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A B S T R A C T

Growth of L. monocytogenes is among the most important factors affecting the risk of human listeriosis. In ready
to eat leafy greens, the use of anti-Listeria treatments represents a good alternative to inhibit growth during
storage. Several commercially available antimicrobial agents have been suggested as effective intervention
strategies. Among them, phage preparations and bacteriocin-producing strains have shown promising results
against L. monocytogenes. In this study, we investigate the efficacy of two commercially available surface
treatments, the bacteriophage formulation PhageGuard Listex (Micreos Food Safety B.V., NL) and the bacter-
iocin-producing culture SafePro® (CHR Hansen, DK) to inactivate L. monocytogenes in fresh-cut curly endive after
processing and during storage. Fresh-cut endive was inoculated with a cold-adapted L. monocytogenes cocktail of
6 strains (4.4 ± 0.0 log cfu/g) and treated with the anti-Listeria treatments. The treatments were applied using a
spray system at two different places within the processing line, on the conveyor belt and in the centrifuge. A total
of 5 different treatments were applied: i) Untreated (CT); ii) PhageGuard Listex on the conveyor belt
(Listex_Conveyor); iii) PhageGuard Listex during centrifugation (Listex_Centrifuge); iv) SafePro on the conveyor
belt (SafePro_Conveyor); and v) SafePro during centrifugation (SafePro_Centrifuge). Samples were stored 3 days
at 5 °C plus 5 days at 8 °C. PhageGuard Listex treatment reduced L. monocytogenes in fresh-cut endive by 2.5 logs,
regardless of the place of treatment application (conveyor belt or centrifuge). On the other hand, SafePro only
reduced L. monocytogenes by 0.2 and 0.4 logs, at the conveyor belt and centrifuge, respectively. Maximum L.
monocytogenes reductions of about 3.5 log units were observed in fresh-cut endive treated with PhageGuard
Listex after 3 days of storage. At the end of the shelf life (8 days), the initial trends were maintained and the
fresh-cut curly endive treated with PhageGuard Listex showed the lowest L. monocytogenes concentration.
However, by the end of the shelf-life, L. monocytogenes showed higher levels (1.3-fold) than immediately after
the application of the treatment. One hypothesis could be that L. monocytogenes cells, which were able to survive
the anti-Listeria treatments, were also able to proliferate under the specific storage conditions. Based on the
obtained results, PhageGuard Listex seems to be a promising decontamination agent for leafy greens aiming to
reduce growth of the bacteria but further work is needed.

1. Introduction

Listeria monocytogenes is a ubiquitous organism that is widely dis-
tributed in the environment. Soil and water are considered to be the
primary sources of L. monocytogenes for transmission to plant material,
feed, animals within the food chain (Gandhi and Chikindas, 2007; Linke
et al., 2014). L. monocytogenes is a foodborne pathogen that can cause
listeriosis and it has a high mortality rates among infected neonates,
elderly, and immunocompromised persons (Farber and Peterkin, 1991;
Walls and Buchanan, 2005). Food of non-animal origin have been re-
cently involved in listeriosis outbreaks including diced celery (in 2010

with 10 cases involved) in Texas (Gaul et al., 2013), frozen vegetables
(in 2013–2018 with>55 cases involved) but also leafy greens, such as
curly endive, have been involved in outbreaks (in 2015–2016 with 19
cases involved) in different parts of Europe, respectively (EFSA, 2018).
Growth of L. monocytogenes is among the most important factors af-
fecting the risk of human listeriosis associated with consumption of
ready-to-eat (RTE) foods. Factors affecting L. monocytogenes growth
mainly include the product characteristics (pH, aw, concentration of
antimicrobials), storage temperature and time (EFSA, 2018).

According to European Union (EU) scientific advice, decontamina-
tion practices can constitute a useful tool in further reducing the
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number of pathogenic microorganisms, but the use of substances in-
tended to remove microbial surface contamination should only be
permitted if a fully integrated control program is applied throughout
the entire food chain (EFSA, 2016). Several commercial treatments
based on bacteriophages and bacteriocin-producing cultures have been
proposed as treatments to control various food-borne pathogens, which
can be used as an alternative for conventional food preservatives.

The use of bacteriophages and bacteriocin-producing cultures as
‘biopreservatives’ to replace chemical preservatives has received much
attention (Elsser-Gravesen and Elsser-Gravesen, 2013; Oliveira et al.,
2015; Skariyachan and Govindarajan, 2019). One reason for this trend
is the current awareness of consumers towards the use of chemical food
preservatives. Bacteriophages are bacterial viruses that infect and kill
bacteria cells with high specificity (Brovko et al., 2012). Their anti-
microbial activity against foodborne pathogenic bacteria on fresh pro-
duce has been demonstrated (El-Dougdoug et al., 2019; Leverentz et al.,
2003;). PhageGuard Listex, a commercial product containing bacter-
iophages, has been classified as a suitable treatment to reduce levels of
L. monocytogenes in food, including fresh produce (Oladunjoye et al.,
2017; Oliveira et al., 2014, 2015). It has been reported that depending
on the type of product tested, single or multiple applications may be
needed to achieve the intended antimicrobial effect (EFSA, 2016). This
is because the effectiveness of PhageGuard Listex depends on different
factors, including the food matrix (Guenther et al., 2009). It is also
possible that contamination of Listeria might occur subsequent to the
treatment with bacteriophages, in this case, the application of this
treatment may have no real effect, or that the characteristics of the food
matrix (e.g. free water content) reduce the activity of the bacter-
iophages as described in the EFSA (2016) opinion. Therefore, more
research studies are needed to determine the suitability of PhageGuard
Listex as an antimicrobial agent in different food matrixes, including
fresh produce.

Lactic acid bacteria (LAB) are an important group of industrial
microorganisms involved in several processes, including fermentation
and preservation. LAB have the ability to inhibit growth of spoilage
microorganisms and pathogenic bacteria, contributing to the main-
tenance of hygienic and organoleptic quality of the products (Abriouel
et al., 2010; Barbosa and Mantovani, 2017; Gálvez et al., 2014). This
inhibitory activity can be the result of the metabolic products secreted
by these LAB which act as antimicrobial compounds, such as bacter-
iocins (Arthur et al., 2014; Cotter et al., 2005; Meireles et al., 2016).
There are several research studies focused on the use of bacteriocin-
producing cultures to inhibit L. monocytogenes present in food (Gálvez
et al., 2007; Ho et al., 2018; Mathur et al., 2017), but also on the an-
timicrobial activity of commercial LAB solutions to inhibit the presence
of E. coli O157:H7 and Salmonella (Brown et al., 2011; Cálix-Lara et al.,
2014; Gragg and Brashears, 2010). Several commercial cultures, based
on bacteriocins strains of LAB species, are normally present in food
products. This is the case of SafePro®, which have been developed for
foodborne pathogens control. However, there is little information about
the efficacy of commercial bacteriocin-producing strains to inhibit the
growth of L. monocytogenes on fresh produce. Recently, several research
studies have reported the ability of bacteriocins to reduce the biofilm
formation by L. monocytogenes (Bolocan et al., 2017; Camargo et al.,
2018)

Authorities such as FDA and the European Commission, require an
in-depth evaluation of antimicrobial substance before their use is au-
thorized. Since 2007, several countries (e.g. Australia, USA, and
Canada) have approved the use of commercial bacteriophages solutions
such as PhageGuard Listex at levels up to 109 pfu/g of food as an an-
timicrobial agent to control L. monocytogenes. In Europe, the European
Commission is permitting the use of Listex™ P100 for the reduction of L.
monocytogenes on ready-to-eat products of animal origin. On the other
hand, SafePro® is generally recognized as safe in ready-to-eat products
of animal origin. In Europe, the strain Lactobacillus curvatus used in the
anti-Listeria treatment SafePro®, is included in the list of qualified

presumption of safety (QPS)-recommended biological agents in-
tentionally added to food or feed by EFSA.

Based on previous researches that highlight the efficacy of bacter-
iophages and bacteriocin-producing cultures to inhibit growth of L.
monocytogenes, the aim of the present study was to evaluate the efficacy
of commercially available solutions, such as PhageGuard Listex and
SafePro®, for controlling L. monocytogenes in fresh-cut curly endive after
processing and during storage. Experiments will allow the comparison
of the selected treatments as well as to determine the real efficacy in a
pilot scale study aiming to mimic the conditions currently applied by
the industry during processing and commercialization of leafy greens.

2. Material and methods

2.1. Process wash water

Process wash water (PWW) was generated mimicking as much as
possible the water characteristics of PWW from a commercial washing
tank at a fresh-cut processing line of fresh-cut curly endive. PWW was
obtained after washing 50 kg of fresh-cut curly endive obtained from a
local grower (Torre Pacheco, Murcia, Spain) in 200 L of tap water at a
1:4 ratio. PWW had the following physicochemical characteristics:
chemical oxygen demand (COD) of 500mg/L, alkalinity (150 ± 25mg
equiv. CaCO3/L), turbidity (123 ± 58 NTU), and conductivity
(1786 ± 126 μS/cm). The PWW was kept at 5 °C until next day, when
it was used for the experiments. A total of 120 L of PWW was used for
inoculation with L. monocytogenes (104 cfu/mL).

2.2. Bacterial strains and inoculum preparation

Cold-adapted cultures of six L. monocytogenes strains isolated from
vegetables by the company ISI FOOD PROTECTION ApS (Denmark)
were used in this study (Table 1). The L. monocytogenes strains were
selected based on their sensitivity to the anti-Listeria treatments. The
strains of L. monocytogenes were reconstituted in Brain Heart Infusion
broth (BHI, Oxoid, Basingtoke, United Kingdom) and consecutively
subcultured twice in 10mL of BHI, first time at 37 °C for 24 h, and
second time at 7 °C for approx. 4–5 days. After the second incubation,
3mL of each strain were combined to obtain a six-strain cocktail of L.
monocytogenes. The cocktail was centrifuged to 2500g for 5min and the
supernatant was eliminated. The obtained pellet was washed twice with
18mL of PBS using the same conditions as above. The cocktail was
diluted in PWW to the desired concentration of approximately 105 cfu/
mL. Final concentration of the inoculum was confirmed by plating
duplicate serial suspension dilutions on ALOA/OCLA agar (Scharlau,
Barcelona, Spain) followed by incubation at 37 °C for 24 h.

2.3. Preparation of anti-Listeria treatments

Working solutions of selected anti-Listeria solutions were prepared
according to the suppliers' recommendations. In the case of PhageGuard
Listex (Micreos Food Safety B.V., NL), the concentration of bacter-
iophages in the commercial solution was close to 1011 pfu/mL, as spe-
cified by the manufacture. The phage titre was determined by plating

Table 1
Listeria monocytogenes isolates and sources and source of origin. These strains
were isolated by the company ISI FOOD PROTECTION ApS (Denmark).

Strain no. Listeria species Isolated from

2066 Monocytogenes Leeks
2810 Monocytogenes Parsley
3213 Monocytogenes Salad (sliced)
3216 Monocytogenes Salad (iceberg)
3217 Monocytogenes Salad (Chinese cabbage)
3219 Monocytogenes Salad (green salad)
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serial dilutions using a soft agar overlay assay with L. monocytogenes ISI
3215 as the host. The phage counts were expressed as plaque forming
units per millilitre (pfu/mL). The final working solution at a con-
centration of 109 pfu/mL was obtained by serial dilution in sterile
water. In the case of SafePRo® (Chr. Hansen Holding, Hoersholm,
Danmark), the sachets contained (25 g) freeze-dried LAB. Upon receipt,
sachets were stored at −80 °C following manufacturer guidance until
ready for use. Each sachet was opened for single use only. The entire
content of the sachet was dissolved in 0.767 kg of tap water and a
concentration of about 1011 cfu/g was obtained, as specified by the
manufacture. The final working solution at a concentration of 109 cfu/
mL was obtained by serial dilution in sterile water. The final con-
centration was confirmed on Man-Rogosa-Sharpe (MRS) agar
(Scharlau) (pH 5.7), incubated for 48 h at 35 °C.

2.4. Application of anti-Listeria treatments

Curly endive heads (40 kg) were obtained from a local grower
(Torre Pacheco, Murcia, Spain) at the day of harvest. Heads were cut in
3 cm pieces using a stainless steel knife and stored in darkness in a cold
room (5 °C) during 16 h until the start of the experiment. Inoculated
PWW (generated as previously described) was used to wash the fresh-
cut curly endive for 1min. The ratio used for the washing was 1 kg of
endive for 4 L of inoculated PWW. A total of 20 Kg of inoculated fresh-
cut curly endive was prepared. After washing, the inoculated fresh-cut
curly endive was divided in 5 lots of 4 kg each. Four lots were treated
with different anti-Listeria treatments and one lot was kept untreated.
The treatments were applied using a sprayer system at two different
places within the processing line, one of them simulating the applica-
tion on a conveyor belt (Fig. 1A) and the other one applied during
centrifugation to facilitate the mix of the anti-Listeria treatment with
the product (Fig. 1B). Two litters of the anti-Listeria treatment were
used for each spray treatment. Therefore, the five treatments were as
follow: (1) untreated control (CT); (2) PhageGuard Listex
(2.0× 109 pfu/mL) applied on the conveyor belt (Listex_Conveyor);
(3) PhageGuard Listex applied during centrifugation (Listex_Cen-
trifuge). For the centrifugation, the produce was dried for 30s after and
before the application of the treatment using an automatic industrial
salad spinner (K-50, Kronen GmbH, Kehl am Rhein, Germany); (4)
SafePro (4.1× 109 cfu/mL) applied on the conveyor belt (Safe-
Pro_Conveyor); and (5) SafePro applied during centrifugation (Safe-
Pro_Centrifuge). Fig. 2 represents the scheme were the different
treatments are described.

All the treatments were subjected to packaging and storage.
Random samples of non-inoculated PWW and non-inoculated fresh-cut
endive were taken to evaluate the potential natural presence of Listeria.

2.5. Packaging and storage

Fresh-cut curly endive (250 g), taken at random from each treat-
ment, were packed under passive modified atmosphere in individual
bags (230mm×280mm) of oriented polypropylene (OPP) film of
35 μm thickness (Amcor Flexibles, Bristol, UK) with O2 permeance of
2.629 E12 mol/m2 s Pa, CO2 permeance of 9.84 E12 mol/m2 s Pa and
H2O permeance of 5.408 E6 mol/m2 s Pa. All bags of inoculated and
non-inoculated fresh-cut curly endive were thermally sealed (Magneta
421, Audion Elektro BV, Netherlands) and stored for 3 days at 5 °C plus
5 days at 8 °C, simulating commercial conditions after production and
during transportation and commercialization. Gas composition within
the bags was only monitored in bags containing non-inoculated pro-
duct. Concentrations of CO2 and O2 within packages were measured in
an Ametek Thermox CG-100 oxygen analyzer (Pittsburgh, USA). The
gas samples were taken from the bags of fresh-cut curly endive using
hermetic syringes through a rubber septum.

2.6. Microbiological analysis

Samples were taken at different sampling points including day 0,
day 3 and day 8 of storage. On day 0, the time interval between the
application of the treatments and the analysis of the samples was 5 h. A
total of 5 samples were taken per treatment and sampling day.
Depending on the type of sample, L. monocytogenes levels were en-
umerated by direct plating in ALOA/OCLA (Scharlau) agar or after
filtration of the samples and plating in the same agar. Briefly, 25 g of
fresh-cut curly endive were added to 225mL of 0.1% (wt/vol) half
concentrated Fraser (Scharlau) and mixed using a stomacher
(Stomacher 400, A. J. Seward, London, UK) for 1min. In the case of
inoculated but non-treated samples, 10-fold dilutions were prepared as
needed and aliquots were plated in ALOA/OCLA (Scharlau) agar.
Inoculated and phage-treated samples were filtered using cellulose ni-
trate membrane filters (0.45 μM diameter, Microsart®, Sartorius, Spain)
immediately after stomaching to stop the inactivation of L. mono-
cytogenes cells by the phages present in the PhageGuard Listex solution.
The volume of sample filtered varied between 1, 10 and 100mL as
needed for plating. Then, filters were placed in the agar plates.

To avoid an overestimation of the treatment, the contact between L.
monocytogenes and phages was reduced by minimizing the time be-
tween the dilution of the samples and the filtration after homogeniza-
tion. This time was always below 3min. For SafePro treated samples,
serial dilutions were applied to the surface of ALOA/OCLA (Scharlau)
agar to estimate L. monocytogenes levels. All the plates were incubated
at 35 °C for 24–48 h. An enrichment step was also performed in Fraser
(Scharlau) broth to determine presence/absence of the pathogen.

The levels of phages in the PhageGuard Listex solution, as well as in
the centrifuge spent water and the treated fresh-cut curly endive were
enumerated following the spot test method (Champagne and Gardner,

Fig. 1. Scheme of the selected places of treatment application: conveyor belt and during centrifugation.
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1995). In the case of treated product, 25 g of each sample were
homogenized for 2min in 225mL of 0.1% sterile peptone water (SPW,
wt/vol) (Scharlab) using a Stomacher. One mL of the homogenate was
filtered onto 0.45 μM polyethersulfone membrane filters (Thermo
Fisher Scientific, CA, USA) to remove the presence of any bacteria. For
the PhageGuard Listex solution and centrifuge spent water, a volume of
1ml was also filtered, as is indicated above. Ten-fold dilutions of each
filtrate were performed in SM buffer (5.8 g NaCl, 2.0 g MgSO4·7H2O,
50mL1M Tris-HCl pH 7.4, 2% gelatin in 1 L dH2O; Manohar et al.,
2018). Three aliquots of each dilution (3×10 μL) were placed on lawn
of the host strain (L. monocytogenes ISI 3215). Plates were incubated at
30 °C for 24–48 h. Enumeration of phages in the PhageGuard Listex
solution and the centrifuge spent water and the treated product was
only performed on day 0.

The levels of bacteriocin-producing bacteria in the SafePro® solu-
tion, centrifuge spent water and the treated product were enumerated
using the agar overlay method. In the case of fresh-cut curly endive,

25 g of each sample were homogenized for 2min in 225mL of 0.1%
SPW (wt/vol) using a stomacher. Ten-fold dilutions of homogenate
were spread-plated on MRS agar (pH 5.7). In the case of the SafePro®
solution and centrifuge spent water, ten-fold dilutions were also spread-
plated on MRS agar (pH 5.7). For overlay agar, 1mL from 100-fold
dilution of L. monocytogenes ISI 3215 was transferred to 100mL of
Luria-Bertani (LB, Scharlau) agar (0.6%). Then, 5mL LB overlay agar
inoculated with Listeria was placed on top of the MRS agar plates. Plates
were inoculated at 30 °C for 72 h. Only colonies giving zones of in-
hibition were counted as protective culture colonies. Enumeration of
bacteriocin-producing bacteria in the SafePro® solution and the treated
product were only performed on day 0.

2.7. Statistical analysis

L. monocytogenes levels were log10 transformed. The mean log re-
ductions of L. monocytogenes in fresh-cut curly endive were calculated

Fig. 2. Description of the experimental design.
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based on the all counts of L. monocytogenes of the control group and
each treatment group. IBM SPSS Statistics 23 was used for statistical
analyses. P values below 0.05 were considered statistically significant.
Shapiro-Wilk test was performed to assess the normality of the data
(P >0.05). Mann Whitney U and Kruskal-Wallis tests were used to
determine the differences during shelf life and between treatments.

3. Results and discussion

3.1. Inoculation of the fresh produce and application of the treatments

Previous studies focused on food decontamination practices have
demonstrated that the efficacy of the treatments, such as bacter-
iophages or bacteriocin-producing strains, can be highly influenced by
the method of application (spray or dip) as well as by the place of
treatment application (EFSA, 2016; de Souza de Azevedo et al., 2019;
Leverentz et al., 2003, 2004; Zhang et al., 2019). In this study, based on
the recommendations of fresh-cut producers, the anti-Listeria treat-
ments were applied using a spray system at two different places within
the processing line, on the conveyor belt and during centrifugation.

L. monocytogenes levels in PWW were above 5 log cfu/mL. After
washing, L. monocytogenes levels in the fresh-cut curly endive was as
expected, about 4 log cfu/g. Half of the tested samples of non-in-
oculated fresh-cut endive were positive for L. monocytogenes showing
very low numbers (0.2 ± 0.2 log cfu/g), which should not affect levels
of inoculated L. monocytogenes.

The PhageGuard Listex solution used to treat fresh-cut curly endive
contained a bacteriophage concentration of about 9 log pfu/mL. After
treatment, the concentration of bacteriophages in the fresh-cut curly
endive was above 7 log pfu/g, regardless of the place of treatment ap-
plication (conveyor belt and centrifuge). Among the two tested places
of application (conveyor belt and centrifuge), no significant differences
were found. The spent water recovered from the centrifuge after cen-
trifugation of the product also showed high levels of bacteriophages, of
about 8 log pfu/mL. This indicates that an important proportion of the
bacteriophages are removed during centrifugation.

The working solution used for the treatment of fresh-cut curly
endive contained levels of LAB close to 9.5 log cfu/mL. In this case, the
place of treatment application influenced the levels of LAB in the
treated product. Application of SafePro® on the conveyor belt resulted
in a final concentration of about 8 log cfu/g in the product while levels
of about 6 log cfu/g, were observed when SafePro was applied during
centrifugation. In this case, the levels of LAB found in the water re-
moved from the product during centrifugation were very high, similar
to those found in the SafePro solution, indicating the loss of LAB cells
during centrifugation. The obtained results highlight the need for op-
timization of the place of treatment application when using post-pro-
cess anti-Listeria treatments.

To the best of our knowledge, there are no other available data
evaluating the impact of the place of treatment application in a fresh-
cut processing line using two anti-Listeria treatments. Most of the
available studies have been performed in ready to eat meat and fish
products as well as dairy products, and the application methods were in
most of the cases by spraying or in the smear suspension (Carlton et al.,
2005; Chibeu et al., 2013; Guenther and Loessner, 2011; Holck and
Berg, 2009). In the few studies performed in fresh produce, the most
common method of application was by immersion, simulating the
washing step of the processing line (Oladunjoye et al., 2017; Oliveira
et al., 2015). However, it should be taken into account that application
of anti-Listeria treatments by immersion in a large washing tank, also
involves concerns regarding the maintenance of the microbiological
quality of the water and the need of maintaining a constant con-
centration of the anti-Listeria treatment in the water.

3.2. Efficacy of commercial anti-Listeria treatments to inhibit growth of
Listeria monocytogenes on the surface fresh-cut curly endive at different
storage times

L. monocytogenes inoculated in fresh-cut curly endive was able to
grow during storage (3 days at 5 °C and 5 days at 8 °C) (Fig. 3). The
highest growth rate was observed between days 0 and 3 of storage,
while no significant differences were observed between 3 and 8 days of
storage and in both cases, levels of L. monocytogenes were about 1 log

Fig. 3. Box-plot representing the levels of L. monocytogenes in untreated (CT)
and treated fresh-cut curly endive using PhageGuard Listex and Safe-Pro
treatments applied using an spray system at two different places of application
including the conveyor belt and during centrifugation as well as during shelf-
life (3 days 5 °C+5 days 8 °C). Box-plot with uppercase letters indicate sig-
nificant difference between control (CT) and treatments at P <0.05. Lower
case letters indicate significant difference between different storage times at
P <0.001. Bottom and top of the boxes represent the 25th and 75th percen-
tiles. The boxplot whiskers represent the minimum and maximum values.
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higher than on the processing day (day 0). A similar growth rate has
been also found in different RTE salads artificially inoculated with L.
monocytogenes tested in a previous study (Ziegler et al., 2019). Changes
in the growth rate can be attributed to differences on the food matrix,
storage time and storage temperature.

When fresh-cut curly endive was treated with PhageGuard Listex,
levels of L. monocytogenes were significantly reduced after treatment
application (day 0) but also after 3 days of storage at 5 °C. However,
after 8 days of storage (3 days 5 °C+ 5 days 8 °C), L. monocytogenes cells
present in the fresh-cut product were able to proliferate showing levels
of about 1 log higher than those observed after 3 days of storage. This
tendency was observed for the two places of treatment application
(conveyor belt and centrifuge). Guenther et al. (2009) demonstrated
that the levels of bacteriophages decreased by approximately 1 log unit
within 2 or 3 days after treatment, often accompanied by increased
Listeria cell counts. This phenomenon could be due to secondary me-
tabolism compounds, which could inactivate bacteriophages (de
Siqueira et al., 2006; Su et al., 2010; Su and D'Souza, 2012). On the
other hand, PhageGuard Listex is only effective against some strains of
L. monocytogenes and their growth may occur after treatment (EFSA,
2016). In our study, fresh-cut curly endive samples were naturally
contaminated with 0.2 log cfu/g of L. monocytogenes, which could have
grown after the treatment. Another possible explanation could be that
the phages did not come into direct contact with some L. monocytogenes
cells after the phages were sprayed onto the fresh-cut endive. Im-
provements in the mode of application such as the use of fine (mist-like)
sprays could help to reduce this problem.

These findings highlight two of the limitations of this study in-
cluding: (i) the stability of bacteriophages in the fresh-cut curly endive
was not evaluated during the storage days and (ii) the L. monocytogenes
strains, naturally present in the fresh-cut endive, were not isolated to
evaluate their resistant to PhageGuard Listex.

In the case of SafePro treatments, only slight reductions (0.2 and
0.4 log cfu/mL for SafePro_Spray and SafePro_Cent, respectively) were
observed between the control and the treated fresh-cut endive samples.
In general, the obtained reductions were maintained during the first
days of storage in the case of fresh-cut endive treated on the conveyor
belt, when the SafePro treatment was applied during centrifugation,
levels of L. monocytogenes increased between day 0 and day 3 of storage
(Fig. 3). After 8 days of storage, a slight increase was observed in the
levels of L. monocytogenes in fresh-cut endive treated on the conveyor
belt and during centrifugation (Fig.3) Based on the obtained results, the
adaptation of the L. monocytogenes and the higher temperatures during
the last 5 days of storage seemed to favour the proliferation of the cells.
Allende et al. (2007) observed that washing fresh-cut lettuce with
bacteriocin-containing solutions did not inhibit the proliferation of L.
monocytogenes during storage (7 days, 4 °C). However, Randazzo et al.
(2009) found that the levels of L. monocytogenes in iceberg lettuce
treated with bacteriocin were reduced and maintained after 7 days of
storage at 4 °C.

It is important to highlight that in the present study, the log dif-
ference between the concentration of L. monocytogenes in SafePro-
treated fresh-cut curly endive after 8 days and the concentration in
untreated control at day 0 was< 0.5 log. Based on the Regulation (EC)
No. 2073/, 2005, the 0.5 value has been established as the threshold,
below which, a product can be identified as unable to support growth of
L. monocytogenes. Therefore, it could be concluded that the SafePro
solution could be efficient in preventing growth of L. monocytogenes in
fresh-cut curly endive under the condition applied in this test.

Additionally, in order to determine any potential effect due to the
gas composition of the atmosphere within the bags the concentrations
of CO2 and O2 was monitored. During storage, O2 concentrations were
reduced mostly because of the respiration of the product while the CO2

concentrations increased. None of the reached concentrations have
been associated with an impact on the survival of L. monocytogenes in
fresh produce (Allende et al., 2002; Castillejo-Rodriguez et al., 2000)

3.3. General Trends on the Effectiveness of PhageGuard Listex and SafePro
against Listeria monocytogenes inoculated on fresh-cut produce

When all the samples were studied together, it was observed that
both treatments, PhageGuard Listex and SafePro, significantly reduced
the levels of L. monocytogenes when compared to the untreated in-
oculated product. However, although the point of application (con-
veyor belt and centrifugation) overall seemed not to affect the efficacy
of the treatments, significant differences were observed between the
selected anti-Listeria treatments. Therefore, taking all the samples to-
gether it was observed that SafePro was only able to reduce levels of L.
monocytogenes on the surface of fresh-cut curly endive by an average of
about 0.8 log units. Meanwhile, the treatment with PhageGuard Listex,
reduced populations of L. monocytogenes by in average about 2.5 logs.

Effectiveness of bacteriophage solutions against L. monocytogenes
has been already demonstrated in several food matrix, such as ready to
eat meats and poultry, cheese, smoked fish and fruits and vegetables
(Chibeu et al., 2013; Oliveira et al., 2014; Soni et al., 2010, 2012; Soni
and Nannapaneni, 2010). Regarding fresh produce, Oliveira et al.
(2014) found a reduction of 1.0–1.5 log cfu/mL in the level of L.
monocytogenes inoculated on melon and pear stored at 10 °C. A bac-
teriophage treatment (108 pfu/mL) also reduced L. monocytogenes levels
on carrots (2.0–2.9 log cfu/mL) after 6 days of refrigerated storage
(Oladunjoye et al., 2017). The use of phages was also studied to in-
activate L. monocytogenes on melons by Leverentz et al. (2003). These
authors obtained reductions of about 2.0–4.6 log cfu per sample. On
fresh-cut spinach stored under modified atmosphere packaging, a bac-
teriophage cocktail reduced L. monocytogenes populations compared to
un-inoculated control, by 3.24 and 1.95 after 10 and 14 days at 10 °C,
respectively (Boyacioglu et al., 2016). In general, application of
6.0–8.0 log pfu/g or mL phage concentration produced significant
(p <0.05) reductions in inoculated L. monocytogenes populations on
fresh produces (EFSA, 2016).

As far as we know, there are not studies evaluating the safety and
efficacy of SafePro® during storage of fresh produce. However, previous
studies have demonstrated the antimicrobial activity of othercommer-
cial LAB solutions to inhibit the presence of foodborne pathogens on
fresh produce. Gragg and Brashears (2010) reported that Bovamine®
Meat Cultures inhibited E. coli O157:H7 by 1.25 log units on baby
spinach stored 7 °C for 12 days. Brown et al. (2011) observed that the
application of LactiGuard® decreased the levels of E. coli O157:H7 by
1.4 log units on spinach compared to the control after 9 days at 4 °C. A
similar observation was made by Cálix-Lara et al. (2014), who reported
that application of LactiGuard® to spinach reduced the levels of E. coli
O157:H7 and Salmonella populations by 1.6 and 1.9 log cfu/g, respec-
tively after 12 days of storage at 7 °C. In general, the tested bacteriocin-
producing strains exerted a minimal control over the growth of the
pathogen when artificially inoculated vegetables were used.

4. Conclusions

In the present study, two anti-Listeria treatments have been eval-
uated in fresh-cut curly endive to inhibit growth of L. monocytogenes.
Among the tested antimicrobial treatments, PhageGuard Listex reduced
the initial levels of L. monocytogenes independently of the point of ap-
plication (before or during centrifugation). When compared to the un-
treated control, maximum reductions of about 3.5 log units were ob-
served after 3 days of storage. However, the bacteriocin-containing
solution SafePro® did not significantly reduced initial levels of L.
monocytogenes after the treatment (Day 0) but reductions of about 1 log
were observed after 3 days of storage. In all the cases, the levels ob-
served at the end of the shelf-life (8 days) indicate that the remaining L.
monocytogenes cells were able to proliferate under the specific storage
conditions to a certain degree. However, the final concentration of L.
monocytogenes in fresh-cut curly endive treated with PhageGuard
Listex® was about 2 logs lower than that of the untreated control. Based
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on the obtained results PhageGuard Listex® seems to be a promising
decontamination treatment for leafy greens aiming to reduce growth of
the bacteria and subsequently, potential listeriosis outbreaks. On the
other hand, the SafePro® treatment did not inactivate Listeria present in
fresh-cut endive, but it was efficient in preventing growth of L. mono-
cytogenes in fresh produce, and consequently, able to improve the mi-
crobiological safety of fresh-cut vegetables.
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