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J. Ortiz-Solà a, P. Colás-Medà a, I. Nicolau-Lapeña a, I. Alegre a, M. Abadias b, *, I. Viñas a, *
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Fresh fruits, especially strawberries, are usually consumed raw without any step to ensure their food safety.
Salmonella enterica is one of the most important etiologic agents for foodborne diseases throughout the world and
its ability to respond to some stress responses makes it even more dangerous. In the present investigation, we
study the survival of S. Enteritidis (CECT-4300) on strawberries after 2-min of various disinfection steps (NaClO
(200 ppm), peracetic acid (PAA; 40 ppm), water-assisted UV-C (WUV-C), and the combination WUV-C and 40
ppm of PAA (WUV-C + PAA)) and after 5 days of cold storage (4 ◦ C). Moreover, the pathogenic potential of the
surviving bacteria, such as the ability to survive throughout the gastrointestinal tract (GI) and subsequently the
capability to adhere to and invade Caco-2 cells, was tested at each sampling point. After 2-min of washing
procedures, reductions of S. Enteritidis on strawberries were ≥1.2 log, with no significant differences among
treatments. However, the use of WUV-C + PAA treatment achieved the highest reductions in washing water, in
which S. Enteritidis was not detected (<DL). At the end of 5-day storage period, reductions of the WUV-C + PAA
treated-samples were lower in comparison with PAA-treated samples (P < 0.05). The effect of the treatments
used did not interfere with the survival of S. Enteritidis along the GI tract. After disinfection and subsequent GI
simulation, all remaining populations demonstrated an elevated ability to adhere in Caco-2 cells (67.5–81.1%)
compared with those obtained on untreated strawberries (61.4%). Concerning the ability of invasion, no sig
nificant differences could be observed. Remarkably, after 5 days at 4 ◦ C, the adherence of S. Entertidis signifi
cantly decreased in the samples with the combined treatment meanwhile the invasion ability was not detected
for any treatment. The results of the present study are essential for the quantitative microbial risk estimations.

1. Introduction
The demand and consumption of fruits and vegetables have
increased worldwide, driven mainly by the consumer concern for
healthier lifestyles (Bacchetti et al., 2018; FAO/WHO, 2008; Głąbska
et al., 2020). This trend has led to an increase in the number of food
borne outbreaks related to the consumption of fresh produce (Porat
et al., 2018), being strawberries one of the most important fruits that
have been correlated to global safety issues caused by pathogenic mi
croorganisms. In this context, the Panel on Biological Hazards (BIOHAZ)
of EFSA was asked to write in 2014 a scientific opinion about the risk
posed on Salmonella spp. and norovirus in berries, including straw
berries (EFSA, 2014). In 2019, Salmonella spp. were reported as the most
leading etiologic agent causing gastroenteritis in the EU, with 371 no
tifications (up by 51%) from member countries and the same goes for

non-member countries (347 notifications) (RASFF, 2019). Indeed,
human illness can be caused by different Salmonella serovars, being
S. enterica subsp. enterica serovar Enteritidis as the most important
salmonellosis agent for human gastroenteritis around the world (EFSA,
2021).
The disinfection of fruits and vegetables is one of the most important
steps in fresh produce processing, removing dirt and pesticide residues,
but also eliminating pathogenic and spoilage microorganisms (Deng
et al., 2019; Gil et al., 2009). Chlorine has been used as a disinfecting
agent to ensure the safety of the final product; however its use has been
restricted in some EU countries due to the formation of mutagenic and
carcinogenic by-products after reacting with organic matter during the
disinfection process, leading to environmental and health risk problems
(Marín et al., 2020). Therefore, previous studies have focused on the
exploration of novel alternative disinfectants to chlorine. In this context,
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peracetic acid (PAA) is postulated as a potential substitute for sodium
hypochlorite (NaClO), mainly due to its bacteriostatic and bactericidal
effect based on the release of nitrogen, capable of oxidizing the sulfhy
dryl bond of enzymes, acting on the DNA bases, and obstructing certain
vital metabolic pathways (Zoellner et al., 2018). Moreover, a part of its
germicidal effect, the decomposition of PAA (acetic acid, hydrogen
peroxide, oxygen and water) has no to little toxicity and maintains the
water quality (Ao et al., 2020).
There exist many studies focused on the germicidal effect of sani
tizers on the survival of Salmonella population in food matrices (Huang
and Chen, 2015; Kang et al., 2020; Lafarga et al., 2019; Trinetta et al.,
2013; Zhou et al., 2017), but the effect of sanitizers on the pathogenic
potential and gene response of this bacterium is not well described, since
only a few reports are available. Is well known that there is concern
about the pathogen adaptation to the conditions come across in the food
supply chain, which allows the alteration of the pathogenic potential
through the emergence of cross-resistance and gene expression,
increasing the likelihood of infection (Buchanan et al., 2017). With a
disinfection step, S. enterica undergoes a sequence of hurdles, including
temperature, pH and gas composition changes, light radiation, chemical
agents or competition for nutrients. Therefore, S. enterica is able to
recognize these stresses and modulate its genetic capacity to induce
resistance genes that will provide phenotypic and morphological
changes (Yang et al., 2014).
On the other hand, from a microbiological risk approach it is not only
essential to know whether certain environments and food matrices have
an effect on the pathogenic potential of the pathogen, but also the effect
they have on its ability to penetrate the gastric barrier of the stomach
and to internalize the human intestine (Jankowska et al., 2008). To
produce gastrointestinal infection, S. enterica must be able to adhere to
the epithelial cells of the human intestine followed by invasion and
destruction of M cells and enterocytes, triggering the liberation of en
zymes and/or toxins that are capable of initiating the internalization of
the pathogen in the human tissues resulting in disruption of the integrity
of the mucosal surface and entry to the underlying tissue (Solano et al.,
2001). Adherence is considered a prerequisite for Salmonella infection
(Oliveira et al., 2011). For this reason, most of the current studies have
been carried out using the human colon adenocarcinoma Caco-2 cell
line. These cells reproduce the functional and morphological charac
teristics of human intestinal epithelium in in vitro conditions with a cell
monolayer (Karatzas et al., 2007).
In this context, the aim of the present work was to determine the
survival of S. enterica subesp. enterica serovar Enteritidis on fresh
strawberries after disinfection treatments based on ultraviolet-C (UV-C)
light and peracetic acid (alone or combined) and after a 5-day storage at
4 ◦ C. At each sampling point, the pathogenic potential of S. Enteritidis
studied as the ability for the pathogen to survive a simulated gastroin
testinal tract (gastric and intestinal stresses) and the percentage of cells
able to afterwards adhere to and invade Caco-2 cells, was also
investigated.

2.2. Microbiological and physicochemical parameters of fresh
strawberries
Microbiological loads and physicochemical parameters on noninoculated strawberries were determined previous to the experiments.
Epiphytic microbiota was analysed in order to determine the initial
microbiological load. A sample (25 g) of strawberries was weighed in
triplicated, placed in a sterilized filter plastic bag, diluted with buffered
peptone water (BPW; Biokar, France) and crushed in a paddle blender
for 2 min at high speed (250 impacts/min) (IUL masticator 1000470/
3880, Spain). Tenfold serial dilutions were prepared in saline peptone
(SP; 8.5 g/L NaCl (VWR chemical, Spain) with 1 g/L of peptone (Bio
kar)). Dilutions were plated in duplicate on Plate Count Agar (PCA;
Biokar) for total aerobic mesophilic (TAM) counts as indicated in ISO
4833-2:2013, and on Dichloran Rose Bengal Chloramphenicol (DRBC;
Biokar) for moulds and yeasts (M&Y) as described in ISO 21527-1:2008.
Plates were incubated at 30 ± 1 ◦ C for 72 h for TAM and at 25 ± 1 ◦ C for
72 h to 120 h for M&Y.
Values of pH, total soluble solids (TSS), titratable acidity (TA), colour
and firmness were determined as described in Nicolau-Lapeña et al.
(2020).
2.3. Pathogenic bacteria strain and culture conditions
Salmonella enterica subesp. enterica serovar Enteritidis (CECT-4300)
was provided by the Spanish Type Culture Collection (CECT). To prepare
bacterial inoculum, a S. Enteritidis colony grown in Tryptone Soy Agar
(TSA; Biokar) for 24 h at 37 ± 1 ◦ C was inoculated in 50 mL of Tryptone
Soy Broth (TSB; Biokar) for 20–24 h at 37 ± 1 ◦ C. S. Enteritidis cells were
centrifuged at 9800 ×g for 10 min at 10 ◦ C (Sorvall Legend XTR
Centrifuge, Thermo Fischer, US). The harvested cells were diluted in
sterile saline solution (SS; 8.5 g/L NaCl) to achieve approximately 1010
colony-forming units (CFU)/mL. Concentrations were verified by
plating appropriate tenfold dilutions in SP onto Xylose-LysineDesoxycholate agar (XLD; Biokar). S. Enteritidis plates were incubated
at 37 ± 1 ◦ C for 20 ± 2 h.
2.4. Caco-2 cells culture conditions
A human colon adenocarcinoma cell line, Caco-2 cells (ECACC
86012202), that reproduces the human intestinal epithelium in in vitro
conditions with a monolayer, was used to determine the adhesion and
invasion capacity of S. Enteritidis. Caco-2 cells were grown in 75 cm2flasks 658,170 (Cellstar®, Greiner-bio-one, Spain) in Dulbecco's modi
fied Eagle medium (DMEM; Hyclone, USA) supplemented with 200 mL/
L inactivated fetal bovine serum (FBS; Hyclone), 10 mL/L non-essential
amino acids solution (Biowest, France), 10 mL/L Penicillin (20.000
mM/mL) (Biowest) and streptomycin (20 mg/mL) (Biowest) as
described by Collazo et al. (2017). Caco-2 cell line were preserved in a
humidified incubator (MEMMER - INCO 108, Germany) at 37 ◦ C and 5%
of CO2, replacing the DMEM of the culture three times per week. For the
experiments, cells were cultured in 12-wells cell polystyrene plates
(Falcon, USA) at 7 × 104 cells per well and grown until 7 days.

2. Materials and methods
2.1. Fruit

2.5. Fruit inoculation

Fresh strawberries (Fragaria × ananassa) of non-organic production
were obtained from a local provider (Lleida, Spain). Only fresh straw
berries without mechanical damage and rot were chosen. Fruits with
similar size were used (average weight 25 ± 5 g). Before the assay, the
peduncle and leaves of the strawberries were carefully manually dis
carded (with sterilized gloves). The fruits were kept in trays overnight at
4 ◦ C without any additional discarding or processing until they were
submitted to subsequent sanitation treatments.

Before the experiments, fresh strawberries were spot inoculated with
0.05 mL of S. Enteritidis on the fruit surface to obtain an initial popula
tion of 108 CFU/strawberry. The fruit surface was evenly marked (same
dimension) for all samples with a permanent marker. The inoculum
droplets were placed only inside the mark. Strawberries were dried for
approximately 2–3 h at room temperature (22 ◦ C). Once dried, straw
berry samples were placed on 42-alveoli and packaged in plastic con
tainers at 4 ± 1 ◦ C overnight. On the day of the experiment, the marked
part of strawberry (where the pathogen was inoculated) was cut with a
sterilized cutter. The thickness of the sample was adjusted to 5 g.
2
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2.6. Water–assisted tank equipment

Inoculated
Strawberries

Artificially inoculated fruits were disinfected in a water-assisted labscale apparatus LAB-UVC-Gama (UV-Consulting Peschl España,
Castellón, Spain). This equipment consisted in a 15 L-tank, equipped
with 4 short-wave ultraviolet light lamps (GPH303T5L/4, 254 nm, 17.2
W/lamp) (Ortiz-Solà et al., 2021). Before water UV-C treatments, the 4
lamps were preheated for 10 min, with the objective to obtain 10.5 W/
m2 irradiance. Temperature and irradiation were measured at the
beginning and at the end (2 min) of each treatment with an infrared
thermometer DualTemp Pro (Labprocess Distribuciones, Spain) and an
ultraviolet sensor EasyH1 (Peschl Ultraviolet, Germany), respectively.

*5 g (3 replicates/treatment)
S.Eteritidis CECT-4300

10 7 CFU/mL

Untreated (CK)
Peracetic acid

Water UV-C
Water UV-C + PA
Chlorine
Dry at room temperature (2h)

2.7. Sanitation washing treatments and fruit processing

0d

For washing treatments, strawberries were submerged in agitated
water (8 ± 2 ◦ C) at a ratio of 0.5:12 (kg of product:L of water) using the
water-assisted laboratory scale equipment described above. Four treat
ments were evaluated. The water-assisted ultraviolet-C light coupled
with 40 mg/L (ppm) of peracetic acid (WUV-C + PAA) was based on
previous investigations reported by our work group (Nicolau-Lapeña
et al., 2020). Peracetic acid (PAA) 15% was purchased from Panreac
AppliChem (Barcelona, Spain). The effect of WUV-C irradiation and 40
mg/L of PAA alone were also studied. Finally, 200 ppm of sodium hy
pochlorite (NaClO) (pH 6.5) was used as control treatment. For the
application of 40 ppm of PAA alone and 200 ppm of NaClO treatments
during 2 min, the same equipment was used but the UV-C lamps were
closed. After NaClO disinfection, strawberries were rinsed in tap cold
water (8 ± 2 ◦ C) during 2 min. All treatments were tested during 2-min
exposure, corresponding to an irradiation dose of 1.3 kJ/m2 in the case
of WUV-C and WUV-C + PAA. After the washing treatments, straw
berries were dried at room temperature for 1–2 h.

5d at 4 ºC

Homogenation (2 min; 9 strokes/s)

5.0 mL SSF
Homogenation + 2 min at 37ºC

Saliva step
pH = 7

Post ‘SSF count’

9.8 mL SGF
2h at 37ºC

Gastric step
pH = 3

Post ‘SGF count’

19.7 mL SIF
2h at 37ºC

Intestinal step
pH = 7

Post ‘SIF count’

Homogenation, cells count,
1 mL inoculum/well
centrifugation

Adhesion
Unadhered bacteria removal
DMEM-Gentamicin
2h at 37ºC, 5% CO2

Invasion

Adhered cells
count

2.7.1. Disinfectant efficacy on S. Enteritidis on strawberries and the cold
storage effect
S. Enteritidis population was monitored on day 0 (after washing
procedures), and after 5 days of storage at 4 ◦ C in darkness conditions
(Fig. 1). For microbiological analysis of strawberries, three strawberries
per repetition were weighed (5.0 g), placed in 80 mL sterile filter bags
(Interscience, France) and diluted (5.0 mL) with simulated saliva fluid
(SSF). Thus, at each experimental day the ‘post-SSF count’ was used to
determine the efficacy of disinfection treatments and the survival pop
ulation after the cold storage. Samples were mashed in a paddle blender
(IUL masticator, Spain) for 2 min at 250 strokes/min. Then, 100 μL of
diluted samples were plated on XLD (37 ± 1 ◦ C for 24 h).
Populations of pathogenic bacteria were also determined in water
after washing treatments and were expressed as CFU/mL. Samples of
water after disinfection were plated directly on XLD medium. When no
colonies were present in XLD plates after 24 h incubation, we checked
the Dey-Engley (DE; Fluka, Spain) tubes for presence; colour change of
violet to yellow indicated presence of microorganisms. The no-detection
was confirmed streaking the sample in DE on XLD. When the sample had
presence but was below the detection limit (DL, 5 CFU/mL), it was
considered ½ of DL.
Before and after each treatment, pH and oxidation-reduction po
tential (ORP) were measured in a pH-meter equipped with a pH probe
(ref. 52-03, Crison) or ORP probe (ref. 62-51 Hach, Italy), respectively.

Antibiotic and extracellular
bacteria removal
Internalized cells count

Fig. 1. Experimental design of untreated and disinfected strawberries followed
by in vitro digestive simulation and adhesion and invasion assays.

2.8.1. Gastrointestinal stress
To determine the ability to survive the gastrointestinal stress, the
selected strain of S. Enteritidis on strawberry samples was submitted to
simulated gastrointestinal (GI) in vitro assays. This simulation was car
ried out following the guidelines described by Zudaire et al. (2017) with
some modifications. The enzyme concentration used in the present study
is shown in Table 1. That method consists in three chronological stages:
oral (pH 7.0, containing simulated salivary fluid (SSF: 0.3 mol/L CaCl2,
deionized H2O) and α-amylase (Sigma-Aldrich, Germany)), gastric (pH
3.0, containing simulated gastric fluid (SGF: 0.15 mol/L, 1 mol/L HCl,
Table 1
Enzymes used for the gastrointestinal simulation experiment.
Enzymes

E.C.a

Units (U)

α-Amylase

3.2.1.1

2.8. Pathogenic potential evaluation of S. Enteritidis on strawberries

Pepsin

3.4.23.1

≥400 units/
mg protein
≥400 units/
mg protein

After disinfection treatments, samples were subjected to gastroin
testinal (GI) simulation. Subsequently, adhesion and invasion assays
were performed to determine capacity of S. Enteritidis to adhere or
invade the Caco-2 cell culture (Fig. 1).

Pancreatin

232468-9

a

3

≥100 units/
mg protein
(protease)

Enzyme commission number.

U/mL

Storage
temperature

Origin

1500

− 20 ◦ C

25,000

2–5 ◦ C

800

− 20 ◦ C

Bacillus
spp.
Porcine
gastric
mucosa
Porcine
pancreas

J. Ortiz-Solà et al.
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deionized H2O) and porcine pepsin (Sigma-Aldrich)) and intestinal (pH
7.0), containing simulated intestinal fluid (SIF: 0.3 mol/L CaCl2, 1 mol/L
NaOH, deionized H2O), porcine pancreatin and bovine bile (160 mM/
mL) (Sigma-Aldrich). For each assay, the digestion was done in triplicate
for each repetition and storage time. Before the simulation experiments,
the SSF, SGF, and SIF solutions were placed in water bath at 37 ◦ C
(TectronBio-100, J.P. Selecta, Spain).
For GI simulation screening at each sampling point, strawberry ho
mogenates obtained from the determination of the surviving
S. Enteritidis after disinfection treatments were used (5.0 g strawberry
plus 5 mL SSF). Previous experiments showed that the counts of
S. enterica (CFU/g fruit) obtained from a 5 g sample plus 5 mL peptone
buffered water (PBW) or a 5 g sample plus 5 ml of synthetic saliva fluid
(SSF) after 5 min of contact were the same (data not shown). Thus, the
‘post-saliva count’ was used as the ‘initial count’. The pH of the mixture
was measured and adjusted to 7.0 with sodium hydroxide (NaOH; 1
mol/L), and 0.5 mL of the sample per duplicate were harvested for mi
crobial analysis (‘post-SSF’ count). Subsequently, 9.8 mL of SGF (pH 3.0)
were added and homogenized to the remaining sample, adjusting the pH
to 3.0 with hydrochloric acid (HCl, 0.1 mol/L). The samples were
incubated for 2 h at 37 ◦ C. After the incubation period, the pH was
measured again. For microbial analysis, 0.5 mL per duplicate of each
sample was used (‘post-SGF’ count). Then, 19.7 mL of SIF (pH 7.0) was
added and homogenized, adjusting the pH to 7.0 with NaOH 1 mol/L.
Samples were incubated at 37 ± 1 ◦ C for 2 h. After incubation, 0.5 mL
samples per duplication were used for microbial analysis (‘post-SIF’
count), and the final pH was measured. For microbial analysis of
S. Enteritidis, the tenfold dilutions were prepared using SP and
enumeration was performed by plating on XLD.

2.9. Data and statistical analysis
To represent the population of S. Enteritidis on fresh strawberries,
results were calculated as colony forming units (CFU)/g of fruit and
expressed as log CFU/g.
To calculate the reduction of S. Enteritidis for each treatment, the
formula log (N0) – log (Nx), was used, where Nx is the population of the
pathogen after each treatment (obtained in ‘post-SSF count’) and N0 is
the initial population of untreated strawberries. For the GI simulation,
the same formula was used: the logarithmic differentiation of the
pathogen population after gastric stage was calculated as the log Ngastric/
N0, where Ngastric is the S. Enteritidis population count at the end of the
SGF and N0 is the ‘post-SSF count’. For logarithmic variation after in
testinal phase, pathogen population was calculated as log Nintestinal/
Ngastric, where Nintestinal is the S. Enteritidis population count at the end of
the intestinal simulation and Ngastric is the population obtained at the
gastric phase. Adhered and internalized cells were expressed as means of
logarithmic reduction rate (%): log (Nvir/N0) × 100, where Nvir repre
sent the cell counts after adhesion or invasion step and N0 represent the
cell counts of the inoculum added to Caco-2 cells.
Each repetition was carried out with 3 strawberries at random. Each
experiment had 3 repetitions and the experiment was replicated 2 times
(n = 6). In the case of the adhesion and invasion assays, 2 wells were
inoculated for each replicate (n = 12).
All data were analysed for significant differences by applying anal
ysis of variance test (ANOVA). The criterion for statistical significance
was P < 0.05 with the Tukey's Honest Significant Difference (HSD) test
to evaluate the differences among treatments at each sampling time after
the disinfection treatments, GI simulation and, adhesion and invasion
assays. The statistical criterion of t-student test was used to evaluate the
differences of each treatment between the sampling time. All statistical
analyses were carried on using JMP PRO 14.0.1 (SAS Institute Inc., Cary,
USA).

2.8.2. Adhesion and invasion assay
For adhesion and invasion assays, the human Caco-2 cell line was
used. Prior to attachment and invasion assay, culture medium from
confluent Caco-2 cells in 12-well plated was removed and 1 mL/well of
DMEM without serum and antibiotics was added. For adhesion and in
vasion screenings, strawberry homogenates obtained after GI simulation
were harvested and individually centrifuged at 5000 ×g for 10 min at
20 ◦ C. To maintain similar multiplicity of infection (MOI) to inoculate
Caco-2 cells among treatments at each evaluated time, pellets were
resuspended in appropriated volume of DMEM without serum and
antibiotic. To determine the initial population of the adhesion and in
vasion assay a sample of each DMEM suspension was taken and bacterial
population was determined by plating on XLD medium. Then, 1 mL of
each sample was added to 4 wells containing differentiated cells (12
wells/treatment). Caco-2 inoculated plates were incubated at 37 ± 1 ◦ C
in humid atmosphere with 5% of CO2 for 1 h. Non-adhered S. Enteritidis
cells were removed with two washes of phosphate buffered saline (PBS,
Biokar). Afterwards, Caco-2 cells from 2 wells/replicate were lysed with
0.5 mL of 1 mL/L Triton X-100 (Sigma, United Kingdom) and collected
to determine adhered bacteria. Then, 1 mL/well of DMEM supplemented
with 150 μg Gentamicin/mL (50 mg/mL, Sigma-Aldrich) was added to
the other 2 wells/replicate to eliminate the extracellular bacteria, and
incubated for 2 h in the same conditions. Then, wells were washed with
PBS as previously, and Caco-2 wells were lysed with 0.5 mL of Triton
and collected to determine internalized bacteria. For the detection of
adhesion and invasion, samples with S. Enteritidis were plated onto XLD
and incubated at 37 ± 1 ◦ C for 24 ± 2 h. In parallel, adhesion and in
vasion capacity of a fresh culture of S. Enteritidis was determined in the
same Caco-2 cells plates at each sampling time. Salmonella grown in TSB
for 20–24 h at 37 ◦ C (not subjected to fruit matrix, disinfection treat
ments, cold storage and GI simulation) was centrifuged and pellet was
resuspended in DMEM. Adhesion and invasion assay was performed as
described above.

3. Results and discussion
3.1. Physicochemical and microbiological quality of non-inoculated
strawberries
For the present study, the main physicochemical and microbiological
parameters of the untreated strawberries were determined. Physico
chemical quality of non-washed strawberries ranged from 3.3–3.9 for
pH, 7.1–8.9◦ Brix for TSS, and 12.1–12.5 mg citric acid/L juice for TA.
Colour of strawberries, determined as CIE L*, a* and b* coordinates,
ranged between 29.2–44.4 (L*), 30.7–50.6 (a*) and 19.2–32.5 (b*). A
high value in the L* and a* coordinates indicates a high reddish hue in
the samples (Kelly et al., 2019). Previous investigations suggested that
highly redness colour of the strawberries implies a high anthocyanin
content, polyphenols with a powerful antioxidant action that may be
protective against many degenerative diseases (Clifford, 2000). The
texture of the samples before washing procedures was measured by
pricking test, ranging between 13.4 and 18.2 N.
For microbiological quality, initial populations on strawberries
ranged from 1.8 to 3.1 log CFU/g for TAM and 2.8 to 3.4 log CFU/g for
M&Y. These results are in concordance with previous investigations
(Macori et al., 2018; Nicolau-Lapeña et al., 2020).
3.2. S. Enteritidis on strawberries and wash water
On fresh strawberries, the initial count of S. Enteritidis ranged from
7.5 to 8.0 log CFU/g. The present levels of inoculum population on the
surface of strawberries were chosen because this was the best way to
detect differences between treatments and the subsequent study of the
S. Enteritidis adhesion and invasion assays. Other authors used similar
levels of inoculum when the pathogenic potential capacity of the sur
viving pathogens on different matrices were evaluated (Ly et al., 2020).
4
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Otherwise, populations would reach the limit of detection, making it
impossible to elucidate which treatment is more efficient in all cases.
After 2-min of washing procedures, reductions obtained with water
assisted methodologies ranged from 1.2 to 1.7 log (Fig. 2). The combi
nation treatment (WUV-C + PAA) did not differ statistically in re
ductions (1.7 ± 01 log) with their single sanitization treatment per
separate (PAA and WUV-C alone), with reductions by 1.5 ± 0.1 and 1.2
± 0.2 log, respectively. In those treatments, reductions in strawberries
were similar to those obtained with chlorine (P > 0.05), allowing the
inhibition of the principal foodborne bacterial pathogens on fresh
strawberries after the different decontamination methodologies tested
during 2-min exposure. Similarly, Collazo et al. (2019) reported that the
combining UV-C immersion and PAA, regardless of the PAA dose, ach
ieved the same efficacy as WUV-C, maintaining S. enterica populations
on lettuce 1.9 ± 0.7 log below the inoculated levels until the end of
storage (6 days at 5 ◦ C), demonstrating the bactericidal effect of WUV-C
treatment without chemical agents. Moreover, Liu et al. (2015) observed
that the combination of UV-C (7.9 mW/cm2 for 10 min) with sanitizers
(10 ppm chlorine, 100 ppm sodium dodecyl sulfate (SDS), or 0.5%
levulinic acid +100 ppm SDS) did not improve its germicidal effect
against Salmonella spp. on blueberries.
Regarding the wash water, the parameters of the water used for
washing strawberries were controlled during each sanitization treat
ment and are represented in Table 2. After sanitization treatments,
population of S. Enteritidis was only detected in wash water of WUV-C
treatment (average of 0.7 log CFU/mL with 2 out of 4 positive sam
ples) and PAA sanitization (average of 1.2 log CFU/mL with 2 out of 4
positive samples) (data not shown). In contrast, no counts of S. Enteritidis
in water after NaClO sanitization and WUV-C + PAA treatments were
detected. The present results are in concordance with de Souza et al.
(2015), reporting that the WUV-C + PAA treatment was more effective
than its single-use in the water disinfection.
It is acknowledged that the wash water can be a source of crosscontamination on the products washed, so sanitizers and decontami
nation procedures are generally used to preserve the water quality
during the food processing (Tomás-Callejas, 2012). As it has been
shown, WUV-C + PAA treatment is effective in maintaining water
quality free of microorganisms and reducing the microbial load of the
product. This combined treatment also allows the water to re-circulate
for a longer period of time, having less impact on the environment. In

WUV-C

PA

WUV-C+PA

Table 2
Water parameters: pH, oxidation-reduction potential (ORP), concentration of
sanitizer, radiation and temperature. Values are the mean of the 6 repetitions ±
standard deviation. Experiments were repeated twice.
Treatmenta

Concentration
of free chlorine
or PAA (mg/L)

pH

ORP
(mV)

Radiation
(W/m)

Temperature
(◦ C)

WUVC

–

211 ±
8.8

1.7 ± 0.2

9.2 ± 1.1

WUVC+PAA

42.8 ± 3.8

493.8
± 8.3

1.9 ± 0.1

8.7 ± 1.1

PAA

46.3 ± 2.1

486.3
± 6.8

–

9.1 ± 0.9

NaClO

201.3 ± 12.8

8.1
±
0.2
5.4
±
0.3
5.4
±
0.1
6.8
±
0.1

882.8
± 3.0

–

8.7 ± 0.6

a
WUVC: water-assisted UV-C; WUVC+PAA: ultraviolet disinfection combined
with peracetic acid (40 ppm); PAA: peracetic acid (40 ppm); NaClO: hypo
chlorite solution (200 ppm).

fact, both PAA and UV-C are already being used as disinfectants for
water and liquid matrices (Hassaballah et al., 2019; Hassaballah et al.,
2020). Moreover, according to Banach et al. (2015), PAA was selected
one of the suitable disinfectants for washing water compared to NaClO
sanitization, without generating by-products. Previous investigations
reported that in the UV/PAA sequential process there is PAA photolysis
under the action of the UV light. According to Caretti and Lubello (2003)
there is an interruption in the bond O–O of the PAA molecule, with the
subsequent formation of the hydroxyl radical. The presence of PAA
hydrogen contributes not only to the formation of PAA again as soon as
it is consumed, but also to the formation of new hydroxyl radicals. The
sublethal damage to the cell wall of the microorganism provided by a
disinfecting agent can improve the sensitivity of the organism to the
action of other disinfectants and then synergism occurs.
3.3. Effect of the cold storage on the survival of S. Enteritidis on
strawberries
The post-treatment recovery of S. Enteritidis on untreated (CK) and

NaClO

CK

0

WUV-C

PA

WUV-C+PA NaClO

S. Enteritidis reduction on strawberries (log)

S. Enteritidis reduction on strawberries (log)

0

-1

A

-1

AB

-3

A
A

B

-2

AB

A

AB

A
-4

-2

Fig. 2. Reduction of S. Enteritidis (CECT-4300) on strawberries after 2-min of
disinfection treatments. S. Enteritidis reduction values on strawberries are the
mean of 6 reps ± standard error. Uppercase letters indicate significant differ
ences among disinfection treatments according to the HSD Tukey post-hoc test
(P < 0.05). Experiments were repeated twice (n = 6).

Fig. 3. Reduction of S. Enteritidis (CECT-4300) on strawberries after 5 days of
storage at 4 ◦ C. S. Enteritidis values on strawberries are the mean of 6 reps ±
standard error. Uppercase letters indicate significant differences among disin
fection treatments according to the HSD Tukey post-hoc test (P < 0.05). Ex
periments were repeated twice (n = 6).
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treated strawberries was assessed after 5 days of storage at 4 ◦ C (Fig. 3).
At the end of 5-day storage period, the reduction of S. Enteritidis on
untreated strawberries (CK) was 1.8 ± 0.3 log with a final population of
6.0 ± 0.6 log CFU/g. This reduction was significantly equivalent to the
reductions obtained with the samples treated with all the evaluated
disinfectants (P > 0.05). However, the WUV-C + PAA treated-samples
reported significant (P < 0.05) lower reductions of S. Enteritidis after
storage conditions compared with the samples treated with 40 ppm of
PAA alone. This difference in reductions after cold storage could be
attributed to the numerous factors that influence the bactericidal sur
vival of S. Enteritidis, such as the type of disinfection, temperature, water
activity (aw), pH of the food, and the capability of Salmonella to induce
responses to environmental stress (Keerthirathne et al., 2016).

decline after SIF simulation, with average reductions from 1.0 to 1.7 log
during SGF, and 0.0 to 0.5 log during SIF, for all the treatments tested.
Moreover, no significant differences were shown on the survival rate of
S. Enteritidis strain in GI simulation between untreated and disinfectanttreated strawberries (P > 0.05), reporting that the effect of the treat
ments used did not interfere in the survival of S. Enteritidis along the
gastrointestinal tract.
Specifically, during SGF simulation (Fig. 4A), the results shown that
there were no significant differences in terms of pathogen reduction at
two sampling times (0 and 5 days), regardless of the treatment used.
Therefore, the previous stresses motivated by the strawberry matrix
surface under the subsequent storage at 4 ◦ C for 5 days has been shown
not to affect S. Enteritidis cells survival during the SFG simulation. These
results are in dissonance with Mutz et al. (2019), reporting that the re
ductions association between the first day and the end of the sampling
point in cold temperatures in subsequent SGF conditions may be due to
the S. enterica adaptation to refrigeration temperatures (<7 ◦ C) in drycured meat. At cooling temperatures, Salmonella change their mem
brane lipid composition with the objective to increase their fluidity,
improving their survival in acidic environments (Mutz et al., 2019).
However, the last study commented, did not present a disinfection step.
Therefore, as cross-protection can enhance the survival and the patho
genic potential of S. enterica, this mechanism must be studied in order to
assess what conditions should be used during field, product processing
and storage, with the objective to minimize this effect.
However, the present investigation showed that S. Enteritidis were
reduced for at least ca. 1 log when exposed to pH 3.0 during 2 h at both
sampling points, suggesting that the acidity of gastric phase (SGF) would
expose the Salmonella cells to sublethal pH values. These results are in
concordance with Akbar and Anal (2015), which observed that the
highest reduction of S. enterica in ready-to-eat meat was detected in SGF
with lowest pH (2.0), whereas higher pH values (4.0 and 7.0) in the SGF
resulted in a significant growth stability of the bacteria, indicating high
sensitivity to the acidic environment.
In the later phase of SIF (Fig. 4B), the population of S. Enteritidis was
similar for all the strawberries-treated with the different disinfection
treatments (P > 0.05), regardless of the sampling time. However, the
reductions were lower compared to the SGF phase, possibly due to the
increase of pH during this intestinal phase (pH = 7.0). Moreover, pre
vious studies observed that the effect of pancreatic enzymes and bile
salts did not affect the survival of S. enterica. For example, Oliveira et al.,
2011 observed that S. Typhimurium DT104 in soil and fresh-cut lettuce
was able to grow at the SIF phase (2 h, pH = 7.8). Therefore, pH of the
intestines and environment can modulate the amount of cells ingested
and the remaining population that would be transferred to the in
testines, where Salmonella infects epithelial.

3.4. Ability of S. Enteritidis to survive gastrointestinal stress after
disinfection treatments and cold storage
For both untreated and disinfectant-treated strawberries, the
gastrointestinal reduction of the S. Enteritidis population, between SSF
(pH 7.0) and SGF (pH 3.0) (Fig. 4A), and between SGF and SIF (pH =
7.0) (Fig. 4B), was reported for the two sampling times (0 and 5 days of
storage at 4 ◦ C). Therefore, the experimental conditions used in the
present study simulated conditions such as storage temperature (4 ◦ C),
pH gradient during GI simulation (3.0 to 7.0), and host environment
(SFG) that may occur during strawberry processing and consumption.
For the two sampling times, the reduction ranges of S. Enteritidis
followed the same trend with a sharp decline during SGF and slightly

S. Enteritidis reduction on strawberries in SGF
(log)

A

CK

WUV-C

PA

WUV-C+PA

NaClO

CK

WUV-C

PA

WUV-C+PA

NaClO

0

-1

-2

S. Enteritidis reduction on strawberries in SIF
(log)

B

0

3.5. Adhesion and invasion assay
The abilities of S. Enteritidis able to adhere and invade Caco-2 cells
were evaluated. The strawberry homogenates obtained after GI simu
lation were used for the adhesion and invasion assay. Separately, the
adhesion and invasion capability of the S. Enteritidis strain CECT-4300
directly from the concentrate (unstressed), without the effect of the
food matrix, the disinfection step and GI simulation were tested. The
pure culture presented an adhesion index of 48.4% and an invasion
index of 7.7%.
The adhesion rate obtained in the untreated samples (61.4%) was
higher than that obtained with the unstressed S. Enteritidis strain. After
disinfection and subsequent GI simulation, all remaining populations
present in the homogenates from treated strawberries demonstrated a
significant elevated ability to adhere to Caco-2 cells (67.5–81.1%)
compared with the S. Enteritidis inoculated on untreated strawberries
(Fig. 5). Adhesion of S. Enteritidis after WUV-C treatment was signifi
cantly higher in comparison to the other treatments tested, giving mean
values of adherence about 81.1% (P < 0.05). It has been demonstrated

-1

-2

Fig. 4. Logarithmic CFU reduction obtained after exposure of S. Enteritidis
(CECT-4300) inoculated onto fresh strawberries to various disinfection treat
ments followed by a gastrointestinal simulation: (A) after gastric phase (SGF),
(B) after intestinal phase (SIF). Strawberries spiked with S. Enteritidis were
subjected to the gastrointestinal simulation either right after the disinfection
(grey bars) or after additional 5 days of aerobic incubation at 4 ◦ C (black bars).
The bars indicate the standard error (± SE) of the mean. Experiments were
repeated twice (n = 6).
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4. Conclusion
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S. Enteritidis adhesion to Caco - 2 (%)
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Salmonella encounters multiple stresses during environmental transit
and the infection process that could increase its infection ability. During
food chain, the pathogenic bacteria can be confronted with numerous
changes in the environment that can modulate its behaviour and affect
its gene expression. Therefore, this adaptation to the new conditions
makes S. enterica population more difficult to reduce than would be
expected from experimental results obtained under laboratory condi
tions. The present study revealed that the S. Enteritidis reduction were
equivalent among the different treatments tested (P > 0.05).
S. Enteritidis cells on WUV-C + PAA-treated samples appeared to be more
sensitive to cold storage than those obtained with PAA treatment.
S. Enteritidis isolated from strawberries decreased during the GI simu
lation, however the effect of disinfection treatments did not interfere in
the GI reductions. Moreover, the implementation of a disinfection step
on artificial inoculated strawberries increased S. Enteritidis capability to
adhere to Caco-2 cells (adhesion rate). However, the cold storage
reduced the adhesion capacity in the WUV-C + PAA treated-samples.
In resume, more studies are needed, considering that the gene
regulation is essential to determine the survival and the virulence ca
pacity of S. enterica, as it has been shown to be able to enhance the
pathogenic potential of the bacterium after the stresses applied in the
present study.

X

B

B

BC

C

60

XY

50

Y

40
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CK

WUV-C

PA

WUV-C+PA

NaClO

Fig. 5. Adhesion index (%) of S. Enteritidis (CECT-4300) on strawberries to
Caco-2 cells after gastrointestinal simulation followed right after disinfection
(grey bars) and after 5 d (black bars) of incubation at 4 ◦ C. Adhesion assays
were performed two independent times in the same experiment (n = 12). The
bars indicate the standard error (± SE) of the mean. Uppercase letters indicate
significant differences among disinfection treatments according to the HSD
Tukey post-hoc test (P < 0.05). *Indicates significant differences between
matrices at each sampling point according to the t-student test (P < 0.05).
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that pathogenic microorganisms can modulate their behaviour against
environmental changes, modifying their metabolism and pathogenic
potential, and being more virulent (Roche et al., 2005; Walecka et al.,
2011). In the present study, the application of food-related process
typically found in berry chain (disinfection and storage period) followed
by the gastrointestinal tract stage increase the adherence of S. Enteritidis
cells.
Concerning the ability of invasion after disinfection, no significant
differences could be observed among treatments for the evaluation of
S. Enteritidis, being 9.5–34.8% in control samples. In the case of WUV-C
and WUV-C + PAA the invasion rate was 15.9–22.6 and 15.7–22.1%,
respectively. For PAA samples, results reported 27.4%. In the case of
NaClO-treated samples, the invasion rate was below the detection limit.
After 5 days at 4 ◦ C, the adherence of S. Entertidis significantly
decreased in the alternative disinfectant treatments when compared
with adherence before storage (Fig. 5). The combined treatment (WUVC + PAA) showed the lowest adhesion rate (36.0%) in comparison to
disinfection treatments without PAA and untreated samples. Although
adhesion rate was observed after strawberry cold storage, the invasion
capability was not detected. At the end of the experimental time, the
population level of S. Enteritidis was insufficient for its invasiveness
detection in the Caco-2 cell model. Other authors have also described
the difficulty in determining the ability of invasion of the
L. monocytogenes population on low-moisture foods, as bacterium pop
ulation decreases after the storage period (Ly et al., 2020).
In the present investigation, no differences on the invasive capacity
of the S. Enteritidis have been observed after exposition to different
stresses (disinfection hurdle, gastric step and intestinal fluid). These
results are in dissonance with previous studies reporting that some
variables, such as salt content (NaCl), pH, temperature, storage condi
tions and their interactions can affect the ability of S. enterica to invade
Caco-2 cells (Andino and Hanning, 2015; González-Gil et al., 2012;
Ricke, 2018; Shah et al., 2013). Also, other researchers have observed
that cold stress significantly increased the invasion of colonic epithelial
cells in vitro that was probably coupled with the significant induction of
virulence genes (Ricke, 2018; Shah et al., 2013). However, the latest
investigations did not take into account the variability of the food
matrix.
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