Bacteriophages have also huge potential as immobilized com
ponents in food packages, which could be a successful strategy for 
bacterial growth biocontrol during food product storage (Anany et al., 
2011; Lone et al., 2016). 

5.3. Consumer acceptance 

Bacteriophage biocontrol offers a natural, green and specific anti
microbial approach for improving seafood safety. However, one major 
concern is the acceptability of this biocontrol approach for producers 
and consumers. In fact, the final consumer may be disinclined to pur
chase foods processed with “viruses” and, therefore, may react nega
tively to bacteriophage food applications. Therefore, in order to increase 
bacteriophage biocontrol acceptability, it would be essential to provide 
education on the safety, efficacy and ubiquity of bacteriophages to both 
the final users (seafood processors) as well as the consumers. In a recent 
study of our group (unpublished data), consumers appeared to be 
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willing to pay more for safer bacteriophage-treated food products after 
the advantages of this biocontrol solution were explained to them. 
Although the results are preliminary, acceptance among both producers 
and consumers was high, and these results represent a step forward in 
the application of bacteriophages for biocontrol of foodborne pathogens 
within the farm-to-fork process. 

6. Listeria bacteriophages: from lab to market 

6.1. Production at industrial scale 

Under laboratory conditions bacteriophages are grown on a small 
scale (5–50 mL) or as plate lysates (Clokie and Kropinski, 2009). For 
laboratory use such crude lysates are commonly only minimally pro
cessed. Bacterial debris are removed by centrifugation, the cleared su
pernatants are filter sterilized and then stored at refrigeration 
temperatures in the medium used to grow the bacterial host. But some 
laboratory experiments, like electron microscopy, require pure and 
highly concentrated phage preparations (Ackermann, 2009). Also,. food, 
medical and veterinary applications require more elaborate purification 
steps (Merabishvili et al., 2009; Gill and Hyman, 2010; Van Belleghem 
et al., 2017; Hietala et al., 2019). To this end, bacteriophages were 
concentrated by polyethylene glycol precipitation (Yamamoto et al., 
1970) followed by ultracentrifugation in a CsCl2 gradient (Boulanger, 
2009). A milder method based on anion-exchange chromatography 
using CIM® monolith columns was reported to produce pure phage 
preparations with high titers (Kramberger et al., 2010; Smrekar et al., 
2011; Adriaenssens et al., 2012). However, neither of these two methods 
can easily be scaled up to purify bacteriophages in quantities relevant for 
a commercial production (i.e. more than 20 L). 

Currently, a single bacteriophage (monophage) is fermented in batch 
cultures, which are preferred over continuous fermentation processes as 
they require less dedicated equipment and allow easy process control. 
For each monophage and its host, optimal bacterial growth conditions 
(medium, temperature, aeration and agitation) have to be formulated. 
After bacteriophage amplification the phage lysates are purified with 
multistep protocols involving filtration, tangential flow-filtration, buffer 
exchange and sterile filtration steps, as described in the GRAS Notices 
No. 198, 218 and 528 (FDA, 2014, 2007, 2006). Stringent quality con
trol measures will then ensure the identity, potency and sterility of the 
monophage preparation. 

6.2. Commercial products and their regulatory status 

In order to receive a product license for food safety applications, 
bacteriophage products have to meet specific criteria defined by 
administrative bodies (Sulakvelidze and Pasternack, 2014). Currently, 
only few countries have developed legislation concerning the applica
tion of bacteriophages as antimicrobial agents in food, food 
manufacturing and ready-to-eat food products (Moye et al., 2018). For 
example, the US FDA grants a GRAS-status (“Generally Recognized As 
Safe”) to a bacteriophage-containing commercial product for a defined 
application, when the manufacturer is able to show that the active 
substance of his product is safe to the consumer in the intended amounts 
of use (non-toxic, not allergenic and does not contain any known viru
lence factors). The manufacturing process has to be safe and the inten
ded application has to provide a benefit for the consumer. A granted 
GRAS-status allows a manufacturer to sell his product on the US market. 

In 2006 the US FDA granted a GRAS status to a commercial product 
called Listex™ P100 to be used as an antimicrobial to control 
L. monocytogenes during cheese ripening, GRAS Notices No. 198 (FDA, 
2006). In 2007 Listex™ P100 was additionally granted a GRAS-status as 
antimicrobial to control L. monocytogenes in food in general, including 
meat and poultry products, GRAS Notices No. 218 (FDA, 2007). 
Currently, this product is marketed as Phage Guard Listex™ P100 by the 
Dutch company Micreos B.V. as antimicrobial to control 

L. monocytogenes in food products when applied at levels of up to 109 

PFU per gram of food. Phage Guard Listex™ P100 is a monophage 
preparation with a six months shelf-life, containing the well character
ized phage P100 (Carlton et al., 2005). The phage is grown on a 
non-pathogenic L. innocua strain (ATCC33090, DSM, 20649) and its titer 
in the concentrated product is 1011 PFU/mL. 

A second product, ListShield™ has been approved by the US FDA for 
Listeria biocontrol. It is sold by the US company Intralytix, GRAS Notices 
No. 528 (FDA, 2014). ListShield™ contains six bacteriophages that were 
isolated from the environment and characterized by a variety of 
methods, including electron microscopy, pulse-field gel electrophoresis 
(PFGE), restriction fragment length polymorphism (RFLP) and genome 
sequence analysis. The phages are grown on four distinct 
L. monocytogenes hosts, which are the proprietary strains of the com
pany. ListShield™ contains 1010 PFU/mL and is intended for use on food 
surfaces of such categories as fish and shellfish, fresh and processed 
fruits and vegetables and cheese, when applied at levels of up to 108 PFU 
per gram of food. The product shelf-life is 12 months. 

Relevant health authorities of other countries such as Switzerland, 
Israel, Canada, Australia, New Zealand or Brazil, have also approved 
listeriaphage applications on foods. However, in the European Union 
there is currently no clear path regarding how to register a bacterio
phage product. The EFSA Panel on Biological Hazards European Food 
Safety has published three Scientific Opinions related to the use of 
bacteriophages. The first one included general information about bac
teriophages and their role as decontaminants, focusing on efficacy and 
reporting a few concerns (European Food Safety Authorty EFSA; Panel 
on Biological Hazards BIOHAZ, 2009). The second one was published in 
response to Listex™ and focused on the safety of this product alone 
(European Food Safety Authorty EFSA; Panel on Biological Hazards 
BIOHAZ, 2012). It was not until the third example that safety and effi
cacy of a product was accepted for several food commodities (EFSA 
Panel on Biological Hazards (BIOHAZ, 2016, European Food Safety 
Authorty (EFSA); Panel on Biological Hazards (BIOHAZ), 2016)). 
Nevertheless, the European Commission did not agree on a regulatory 
path for bacteriophages in food production and relegated the re
sponsibility back to the individual member states (European Commis
sion, 2018). 

6.3. Industrial application 

Although two commercial products for Listeria biocontrol have been 
on the US market for several years, their implementation in the indus
trial setting is not trivial. 

First, the load of L. monocytogenes on or in food in general is low. To 
ensure that every bacterial cell is destroyed, large numbers of bacte
riophages have to be homogeneously distributed on or in the food. Ac
cording to the data shown in Table 3, 107 to 108 PFU/g of food are 
required for a successful application, thus approximately 100 mL to 1 L 
of a bacteriophage product with a concentration of 1011 PFU/mL would 
be required to treat 1 ton of fish. Traditional preservatives like nisin or 
lauric arginate are used in comparable amounts, 500 g/ton or 200 g/ton, 
respectively. 

Second, the application of a bacteriophage product initially requires 
extra time, extra equipment and an extra processing step in the food 
production workflow under conditions that allow the application of a 
liquid and that support the activity of the added bacteriophages. 
Nevertheless, a bacteriophage application could lead to a significant 
reduction of the number of batches which do not pass the microbial 
quality control, thus reduce food waste and improve food safety, justi
fying such a onetime investment. 

Third, also the cost of a bacteriophage application might be a 
limiting factor in highly competitive markets. However, these costs 
might be counterbalanced by the unique opportunity to actively fight 
Listeria monocytogenes in food and the food production environment, 
using a natural and potent bacteriophage product. 
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7. Conclusions 

Despite the great progress made to improve seafood safety, 
L. monocytogenes continues to be found in different raw, minimally 
processed and RTE seafood products, which have been implicated in 
numerous outbreaks of listeriosis in recent years. 

The biological properties of lytic bacteriophages as well as available 
data on the effectiveness of Listeria specific bacteriophages on seafood 
products and seafood processing environments, make bacteriophage 
biocontrol a promising strategy for seafood safety applications. The use 
of Listeria bacteriophages could contribute as an additional tool in a 
multi-hurdle approach in order to safely reduce the occurrence and 
growth of L. monocytogenes in seafood and, therefore, prevent the inci
dence of seafood-related listeriosis outbreaks. Moreover, as natural and 
green innovative technology, bacteriophage biocontrol is prone to be 
accepted by the consumer who is increasingly reluctant to the use of 
chemical antibacterial substances. 

Overall, the future of Listeria bacteriophages is positive, but some 
challenges remain before their application in seafood production can be 
considered routine. Listeria specific bacteriophages should be carefully 
selected to suit the requirements on their specificity, efficacy, stability 
and safety, as presented above. Among the greatest barriers to overtake 
are the limited lysis spectra of most of them and the emergence of 
bacteriophage-resistant bacteria. The formulation of Listeria specific 
bacteriophage cocktails could overcome both limitations and obtain a 
broader range specificity and, at the same time, minimize the likelihood 
of resistance development. Further research at semi-industrial and in
dustrial level (challenge tests) is essential to assess the efficacy of new 
future (even near future) Listeria bacteriophage cocktails, as well as the 
potential development of resistant bacteria, during seafood storage 
(shelf life). 
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Baños, A., García-López, J.D., Núñez, C., Martínez-Bueno, M., Maqueda, M., Valdivia, E., 
2016. Biocontrol of Listeria monocytogenes in fish by enterocin AS-48 and Listeria lytic 
bacteriophage P100. LWT - Food Sci. Technol. (Lebensmittel-Wissenschaft 
-Technol.) 66, 672–677. https://doi.org/10.1016/j.lwt.2015.11.025. 

Barbu, E.M., Cady, K.C., Hubby, B., 2016. Phage therapy in the era of synthetic biology. 
CSH Perspect. Biol. 8, 1–16. https://doi.org/10.1101/cshperspect.a023879. 

Basha, K., Kumar, N., Das, V., Reshmi, K., Rao, B., Lalitha, K., Joseph, T., 2019. 
Prevalence, molecular characterization, genetic heterogeneity and antimicrobial 
resistance of Listeria monocytogenes associated with fish and fishery environment in 
Kerala, India. Lett. Appl. Microbiol. 69, 286–293. https://doi.org/10.1111/ 
lam.13205. 

Batinovic, S., Wassef, F., Knowler, S.A., Rice, D.T.F., Stanton, C.R., Rose, J., Tucci, J., 
Nittami, T., Vinh, A., Drummond, G.R., Sobey, C.G., Chan, H.T., Seviour, R.J., 
Petrovski, S., Franks, A.E., 2019. Bacteriophages in natural and artificial 
environments. Pathogens 8, 1–19. https://doi.org/10.3390/pathogens8030100. 

Boulanger, P., 2009. Purification of bacteriophages and SDS-PAGE analysis of phage 
structural proteins from ghost particles. Methods Mol. Biol. 502, 227–238. https:// 
doi.org/10.1007/978-1-60327-565-1_13. 

Briers, Y., Klumpp, J., Schuppler, M., Loessner, M.J., 2011. Genome sequence of Listeria 
monocytogenes Scott A, a clinical isolate from a food-borne listeriosis outbreak. 
J. Bacteriol. 193, 4284–4285. https://doi.org/10.1128/JB.05328-11. 

Bruttin, A., Bru, H., 2005. Human volunteers receiving Escherichia coli phage T4 Orally: a 
safety test of phage therapy. Antimicrob. Agents Chemother. 49, 2874–2878. 
https://doi.org/10.1128/AAC.49.7.2874. 

Bueno, E., García, P., Martínez, B., Rodríguez, A., 2012. Phage inactivation of 
Staphylococcus aureus in fresh and hard-type cheeses. Int. J. Food Microbiol. 158, 
23–27. https://doi.org/10.1016/j.ijfoodmicro.2012.06.012. 

Carlton, R.M., Noordman, W.H., Biswas, B., De Meester, E.D., Loessner, M.J., 2005. 
Bacteriophage P100 for control of Listeria monocytogenes in foods: genome sequence, 
bioinformatic analyses, oral toxicity study, and application. Regul. Toxicol. 
Pharmacol. 43, 301–312. https://doi.org/10.1016/j.yrtph.2005.08.005. 

Chaitiemwong, N., Hazeleger, W.C., Beumer, R.R., 2014. Inactivation of Listeria 
monocytogenes by disinfectants and bacteriophages in suspension and stainless steel 
carrier tests. J. Food Protect. 77, 2012–2020. https://doi.org/10.4315/0362-028X. 
JFP-14-151. 

Chen, Y., Batra, H., Dong, J., Chen, C., Rao, V.B., Tao, P., 2019. Genetic engineering of 
bacteriophages against infectious diseases. Front. Microbiol. 10, 1–12. https://doi. 
org/10.3389/fmicb.2019.00954. 

Chibeu, A., Agius, L., Gao, A., Sabour, P.M., Kropinski, A.M., Balamurugan, S., 2013. 
Efficacy of bacteriophage LISTEXTMP100 combined with chemical antimicrobials in 
reducing Listeria monocytogenes in cooked Turkey and roast beef. Int. J. Food 
Microbiol. 167, 208–214. https://doi.org/10.1016/j.ijfoodmicro.2013.08.018. 

A. Lasagabaster et al.                                                                                                                                                                                                                          

https://doi.org/10.1016/S0168-1605(00)00357-3
https://doi.org/10.1016/S0168-1605(00)00357-3
https://doi.org/10.1128/AEM.67.9.4233-4241.2001
https://doi.org/10.2174/138920110790725410
https://doi.org/10.2174/138920110790725410
https://doi.org/10.1007/978-1-60327-164-6_12
https://doi.org/10.1007/s00705-006-0849-1
https://doi.org/10.1016/j.virol.2012.09.018
http://refhub.elsevier.com/S0278-6915(20)30572-X/sref7
http://refhub.elsevier.com/S0278-6915(20)30572-X/sref7
https://doi.org/10.1016/j.fm.2014.08.006
https://doi.org/10.1016/j.fm.2014.08.006
https://doi.org/10.4315/0362-028X-67.11.2387
https://doi.org/10.1128/AEM.05493-11
https://doi.org/10.1128/AEM.05493-11
https://doi.org/10.12834/VetIt.311.1215.2
https://doi.org/10.1128/AEM.71.8.4885-4887.2005
https://doi.org/10.3390/foods9020119
https://doi.org/10.3390/foods9020119
https://doi.org/10.1016/j.lwt.2015.11.025
https://doi.org/10.1101/cshperspect.a023879
https://doi.org/10.1111/lam.13205
https://doi.org/10.1111/lam.13205
https://doi.org/10.3390/pathogens8030100
https://doi.org/10.1007/978-1-60327-565-1_13
https://doi.org/10.1007/978-1-60327-565-1_13
https://doi.org/10.1128/JB.05328-11
https://doi.org/10.1128/AAC.49.7.2874
https://doi.org/10.1016/j.ijfoodmicro.2012.06.012
https://doi.org/10.1016/j.yrtph.2005.08.005
https://doi.org/10.4315/0362-028X.JFP-14-151
https://doi.org/10.4315/0362-028X.JFP-14-151
https://doi.org/10.3389/fmicb.2019.00954
https://doi.org/10.3389/fmicb.2019.00954
https://doi.org/10.1016/j.ijfoodmicro.2013.08.018


Food and Chemical Toxicology 145 (2020) 111682

10

Clokie, M.R.J., Kropinski, A.M., 2009. Bacteriophages : Methods and Protocols. Volume 
1: Isolation, Characterization, and Interactions, Methods in Molecular Biology. 
https://doi.org/10.1007/978-1-60327-164-6. 

Croci, D.L., De Medici, D., Scalfaro, C., Fiore, A., Divizia, M., Donia, D., Cosentino, A.M., 
Moretti, P., Costantini, G., 2000. Determination of enteroviruses, hepatitis A virus, 
bacteriophages and Escherichia coli in Adriatic Sea mussels. J. Appl. Microbiol. 88, 
293–298. https://doi.org/10.1046/j.1365-2672.2000.00966.x. 

Denes, T., Vongkamjan, K., Ackermann, H.W., Moreno Switt, A.I., Wiedmann, M., den 
Bakker, H.C., 2014. Comparative genomic and morphological analyses of Listeria 
phages isolated from farm environments. Appl. Environ. Microbiol. 80, 4616–4625. 
https://doi.org/10.1128/AEM.00720-14. 

Di Ciccio, P., Meloni, D., Festino, A.R., Conter, M., Zanardi, E., Ghidini, S., Vergara, A., 
Mazzette, R., Ianieri, A., 2012. Longitudinal study on the sources of Listeria 
monocytogenes contamination in cold-smoked salmon and its processing environment 
in Italy. Int. J. Food Microbiol. 158, 79–84. https://doi.org/10.1016/j. 
ijfoodmicro.2012.06.016. 

Dissanayake, U., Ukhanova, M., Moye, Z.D., Sulakvelidze, A., Mai, V., 2019. 
Bacteriophages reduce pathogenic Escherichia coli counts in mice without distorting 
gut microbiota. Front. Microbiol. 10, 1984. https://doi.org/10.3389/ 
fmicb.2019.01984. 

Domenech, E., Amorós, J.A., Martorell, S., Escriche, I., 2012. Safety assessment of 
smoked fish related to Listeria monocytogenes prevalence using risk management 
metrics. Food Contr. 25, 233–238. https://doi.org/10.1016/j.foodcont.2011.10.003. 

Dorscht, J., Klumpp, J., Bielmann, R., Schmelcher, M., Born, Y., Zimmer, M., 
Calendar, R., Loessner, M.J., 2009. Comparative genome analysis of Listeria 
bacteriophages reveals extensive mosaicism, programmed translational 
frameshifting, and a novel prophage insertion site. J. Bacteriol. 191, 7206–7215. 
https://doi.org/10.1128/JB.01041-09. 

Dunne, M., Rupf, B., Tala, M., Qabrati, X., Ernst, P., Shen, Y., Sumrall, E., Heeb, L., 
Plückthun, A., Loessner, M.J., Kilcher, S., 2019. Reprogramming bacteriophage host 
range through structure-guided design of chimeric receptor binding proteins. Cell 
Rep. 29, 1336–1350. https://doi.org/10.1016/j.celrep.2019.09.062. 

EFSA Panel on Biological Hazards (BIOHAZ), 2016a. Evaluation of the safety and efficacy 
of ListexTM P100 for reduction of pathogens on different ready-to-eat (RTE) food 
products (Ref ID 239, de Meester 2015g). EFSA J 14. https://doi.org/10.2903/j. 
efsa.2016.4565. 

Elson, R., Awofisayo-Okuyelu, A., Greener, T., Swift, C., Painset, A., Amar, C.F.L., 
Newton, A., Aird, H., Swindlehurst, M., Elviss, N., Foster, K., Dallman, T.J., 
Ruggles, R., Grant, K., 2019. Utility of whole genome sequencing to describe the 
persistence and evolution of Listeria monocytogenes strains within crabmeat 
processing environments linked to two outbreaks of listeriosis. J. Food Protect. 82, 
30–38. https://doi.org/10.4315/0362-028X.JFP-18-206. 

European Centre for Disease Prevention and Control (ECDC), European Food Safety 
Authorty (EFSA), 2019a. Multi-country Outbreak of Listeria Monocytogenes Clonal 
Complex 8 Infections Linked to Consumption of Cold-smoked Fish Products. EFSA 
Supporting Publications. https://doi.org/10.2903/sp.efsa.2019.en-1665. 

European Centre for Disease Prevention and Control (ECDC), European Food Safety 
Authorty (EFSA), 2019. Scientific report on the European Union one health 2018 
zoonoses report. EFSA J. 17 (12), 5926. https://doi.org/10.2903/j.efsa.2019.5926. 

European Commission-Health and Food Safety Directorate General, 2018. Standing 
Committee on Plants, Animals, Food and Feed -Section Biological Safety of the Food 
Chain. 

European Food Safety Authorty (EFSA), European Centre for Disease Prevention and 
Control (ECDC), 2018. Multi-country Outbreak of Listeria Monocytogenes Sequence 
Type 8 Infections Linked to Consumption of Salmon Products. EFSA Supporting 
Publications. https://doi.org/10.2903/sp.efsa.2018.en-1496. 

European Food Safety Authorty (EFSA), Panel on Biological Hazards (BIOHAZ), 2009. 
Scientific opinion on the maintenance of the list of QPS microorganisms 
intentionally added to food or feed (2009 update). EFSA J. 7 (12), 1431. https://doi. 
org/10.2903/j.efsa.2009.1431. 

European Food Safety Authorty (EFSA), Panel on Biological Hazards (BIOHAZ), 2012. 
Scientific opinion on the evaluation of the safety and efficacy of Listex P100TM for 
the removal of Listeria monocytogenes surface contamination of raw fish. EFSA J. 10 
(3), 2615. https://doi.org/10.2903/j.efsa.2012. 

European Food Safety Authorty (EFSA), Panel on Biological Hazards (BIOHAZ), 2016. 
Scientific opinion on the evaluation of the safety and efficacy of ListexTM P100 for 
reduction of pathogens on different ready-to-eat (RTE) food products. EFSA J. 14 (8), 
4565. https://doi.org/10.2903/j.efsa.2016.4565. 

Fallah, A.A., Saei-Dehkordi, S.S., Mahzounieh, M., 2013. Occurrence and antibiotic 
resistance profiles of Listeria monocytogenes isolated from seafood products and 
market and processing environments in Iran. Food Contr. 34, 630–636. https://doi. 
org/10.1016/j.foodcont.2013.06.015. 

FDA, 2014. GRAS Notices GRN No. 528 [WWW Document]. https://www.accessdata.fd 
a.gov/scripts/fdcc/index.cfm?set=GRASNotices&id=528. accessed 2.17.20.  

FDA, 2007. GRAS Notices GRN No. 218 [WWW Document]. https://www.accessdata.fd 
a.gov/scripts/fdcc/index.cfm?set=GRASNotices&id=218. accessed 2.17.20.  

FDA, 2006. GRAS Notices- GRN No. 198. WWW Document]. https://www.accessdata.fd 
a.gov/scripts/fdcc/index.cfm?set=GRASNotices&id=198. accessed 2.17.20.  

Fernández, L., Gutiérrez, D., García, P., Rodríguez, A., 2019. The perfect bacteriophage 
for therapeutic applications—a quick guide. Antibiotics 8, 1–16. https://doi.org/ 
10.3390/antibiotics8030126. 

Fister, S., Fuchs, S., Stessl, B., Schoder, D., Wagner, M., Rossmanith, P., 2016a. Screening 
and characterisation of bacteriophage P100 insensitive Listeria monocytogenes 
isolates in Austrian dairy plants. Food Contr. 59, 108–117. https://doi.org/10.1016/ 
j.foodcont.2015.05.026. 

Fister, S., Robben, C., Witte, A.K., Schoder, D., Wagner, M., Rossmanith, P., 2016b. 
Influence of environmental factors on phage-bacteria interaction and on the efficacy 
and infectivity of phage P100. Front. Microbiol. 7, 1152. https://doi.org/10.3389/ 
fmicb.2016.01152. 

Fogg, P.C.M., Allison, H.E., Saunders, J.R., McCarthy, A.J., 2010. Bacteriophage Lambda: 
a paradigm revisited. J. Virol. 84, 6876–6879. https://doi.org/10.1128/jvi.02177- 
09. 

Ganegama Arachchi, G.J., Cridge, A.G., Dias-Wanigasekera, B.M., Cruz, C.D., 
McIntyre, L., Liu, R., Flint, S.H., Mutukumira, A.N., 2013a. Effectiveness of phages in 
the decontamination of Listeria monocytogenes adhered to clean stainless steel, 
stainless steel coated with fish protein, and as a biofilm. J. Ind. Microbiol. 
Biotechnol. 40, 1105–1116. https://doi.org/10.1007/s10295-013-1313-3. 

Ganegama Arachchi, G.J., Mutukumira, A.N., Dias-Wanigasekera, B.M., Cruz, C.D., 
Mcintyre, L., Young, J., Flint, S.H., Hudson, A., Billington, C., 2013b. Characteristics 
of three listeriaphages isolated from New Zealand seafood environments. J. Appl. 
Microbiol. 115, 1427–1438. https://doi.org/10.1111/jam.12332. 

Garrido, V., Vitas, A.I., García-Jalón, I., 2009. Survey of Listeria monocytogenes in ready- 
to-eat products: prevalence by brands and retail establishments for exposure 
assessment of listeriosis in Northern Spain. Food Contr. 20, 986–991. https://doi. 
org/10.1016/j.foodcont.2008.11.013. 

Gill, J., Hyman, P., 2010. Phage choice, isolation, and preparation for phage therapy. 
Curr. Pharmaceut. Biotechnol. 11, 2–14. https://doi.org/10.2174/ 
138920110790725311. 

Gillesberg Lassen, S., Ethelberg, S., Björkman, J.T., Jensen, T., Sørensen, G., Kvistholm 
Jensen, A., Müller, L., Nielsen, E.M., Mølbak, K., 2016. Two Listeria outbreaks caused 
by smoked fish consumption—using whole-genome sequencing for outbreak 
investigations. Clin. Microbiol. Infect. 22, 620–624. https://doi.org/10.1016/j. 
cmi.2016.04.017. 

Gray, J.A., Chandry, P.S., Kaur, M., Kocharunchitt, C., Bowman, J.P., Fox, E.M., 2018. 
Novel biocontrol methods for Listeria monocytogenes biofilms in food production 
facilities. Front. Microbiol. 9, 1–12. https://doi.org/10.3389/fmicb.2018.00605. 

Gray, M.L., Killinger, A.H., 1966. Listeria monocytogenes and listeric infection in the 
diagnostic laboratory. Ann. N. Y. Acad. Sci. 30, 309–371. https://doi.org/10.1111/ 
j.1749-6632.1962.tb30590.x. 

Guenther, S., Huwyler, D., Richard, S., Loessner, M.J., 2009. Virulent bacteriophage for 
efficient biocontrol of Listeria monocytogenes in ready-to-eat foods. Appl. Environ. 
Microbiol. 75, 93–100. https://doi.org/10.1128/AEM.01711-08. 

Guenther, S., Loessner, M.J., 2011. Bacteriophage biocontrol of Listeria monocytogenes on 
soft ripened white mold and red-smear cheeses. Bacteriophage 1, 94–100. https:// 
doi.org/10.4161/bact.1.2.15662. 

Gutiérrez, D., Rodríguez-Rubio, L., Fernández, L., Martínez, B., Rodríguez, A., García, P., 
2017. Applicability of commercial phage-based products against Listeria 
monocytogenes for improvement of food safety in Spanish dry-cured ham and food 
contact surfaces. Food Contr. 73, 1474–1482. https://doi.org/10.1016/j. 
foodcont.2016.11.007. 

Hagens, S., Loessner, M.J., 2014. Phages of Listeria offer novel tools for diagnostics and 
biocontrol. Front. Microbiol. 5, 1–6. https://doi.org/10.3389/fmicb.2014.00159. 

Hagens, S., Loessner, M.J., 2010. Bacteriophage for biocontrol of foodborne pathogens: 
calculations and considerations. Curr. Pharmaceut. Biotechnol. 11, 58–68. https:// 
doi.org/10.2174/138920110790725429. 

Hanlon, G.W., 2007. Bacteriophages: an appraisal of their role in the treatment of 
bacterial infections. Int. J. Antimicrob. Agents 30, 118–128. https://doi.org/ 
10.1016/j.ijantimicag.2007.04.006. 

Harada, L.K., Silva, E.C., Campos, W.F., Del Fiol, F.S., Vila, M., Dąbrowska, K., Krylov, V. 
N., Balcão, V.M., 2018. Biotechnological applications of bacteriophages: state of the 
art. Microbiol. Res. 212–213, 38–58. https://doi.org/10.1016/j.micres.2018.04.007. 

Hatakka, M., Johansson, T., Lyytikäinen, O., Siitonen, A., 2000. Listeriosis cases 
suspected to have been caused by vacuum-packed fish products in Finland. Euro 
Surveill. 4, 16–23. https://doi.org/10.2807/esw.04.15.01623-en. 

Hietala, V., Horsma-Heikkinen, J., Carron, A., Skurnik, M., Kiljunen, S., 2019. The 
removal of endo- and enterotoxins from bacteriophage preparations. Front. 
Microbiol. 10, 1–9. https://doi.org/10.3389/fmicb.2019.01674. 

Hong, Y., Thimmapuram, J., Zhang, J., Collings, C.K., Bhide, K., Schmidt, K., Ebner, P.D., 
2016. The impact of orally administered phages on host immune response and 
surrounding microbial communities. Bacteriophage 6, e1211066. https://doi.org/ 
10.1080/21597081.2016.1211066. 

Huss, P., Raman, S., 2020. Engineered bacteriophages as programmable biocontrol 
agents. Curr. Opin. Biotechnol. 61, 116–121. https://doi.org/10.1016/j. 
copbio.2019.11.013. 

Hyman, P., 2019. Phages for phage therapy: isolation, characterization, and host range 
breadth. Pharmaceuticals 12. https://doi.org/10.3390/ph12010035. 

Hyman, P., Abedon, S.T., 2010. Bacteriophage host range and bacterial resistance. Adv. 
Appl. Microbiol. 217–248. https://doi.org/10.1016/S0065-2164(10)70007-1. 

Iacumin, L., Manzano, M., Comi, G., 2016. Phage inactivation of Listeria monocytogenes 
on San Daniele dry-cured ham and elimination of biofilms from equipment and 
working environments. Microorganisms 4, 4. https://doi.org/10.3390/ 
microorganisms4010004. 

Jamal, M., Bukhari, S.M.A.U.S., Andleeb, S., Ali, M., Raza, S., Nawaz, M.A., Hussain, T., 
Rahman, S.u., Shah, S.S.A., 2019. Bacteriophages: an overview of the control 
strategies against multiple bacterial infections in different fields. J. Basic Microbiol. 
59, 123–133. https://doi.org/10.1002/jobm.201800412. 
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Bērziņš, A., 2015. Bacterial microflora of freshwater fish originated from Usmas Lake 
in Latvia. J. Microbiol. Biotechnol. Food Sci. 74–77. https://doi.org/10.15414/ 
jmbfs.2015.4.ispecial1.74-77. 

Tham, W., Ericsson, H., Loncarevic, S., Unnerstad, H., Danielsson-Tham, M.L., 2000. 
Lessons from an outbreak of listeriosis related to vacuum-packed gravad and cold- 
smoked fish. Int. J. Food Microbiol. 62, 173–175. https://doi.org/10.1016/S0168- 
1605(00)00332-9. 

Uyttendaele, M., Busschaert, P., Valero, A., Geeraerd, A.H., Vermeulen, A., Jacxsens, L., 
Goh, K.K., De Loy, A., Van Impe, J.F., Devlieghere, F., 2009. Prevalence and 
challenge tests of Listeria monocytogenes in Belgian produced and retailed 
mayonnaise-based deli-salads, cooked meat products and smoked fish between 2005 
and 2007. Int. J. Food Microbiol. 133, 94–104. https://doi.org/10.1016/j. 
ijfoodmicro.2009.05.002. 

Van Belleghem, J.D., Merabishvili, M., Vergauwen, B., Lavigne, R., Vaneechoutte, M., 
2017. A comparative study of different strategies for removal of endotoxins from 
bacteriophage preparations. J. Microbiol. Methods 132, 153–159. https://doi.org/ 
10.1016/j.mimet.2016.11.020. 

Vermeulen, A., Gysemans, K.P.M., Bernaerts, K., Geeraerd, A.H., Van Impe, J.F., 
Debevere, J., Devlieghere, F., 2007. Influence of pH, water activity and acetic acid 
concentration on Listeria monocytogenes at 7 ◦C: data collection for the development 
of a growth/no growth model. Int. J. Food Microbiol. 114, 332–341. https://doi.org/ 
10.1016/j.ijfoodmicro.2006.09.023. 

Vongkamjan, K., Benjakul, S., Kim Vu, H.T., Vuddhakul, V., 2017. Longitudinal 
monitoring of Listeria monocytogenes and Listeria phages in seafood processing 
environments in Thailand. Food Microbiol. 66, 11–19. https://doi.org/10.1016/j. 
fm.2017.03.014. 

Vongkamjan, K., Roof, S., Stasiewicz, M.J., Wiedmann, M., 2013. Persistent Listeria 
monocytogenes subtypes isolated from a smoked fish processing facility included both 
phage susceptible and resistant isolates. Food Microbiol. 35, 38–48. https://doi.org/ 
10.1016/j.fm.2013.02.012. 

Vu, H.T.K., Benjakul, S., Vongkamjan, K., 2019. Characterization of Listeria prophages in 
lysogenic isolates from foods and food processing environments. PLoS One 14, 1–16. 
https://doi.org/10.1371/journal.pone.0214641. 

Wang, F., Jiang, L., Yang, Q., Han, F., Chen, S., Pu, S., Vance, A., Ge, B., 2011. Prevalence 
and antimicrobial susceptibility of major foodborne pathogens in imported seafood. 
J. Food Protect. 74, 1451–1461. https://doi.org/10.4315/0362-028X.JFP-11-146. 

Weinbauer, M.G., 2004. Ecology of prokaryotic viruses. FEMS Microbiol. Rev. 28 (2004), 
127–181. https://doi.org/10.1016/j.femsre.2003.08.001. 

Wernicki, A., Nowaczek, A., Urban-Chmiel, R., 2017. Bacteriophage therapy to combat 
bacterial infections in poultry. Virol. J. 14, 1–13. https://doi.org/10.1186/s12985- 
017-0849-7. 

Wieczorek, K., Osek, J., 2017. Prevalence, genetic diversity and antimicrobial resistance 
of Listeria monocytogenes isolated from fresh and smoked fish in Poland. Food 
Microbiol. 64, 164–171. https://doi.org/10.1016/j.fm.2016.12.022. 

Yamamoto, K.R., Alberts, B.M., Benzinger, R., Lawhorne, L., Treiber, G., 1970. Rapid 
bacteriophage sedimentation in the presence of polyethylene glycol and its 
application to large-scale virus purification. Virology 40, 734–744. https://doi.org/ 
10.1016/0042-6822(70)90218-7. 

Zhang, Y., Dong, S., Chen, H., Chen, J., Zhang, J., Zhang, Z., Yang, Y., Xu, Z., Zhan, L., 
Mei, L., 2019. Prevalence, genotypic characteristics and antibiotic resistance of 
Listeria monocytogenes from retail foods in Bulk in Zhejiang Province, China. Front. 
Microbiol. 10, 1–14. https://doi.org/10.3389/fmicb.2019.01710. 

Zhou, C., Zhu, M., Wang, Y., Yang, Z., Ye, M., Wu, L., Bao, H., Pang, M., Zhou, Y., 
Wang, R., Sun, L., Wang, H., Zheng, C., Zhang, H., 2020. Broad host range phage vB- 
LmoM-SH3-3 reduces the risk of Listeria contamination in two types of ready-to-eat 
food. Food Contr. 108, 106830. https://doi.org/10.1016/j.foodcont.2019.106830. 

Zoz, F., Grandvalet, C., Lang, E., Iaconelli, C., Gervais, P., Firmesse, O., Guyot, S., 
Beney, L., 2017. Listeria monocytogenes ability to survive desiccation: influence of 
serotype, origin, virulence, and genotype. Int. J. Food Microbiol. 248, 82–89. 
https://doi.org/10.1016/j.ijfoodmicro.2017.02.010. 

A. Lasagabaster et al.                                                                                                                                                                                                                          

https://doi.org/10.1016/j.ijfoodmicro.2018.06.011
https://doi.org/10.1016/j.ijfoodmicro.2018.06.011
https://doi.org/10.1016/j.chroma.2010.12.083
https://doi.org/10.4315/0362-028X-73.1.32
https://doi.org/10.4315/0362-028X-73.1.32
https://doi.org/10.4315/0362-028x-73.8.1519
https://doi.org/10.4315/0362-028x-73.8.1519
https://doi.org/10.1089/fpd.2009.0432
https://doi.org/10.1111/ijfs.12581
https://doi.org/10.1111/ijfs.12581
https://doi.org/10.1111/1541-4337.12153
https://doi.org/10.1111/1541-4337.12153
https://doi.org/10.1128/9781555816629.ch15
https://doi.org/10.1016/j.micinf.2007.05.011
https://doi.org/10.15414/jmbfs.2015.4.ispecial1.74-77
https://doi.org/10.15414/jmbfs.2015.4.ispecial1.74-77
https://doi.org/10.1016/S0168-1605(00)00332-9
https://doi.org/10.1016/S0168-1605(00)00332-9
https://doi.org/10.1016/j.ijfoodmicro.2009.05.002
https://doi.org/10.1016/j.ijfoodmicro.2009.05.002
https://doi.org/10.1016/j.mimet.2016.11.020
https://doi.org/10.1016/j.mimet.2016.11.020
https://doi.org/10.1016/j.ijfoodmicro.2006.09.023
https://doi.org/10.1016/j.ijfoodmicro.2006.09.023
https://doi.org/10.1016/j.fm.2017.03.014
https://doi.org/10.1016/j.fm.2017.03.014
https://doi.org/10.1016/j.fm.2013.02.012
https://doi.org/10.1016/j.fm.2013.02.012
https://doi.org/10.1371/journal.pone.0214641
https://doi.org/10.4315/0362-028X.JFP-11-146
https://doi.org/10.1016/j.femsre.2003.08.001
https://doi.org/10.1186/s12985-017-0849-7
https://doi.org/10.1186/s12985-017-0849-7
https://doi.org/10.1016/j.fm.2016.12.022
https://doi.org/10.1016/0042-6822(70)90218-7
https://doi.org/10.1016/0042-6822(70)90218-7
https://doi.org/10.3389/fmicb.2019.01710
https://doi.org/10.1016/j.foodcont.2019.106830
https://doi.org/10.1016/j.ijfoodmicro.2017.02.010

	Bacteriophage biocontrol to fight Listeria outbreaks in seafood
	1 Introduction
	2 Bacteriophage biocontrol
	3 Listeria specific bacteriophages as biocontrol agents
	3.1 Listeria bacteriophages
	3.2 Requirements for biocontrol Listeria bacteriophages

	4 Listeria specific bacteriophages as a seafood safety strategy
	4.1 Application of Listeria bacteriophages in seafood
	4.2 Application of Listeria bacteriophages in biofilms and processing environments

	5 Current limitations and strategies to overcome
	5.1 Development of bacteriophage-resistance
	5.2 High specificity and narrow lytic spectrum
	5.3 Consumer acceptance

	6 Listeria bacteriophages: from lab to market
	6.1 Production at industrial scale
	6.2 Commercial products and their regulatory status
	6.3 Industrial application

	7 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	References


